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Preface

According to their working principle, gyroscopes can be divided into either elec-
tromechanical gyroscopes or optical gyroscopes. Electromechanical gyroscopes
include the ball bearing gyroscope, the liquid floated gyroscope, the flexible
gyroscope, the electrostatic gyroscope, the piezoelectric gyroscope, the airstream
gyroscope and the micromechanical gyroscope, while optical gyroscopes include
the laser gyroscope and the optical fiber gyroscope. At present the laser gyroscope
and the optical fiber gyroscope have seen the fastest development.

Electromechanical gyroscopes can be also be divided into two type according to
their structure, namely driven gyroscopes and non-driven gyroscopes. The former
have been successively developed and put into use in developed countries such as
the United States, Japan and in China, while the latter has fewer patent and reports
at home and abroad. Non-driven micromechanical gyroscope appears such that the
gyroscope is expanded from a kind of driven structure to two kinds of the driven
structure and the non-driven structure.

A non-driven micromechanical gyroscope has a simple structure, low cost and
high reliability. Its biggest advantage is that it can perceive the transverse angular
velocity and the rolling angular velocity of the rotating flight carrier simultaneously,
that is, it has the function of two driven micromechanical gyroscopes, which greatly
reduces cost. Over the last ten years, the non-driven micromechanical gyroscope
has been successfully developed and used for rotating carriers in China. A total of
29 invention patents has been licensed relating to the non-driven micromechanical
gyroscope in China, Britain, France, Germany and America. It has won one first
prizes and five second prizes on the Provincial Technological Invention Awards,
149 papers have been published in domestic and foreign academic journals and at
academic conferences. This book describes this gyroscope and its application in
detail.

During the writing of this book, Wang Jiaguang of China Aerospace Science and
Technology Corporation carefully reviewed the revised book and Prof. Li Yaozong
provided the translation of the foreign sources in Part 1. My doctoral candidates,
namely Yan Qingwen, Wang Hongwei, Mao Xu, Wu Lifeng, Liu Yu, Zhao Hui,
Zhang Zengping and Wang Ling, and my postgraduates, namely Zhang Nan, Xu



vi Preface

Xiaosong, Sun Chengxiang, Xu Hongzhuo, Liu Hailin, Wen Jiangchuan, Ye Qing,
Yue Guannan, bright, Jiang Shiyu, Wang Ling, Zhao Qifeng, Lin Xia, Qin Shengjie
and Yu Xiaolong talk, Dan Yanfeng, Guo Heng, Wan Pinjun, Meng Dong, happy,
Ma section, Gao Yinjuan, Zhang Ning, Liu, Yuan Min, Xu Hongwei, Qiao Li and
Zhao Haixiao, have participated in the development of non-driven micromechanical
gyroscopes and their applications or the proofreading of the manuscript and the
fruits of their labor are included in this book. I would like to express my deep
gratitude to them.

Many technical problems relating to non-driven micromechanical gyroscopes
and their applications still need to be addressed and solved. If there are some
defective descriptions, I hope the readers of this book do not hesitate to offer their
valuable advice.

Beijing, China Fuxue Zhang
October 2013 Wei Zhang



About the Book

This book comprehensively and systematically introduces the theories, structures,
performances and applications of non-driven mechanical gyroscopes and
non-driven micromechanical gyroscopes.

This book comprises three parts. The first part includes four chapters and mainly
discusses mathematic models, precision, performance and the operating error of
non-driven mechanical gyroscopes. The second part includes five chapters covering
operating theory, error, phase shift and performance tests of non-driven microme-
chanical gyroscopes in rotating flight carriers. The third part includes two sections
and mainly focuses on the applications of non-driven micromechanical gyroscopes
in the control system of a rotating flight carrier.

This book can be used by the scientific and technological personnel in devel-
opment department working on the use of inertial devices and automatic control
systems of rotating flight carriers, and can also be used as a teaching reference book
for bachelors, graduate students and teachers of related majors in colleges and
universities.
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years, and the error of the standard scale factor is less than 1/1000, he invented the
piezoelectric accelerometer and the level posture sensor. In the early twenty-first
Century, he found the gyroscope effect of silicon pendulum, invented the
carrier-driven gyroscope, and pioneered a new field of the carrier-driven gyroscope.

He won the second prize of state technological invention twice, the third prize of
state technological invention twice, the second prize of national scientific and
technological progress once, and the first prize and the second prize of the province
and the minister 25 times; He won 50 invention patents (including 18 patents of the
United States, Britain, France and Germany). His inventions were widely used in
missiles, ships and robots, and his research results and academic thoughts have
important guiding significance for the development of the technology of the
piezoelectric and inertial technology in China. He published 25 books, where “the

CEINT

piezoelectricity”, “the robot technology and its applications”, and “the modern

XV



XVi Author’s Introduction

piezoelectric” were awarded the second prize of national outstanding science and
technology books in 1988, the second prize of Chinese Book Award in 2002 and
the second prize of the electronic information science and technology in 2008. He
was awarded the “National advanced science and technology worker” and “the
national labor model”.



Part 1
Non-driven Mechanical Gyroscopes



Chapter 1
Operating Theory of a Non-driven
Mechanical Gyroscope

1.1 Characteristics of a Flying Aircraft

Before the performance of gyroscopes on the rotating carrier under different flying
conditions can be studied in detail, the movement characteristics of the flying
carrier must be studied.

The non-driven mechanical gyroscope of a rotating state aircraft is the angular
velocity sensor. Therefore, when studying the performance of the rotating state
aircraft in detail, it is necessary to study the possible motions around the center of
mass. Accurate measurement of the motion parameters of the aircraft’s rotating
state is not the purpose of this section. Qualitative research on the motion char-
acteristics of the center of mass is the main task of our work.

The instrument was originally dedicated to generating the damping torque in the
control channel of the automatic steering and rotating carrier around the longitu-
dinal axis. The first task of the flying carrier rotating around its longitudinal axis is
to ensure its flying stability. This kind of self-rotating motion can reduce the
influence of rotational torque around the center of mass of the rotating flight carrier
on its motion characteristics. For example, some rotating torque is produced by the
drawbacks (the engine of the rotating flight carrier is tilted on the vertical axis) of
the processing technology of its shell. The average effect of these drawbacks on the
rotation of the rotating flight carrier can improve the influence of the disturbance
torque.

It is not necessary to use the inclined gyroscope in the automatic steering and
rotating carriers, because the flying process is realized in the coordinate system
which is connected to the rotating flight carrier so the automatic steering task can be
achieved at any angle, or in other words it is not related to the dip angle whether the
angle is constant or changes with time. Therefore, the self-rotating velocity of the
rotating flight carrier can be changed in a certain range (e.g. 10-20 Hz) and have
“no effect”.

© National Defense Industry Press and Springer-Verlag GmbH Germany 2018 3
F. Zhang et al., Non-driven Micromechanical Gyroscopes and Their Applications,
https://doi.org/10.1007/978-3-662-54045-9_1
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Fig. 1.1 Flying coordinate A
system with reference to the
center of mass

e

In order to determine the flying characteristics of the rotating flight carrier with
reference to the center of mass, the motion equation of a rotating flight carrier with
reference to the center of mass is given when the rotating flight carrier is rotating
around its longitudinal axis with a rotating frequency 10-20 Hz.

Under the influence of tilting moment —My,, the motion around its longitudinal
axis of the rotating flight carrier with reference to the center of mass is shown in
Fig. 1.1.

With the help of the second Lagrange differential equations the motion equation
of the rotating flight carrier with reference to the center of mass can be obtained as

d (0B OE
m(aq,.) 50 (L.1)

where Ej is the rotating kinetic energy of the rotating flight carrier; ¢; is the
generalized coordinate; and Q; is the generalized force.

It is generally believed that the center of mass of the rotating flying carrier is
fixed, while the rotating flight carrier is rotating with reference to a fixed point
under the action of the various aerodynamic, controlled and harmful (such as the
process technology) moments. In this case, the motion of the rotating flight carrier
will have three degrees of freedom (Fig. 1.1). In this figure, Oy is an absolutely
immovable coordinate system and OX;Y,Z; is the aircraft’s implicated coordinate
system.

In the inertial space (i.e. the absolute coordinate system of O&#({) the position of
the rotating flight carrier (i.e. the coordinate system OX;YZ; is connected with the
rotating flight carrier) is determined by three Euler angles: ¢ is the nutation angle
between the longitudinal axis of the aircraft and the vector v (the velocity of the
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center of mass) in the rotating plane OY,Z;; ¢ is the rotating angle produced by the
aircraft’s rotation around its longitudinal axis; i is the precession angle produced
by the rotating plane’s rotation around the vector v; and @ is the angle of the
rotating flight carrier’s curvature characteristic (between the vector v and the
horizon).

In flight, the moment is applied to the rotating flight carrier along all three axes
of the absolute coordinate system and the tilting moment applied to the rotating
flight carrier is projected on the equatorial plane which is perpendicular to the
longitudinal axis of the rotating flight carrier. Thus, it is assumed that there is an
inclined moment My, acting on the rotating flight carrier.

Simultaneously, the projection of the moment My, on the three basic rotating
axes (corresponding to the three Euler angles) is the generalized force Q in the
Lagrange’s equation: Q, = 0; Qy = 0; Qs = —Mx,. The kinetic energy of the
aircraft is expressed as follows:

Ex == (I, Qy, +In 2y, +72,93) (1.2)

N =

where Qy,,Qy, and Q, are the projections of instantaneous angular velocity of the
rotating flight carrier on the three axes of the implicated coordinate system.

For a rotating flight carrier, two moments of inertia can be considered as
equivalent to the axis of the equatorial plane, that is, Jy, = Jx,. Thus there holds

1
Ei =3 [0, +x (%, + 23| (1.3)

Now, we are analyzing the motion characteristics and features on the ballistic
section with a small curvature of the rotating flight carrier and if the angle ©
changes slightly the instantaneous velocity of the rotating flight carrier with suffi-
cient precision is recorded by

Q=¢p+6+y (1.4)
or from Fig. 1.1, we can obtain

Qy, = 0

_le = —(// s]né (15)

Qz =@ + Ycoso

1

Thus Eq. (1.3) can be expressed as
1 . . .
Ey = 3 [JZI((})Jrlpcos 8) +Jx, (52 +1? sin? 5)} (1.6)

Using the second Lagrange equation, the expression of each coordinate of the
generalized coordinate system can be expressed as follows:
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(1) For the coordinate ¢:

d (OE; OE;
— | — 1.7
dr (&b) a9~ % (17)
d
& [JZI((p—HDco% 5)} (1.8)
Thus there holds
¢+ w COS & A (Pypigia) — CONSE (1.9)

In other words, the rotating angular velocity around the longitudinal axis of the
rotating flight carrier can be considered to be fixed (without considering the
damping). However Eq. (1.9) shows that even though we do not consider the effect
of damping that is rotating around the longitudinal axis, the rotating velocity value
of the rotating flight carrier is not constant and is related to the change of the
precession velocity and the nutation angle of the rotating flight carrier. The reason
being that the value of Eq. (1.9) is fixed in any condition so in the zero condition it
is fixed too, thus at the initial time it can be considered to be equal to the
self-rotating frequency of the rotating flight carrier.

(2) For the coordinate :

d (OE,\ OE;
(95 9%k _ 1.1
3 (52)-Fr-0 (1.10)
d . C
a{JZI((p—&—lpcosé)cosé—i—JXlwsm 4| =0 (1.11)
J7,(¢ 41 cos 8) cos & + Jx, i sin® 6 = C — const (1.12)

From the initial condition we can obtain Jz, ;s = C, and from (1.9), we can
obtain

. P2 e .
JZ, Pinitial €08 0 + Jx, Y sin” & = Jz, @ipigial

TxWrsin® 8 = Jz, Gyigar (1 — cos 0) (1.13)

= P fmia(l—cos)
Jx sin &
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or because the nutation angle J is very small, and when @, has remained
constant there holds

o Jz Pinig ;
= 12J—Xlta] = Winiial — CONSL (1.14)

In this case, the precession angle Y = Wi i + .
Because of the relationship between the axial and the equator of the inertia
moment of the rotating flight carrier, Jz, ~ 0.1Jx,, we can approximately obtain

¥ = 0.05@;pia = 0.05¢ (1.15)

In the working condition, the maximum value of the self-rotating frequency
which the rotating flight carrier is rotating around the longitudinal axis is 20 Hz.
Thus in the condition of a small nutation angle the maximum precession velocity of
the rotating flight carrier is 1 Hz. If we consider the actual nutation angles and the
relationship between the axial and the equator of the inertia moment of the rotating
flight carrier, the appropriate maximum precession velocity must be selected to be
close to 2-2.5 Hz.

(3) For the coordinate §:

d (OE\ OE.
5(5) - e o

Thus there holds

%(JX1 ) — Jz, (¢ + V) cos d)yr sin & — Jy, % sin d cos & = —My,
6 —y sindcosd+ ﬁ(('p—i—l.ﬁcosé)x/./siné _ My
Jx, Jx,

Assuming that the nutation angle is small and considering the condition of
Eq. (1.9), we obtain

N J L M
O+ (2 Pl — 97 )0 = =2 (1.17)
Jx, Jx,
The solution of Eq. (1.17) can be expressed as follows
. Jz, . Mx
5C5ml< J_l(/’ininaIW'ﬁ)Hﬁ - 7 = = (1.18)
X JXI (ﬁ q)inital'// - lp )
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Denote

Jz, . J7, Pini .
Wy = quomlmlllf y? —w( ‘ ;““ 1>:x//2Ka (1.19)

Thus Eq. (1.18) has the following expression:

My,

8 = Csin(v/Kqt + ) — m
Xi a

(1.20)

Assuming that there exists the initial angle velocity Sinmal, we can obtain

{Csmﬁ_f 7 =0 (1.21)
Clp\/ Ka COSﬁ - 51nilial

\/Mg 3P KoV | M3, St (122)
Jx VKo T 'KE UK,
M
B = arctan | ——— (1.23)
Jx W/ K Oinitial

Equation (1.20) shows that the nutation motion has the harmonic oscillation
characteristic with cycle T' = 2% =7 \/_ and the amplitude of the relative constant

nutation angle is small.

The precession is a circular oscillation while the nutation movement is in essence
an angular oscillation around the lateral axis of the rotating flight carrier. Thus we
can obtain the space motion of the rotating flight carrier in complex polar coordi-
nates as shown in Fig. 1.2.

Fig. 1.2 Rotating motion
trajectory of the craft’s shaft |
end

w
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When the coefficient K, is negative, Eq. (1.20) has the following different
expression:

5:Csin(a/} |Ka|t+/3) ~ M (1.24)
J XIW |Kff |

In Eq. (1.24) the nutation angle is expressed by the hyperbola function.
Obviously, the nutation angle will increase without a limitation. Thus, K, is the
criterion to determine the rotating stability of a rotating flight carrier. When
Eq. (1.24) is applied and K, = 1 > 0, the value of the nutation angle is determined
by Eq. (1.20).

When the state and the reference center of mass of the rotating flight carrier in
the flight are qualitatively studied, both in the state of a constant velocity mea-
surement and in the condition of the angular and circular oscillations of the rotating
flight carrier, normal operation of the rotor-type vibratory gyroscope can be guar-
anteed. For the aerial rotating flight carrier, the angle of oscillation amplitude is less
than 5° and the frequency lies in the range of 2-10 Hz.

By rotating around its longitudinal axis of the rotating flight carrier, its flight can
get rid of the torque disturbance caused by many technical problems. These torques
are caused by some problems such as the inhomogeneous mass distribution of the
rotating flight carrier. However, the inhomogeneous mass distribution of the
rotating flight carrier can also result in the longitudinal axis of the rotating flight
carrier (structure) not coinciding with its self-rotating axis. Therefore, it is necessary
to introduce some additional corrective measures into its structure and the detailed
method is related to increasing the swing angle of the sensitive element as presented
in the following sections.

It is noted that when the performance of a rotor-type vibratory gyroscope
mounted on a rotating state aircraft is studied, the performance and characteristics
of the rotating flight carrier in flight must be considered under all possible motion
states of the rotating flight carrier (the movement state with a constant velocity
angle oscillation and a circular oscillation) so that the technical requirements of the
instrument’s performance parameters can be guaranteed.

1.2 Motion Equation for the Sensitive Elements
in a Non-driven Mechanical Gyroscope

In order to obtain the motion equation of the gyroscope’s sensitive element the
complete expression of the projection of the craft’s absolute angular velocity on the
coordinates of the absolute coordinate system is defined.
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According to the motion characteristics of the rotating flight caa rrier (taking the
centroid as the reference), the projections of the craft’s angular velocity on the axes
0¢&,0n and O have the following expressions

Q=0+l +Q
Q=+ +Q (1.25)
Q=+ +q

Figure 1.3 is a coordinate system to derive the motion equation of the sensitive
element in a non-driven mechanical gyroscope:O&y( is an absolute coordinate
system; OXyYyZy is an implicated coordinate system of a non-driven mechanical
gyroscope and craft, and it does not rotate around the axis Z;; OX,YZ; is an
implicated coordinate system of a non-driven mechanical gyroscope and craft, and
it rotates around the axis Zy; OXYZ is an implicated coordinate system. Figure 1.4
is the projection of the craft’s angular velocity on the axis of the absolute coordinate
system.

From Fig. 1.4, the projections Qg, 92 and Qg of the constant angular velocities
on the axes O&, On and O( are obtained as

Fig. 1.3 Coordinate system
to derive the motion equation
of the sensitive element in a
rotor type non-driven
mechanical gyroscope

oy

Fig. 1.4 Projection of the
craft’s angular velocity on the
axis of the absolute coordinate

o
system :
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QS = Q%sin & cos y
QS = Qsin & sin y (1.26)
Q? =Q%os ¢

Denote Q, Q) and Q} as the projections of the harmonic angular velocity
Q" cos vt (angular oscillation) on the axes O&, On and O(:

Q: = Q"sinJ, cosy, cosvt
Q, = Q"sind, siny, cosvt (1.27)
Q; = Q" cos d, cos vt

Denote Q;/; and QZ’ as the projections of the circular oscillating angular velocity

Q¥ on the plane O&y and the axis OC, respectively:

Qf = Q' sindy, cos (yt+ W)
Q;/; = QVsindy sin(Yr+7,) (1.28)
Qg’ = QY cos Oy

Substituting Egs. (1.26), (1.27) and (1.28) into Eq. (1.25), we can obtain the
complete expressions ¢, €, and Q; of the influence of the aircraft’s circular
vibration velocity:

Q: = Q"sin & cos y+ Q¥ sin Oy cos(lpt—H)l,,) -+ Q"sin 9, cos y, cos vt
Q, = Q%sin & sin y + Q" sin 6 sin(yr+7,) + Q" sin 3, sin y, cos vt
Q= Q% cos 6+ Q¥ cos Oy + Q" cos 0, cos vt

(1.29)

By using the dynamic non-generalized Euler equation, we can obtain the motion
equation of the gyroscope’s sensitive element:

BIQY — (Cl 7A1)QX~QZ = 7D10( — KOC"’MY,ha.rmful (130)

where A, B; and C; are the inertia moments of the sensitive element which take
OX,0Y and OZ axes as the references; —D,a is the damping torque; D, is the
damping coefficient; ¢, is the rotating angular velocity of the rotating flight carrier
and the instrument frame rotating around the axis OZ;; a is the rotation angle of the
sensitive element around the axis OY; —Ku is the flexibility torque; K is the
flexibility coefficient (the angular rigidity); My harmful 1S the disturbance (harmful)
torque that is relative to the axis OY; (OY), which is caused by the unbalance of the
sensitive element and other factors.
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According to the requirement of Fig. 1.3, the values of QY7 Qy and Q7 in (1.30)
are regulated. Therefore, we can obtain the projections of the rocket’s angular
velocity on the axes OX, OY and OZ:

Qy = pcosag sing coso — g coS @ cos o — ¢ sin o
Q7 = pcoso sing sinou — ¢ cos ¢ sino + @ coso (1.31)
Qy =pcosa cosp+d sing+a

Multiplying Qx and Q7 in Eq. (1.31) and differentiating Q2y, we can obtain

QxQ7 = (pcos o sin @ — & cos @)>sin o cos o — G2 sin o cos o+
(pcos o sin ¢ — & cos ¢)¢(cos® o — sin® o)
Qy = (pcos 6 — pé sin 6)cos @ — pp cos o sin ¢ + & sin @ + G cos ¢+ &
(1.32)

Because the angle a is small and the value of a” is ignored, we can obtain
sino =« and cosx = 1. Thus Egs. (1.31) and (1.32) have the following
expressions:

Qy =p cos gsin ¢ —ad cos ¢ — P
Q7 = (p cos o sin @ — G cos @)+ @ (1.33)
Qy =pcos gcos @+asin @+

and

/> . . 2 -2 . . . .
QxQz = (p cos g sin @ — ¢ cos @) o — @+ (p cos o sin ¢ — G cos @)@
Qy = (p cos ¢ — pé sin ¢) cos ¢ — pPp cos ¢ sin @ + & sin @+ G cos @ +

(1.34)

Substituting Eqs. (1.33) and (1.34) into Eq. (1.30), and thinking that
My harmfut = 0, we can obtain

B[(p cos  — p& sin g)cos ¢ — p@ cos o sin ¢+ & sin ¢ + 6 cos ¢ + ]
— (€1 — AD{[(p cos & sin ¢ — & cos @) — ¢
+ (pcos o sin ¢ —a cos @)p} = —D,o — Ko
(1.35)

After some simple transformations, Eq. (1.35) has the following expression:

Bi6+ Dya+[(Cy — A1)(¢* — (p cos o sin ¢ — & cos ¢)?) +K]o
=(Cy —A;+B;)(p cos g sin ¢ — & cos @)p (1.36)
— Bi[(p cos 0 — pa sin g) cos ¢ + G sin @]
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If the projection of the rotating flight carrier’s angular velocity on the instru-
ment’s sensitive plane exists and is utilized to measure the inertial moment, the
right side of Eq. (1.36) shows that: C;(pcosasin ¢ — dcosg)@ is the gyroscopic
moment caused by the rotary and changed angular velocity around the lateral axis
of the rotating flight carrier; —A;(pcoso sing — 6cos @)@ is the centrifugal
moment caused by the rotary and changed angular velocity around the lateral axis
of the rotating flight carrier; B (pcos o sing — ¢ cos ¢)¢ is the inertia moment
caused by the change of the projections of the rotating carrier’s angular velocity on
the instrument’s sensitive axis, where the change of the projections is restricted by
the rotating velocity around the longitudinal axis of the rotating carrier flight;
—Bi[(pcosa — pé sinag) cos ¢ + ¢ sin @]) is the component of the inertia moment
caused by the change of the rotating carrier’s angular velocity (the angular
acceleration).

Denote

Ho= (C, — A +B))¢ (1.37)

By = (C1 = 41)[¢7 — (peosa sing — & cos )] +K (1.38)

B | (€ - A)[# -~ (peososing 5 cosg)] +K

_ B _ 1.3
“0=\/B, B, (1.39)

D, Dy

~ 2By
10 2\/B1{(C1—Al){qbz—([)cosasin(p—é'cosq)ﬂ+K}

(1.40)

By using the above denotations, the motion equation of the instrument’s sen-
sitive element can be written in the differential equation form of the forced har-
monic vibration:

H

b4 2Ewob+ oo = B—O (pcosasing — Gcosp) — [(pcoso — Gpsina)cosp + Gsing]
1

(1.41)

In general, the vibration motion characteristic of the instrument’s sensitive
element is determined by the instrument’s internal parameters such as the sensitive
element’s inertia moment, the damping coefficient and the aircraft’s self-rotating
velocity, which are also determined by the external forces acting on the velocity of
the rotating flight carrier.

The angular velocity and the angular acceleration caused by some basic rotations
in Fig. 1.3 can be expressed by the following equations:
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p =L
G =Q,cosp+Qsinp (1.42)
@ = Qg+ Q:sino — Q, sin p cos g+ Q; cos p cos @
=1 . - . (1.43)
G =L, cosp— Qpsinp+ Qsinp+ Q;pcosp

By differentiating Eq. (1.29), we can obtain the angular accelerations Qg, Q,7 and
QZI
QL = —Q" sin oy sin(Yt +7p,) — Q' sin , cos p, sin vt
Q, = Q" sindy cos(t + 7y) — Q'v sind, siny, sin vz (1.44)
Q; = —Q" cos d, sinvt

The above expressions show that the instrument simultaneously measures the
angular velocities with which the craft rotates around the axes OXy and OY), and
these angular velocities have the following forms:

Qy, =6

Qy, = pcosa

These angular velocities are proportional to the amplitude of the sensitive ele-
ment’s forced oscillation.

In order to analyze the instrument’s working condition, another form of (1.41) is
more convenient where the projections of the angular velocity vector on the plane
OXyY, substitute those on the axes OX, and OYj:

&+2éwod+w§a:%9sin(¢t— 01) — Qcos(d)t— d2) (1.45)
G+ 286+ i = I;—?Qsin(qbtf 1) — Qsin(¢r + 6,) (1.46)

where
Q=/(pcosa) + &> (1.47)

is the projection of the rotating flight carrier’s angular velocity on the plane OX,Yy;

Q= \/(bcosa—(}'psina)z—i—&z (1.48)



1.2 Motion Equation for the Sensitive Elements ... 15

is the projection of the angular acceleration on the plane OX,Y,, while the phase
shift angles d; and J, are the vector position’s angles on the sensitive plane OX,Y,
of the rotating flight carrier’s angular velocity and angular acceleration:

pcosa

(31:arctan(, ’ ) (1.49)

(1.50)

pcosag — apsing
0y = arctan| —————

G

In this case, Egs. (1.39) and (1.40) are changed as

Ci —A)) |92 — Q*sin®(pt — K
0o = /ﬂ:\/(l D[ sin’ (¢t — 01)] + (1.51)
Bl Bl
D

o Dy
2B1wy 2\/31{(C1 —A))[¢* — @ sin’(pr — &) + K}

(1.52)

Therefore, the motion equation of the sensitive element of the rotating state
aircraft’s non-driving mechanical gyroscope in the aircraft’s implicated coordinate
system is expressed as

D Ci — A [ — Q*sin®(¢pr — o K
&+_xd+( 1 —A)[¢ sin*(¢pr — 61)] + .y
Bl Bl
C,—A +B .
= ‘B—‘Jrl [Q¢sin(pr — 8,) — Qsin(¢r + )]
1

(1.53)

or

- D, . .\ (Cy — A1)[9? — (p? cos? o — ¢2)] sin {(})t — arctan(pcﬁ)} +K
a+ o
Bl Bl
_ G -A+B

10 pzcosza—k(rzsin{(])t—arctan<, 7 )}

B pcosa

- \/(ﬁcasa — apsin 0')2 + 62 sin {qbt + arctan (_pcosa _,,0'0 st a)]
G
(1.54)

From Eqgs. (1.51) and (1.52), the undamped vibration’s natural frequency and the
attenuation coefficient of the non-driving mechanical gyroscope’s sensitive element
used in the rotating state aircraft have a complex relationship with the amplitude
and the phase of the measured angular velocity.

The motion equation of a rotor-type vibratory gyroscope can be obtained as:
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Bii+Dya+ (Cp — A)[@? — (pcosa sing — & cos @)’]a
=(Cy —A;+By)(pcoso sing — ¢ cos )P
— Bi[(pcosa — pa sina) cos ¢ + & sin @] + M7 jnertia

where

p = Q6 =€ cosp+Qsinp
@ = @y+Q¢sin g — Q,sin p cos g+ Q¢ cos p cos o
p= Qg;&:anosp—Qn,bsinp—i—Qgsinp—l—Qg,bcosp
H, )
5+ 2Ewos + wdot :B—OQ sin(¢pr — &) — Qsin(¢pr + 85)
1

Hy = (Ci — A1 +B)); By = (Ci — A)[@> — (pcosa sing — & cos ¢)’]

Q=1/(pcosa) +¢%Q = \/(,bCOSU— 6psino)’ + 62

G pcosag — apsing
0; = arctan| - ;0 = arctan| ————
pcoso G

The condition of tuning resonance is

[C1 — A1 o
B Po

The vibration state is established as

(C1 — Ay +By)Q sin {ﬁbof —-7- arctan((cl,jf)j‘&)%)]

\/[(Cl —A - B1)¢o]2 +D§

o=

When precisely tuned, there holds

2B

o= ——=Q cos(pot —7)

1.3 Performance of the Gyroscope as the Aircraft Rotates
With a Constant Angular Velocity

Under the following conditions, the solution of the sensitive element’s motion
Eq. (1.46) is analyzed:
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Q' =0;Q" =0;6 = (0;7/2);y = (0;/2) (1.55)

Equation (1.25) has the following form:

Q: =% =Qiné cosy
Q, = Q) = Q%sin siny (1.56)
Q; = Q) = Q%cos d

It is the case that the angular velocity of the inertia space whose space changes
and whose time is constant acts on the rotating flight carrier. From Eq. (1.42), the
basic unit rotating angular velocity is

b:Qg:QOsiné cosy
. 0 0 - 0 - . 0 .
6=, cosp+Qsinp = Q7 sind siny cos p + 2" cos d sin p
(]):(bo—i-Qgsina—Qgsinp cosa—i—Qgcosp cos o
= @+ Q°sind cosy sing — Q°sind siny sinp cos g+ Q% cos d cos p cos @
(1.57)

Under the action of the constant angular velocity, the angles p and ¢ are very
small, while the self-rotating angular velocity of the carrier around the longitudinal
axis is many times bigger than that of the carrier around the absolute coordinate
system’s axis, that is, ¢y > Q¢, ©, and ;. Thus Eq. (1.57) is changed into the
following form:

p:Qg:QOSinécosy

o= +82:p = sino siny—+£2"p coso = = S o sy

5= Q)+ Qp = Qsind siny+Q°p cos b ~ Q) = Qsin § si

= + Q0+ Q; — = +£2"0 sino cosy — smo sy + 2" coso ~

b= po+ Qo+ — Qp = g+ 2 sind cosy — Qp sin & siny + Q% cos § & g
(1.58)

In this case the basic unit rotation angular acceleration is zero:
p=0 1.59
{ =0 (1.59)

Since the gyroscope measures the angular velocity that is located on the sensitive
plane of the instrument, from Fig. 1.3, the instrument will deal with the value of the
projection Q° on the sensitive plane:

Q=Q:iné (1.60)

It is noted that the instrument only measures the aircraft’s angular velocity
component located on the measured plane. Therefore, substituting Eq. (1.58) into
Egs. (1.47), (1.48) and (1.49), obtains
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= \/(pcosa)’ + 62~ /P2 + 62 = Q§+Q§:Qosin5 (1.61)

Q=0 (1.62)

G Q)

0, = arctan ( - =arctan| —t | =7 (1.63)
COos 0 0
p ¢

Therefore, under the action of the constant angular velocity, the sensitive ele-
ment’s motion Eq. (1.46) has the following form:

H
5 4 2Ewoi + W :B—OQ sin(¢ot — 01) (1.64)
1
or
. . 2. H() (VP . .
o+ 2Ewod + wyo = B—Q sin d sin(gt — 7) (1.65)
1

By solving Eq. (1.64), we can obtain the sensitive element’s vibration
expression:

oyt / ,H o
o= Ce " “’smKwo 1—52>t—|—[3} +AB—2.Q sin(@ot — 7 +x) (1.66)

where C and f are the definite integrals under the given initial condition; & is the
vibration attenuation coefficient under the action of the constant velocity and
(po > Q:

D, D,

B0 g, [Bi[(C - A3+ K]

(1.67)

@y is the natural frequency of the undamped vibration under the same assumption:

By _ A1)€00+K

Wy = 1.68
= VB B (1.68)
A is a dynamic coefficient:
1 2
A= - % (1.69)
: N2
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Considering Egs. (1.67) and (1.68), obtains

(C, — AP +K

)= - (1.70)
V€ = A1 = B)@+ K] + (Daipo)
% is the gyroscope’s phase shift:
2¢q 2¢¢
¥ = — arctan (f(/)+/6002> = — arctan< quoa')(;) (L.71)
1 — g5/ o5 Wy — Pp
Substituting Egs. (1.67) and (1.68) into Eq. (1.71), obtains
Do
= - arctan{ «%o ) } (1.72)
(Cy— Ay — B¢} +K

Equations (1.65) and (1.66) show that when the frequency ¢ coincides with the
rotating frequency of the carrier around the longitudinal axis, the sensitive ele-
ment’s vibration amplitude is proportional to the vector mode of the projection of
the rotating flight carrier’s angular velocity on the measured plane, while the
vibration phase is dependent on the vector position’s angle o in the measured plane
of the rotating flight carrier’s angular velocity.

1.4 Choice of System Scheme for a Non-driven
Mechanical Gyroscope

The choice of the instrument system scheme depends on the size of the instrument,
the technical requirements and the kinematic scheme proposed in the technical task.
The determination of the instrument parameters should be realized through calcu-
lation, so that it not only satisfies the requirements of the technical task and the
appearance size of the instrument, but also ensure the quality and stability of the
adjustment, and the accuracy and stability of the output signal. It should be kept in
mind that the decision to choose the instrument system’s scheme is its working state.

In reviewing Eq. (1.606) the oscillating state has been established for the sensitive
element. For the established state the oscillation characteristic has the following form:

(C1 — A1+ B1)pyR2
V€ = A= B)@ K] + (Daipo) (1.73)

X sin{<p0t -y — arctan[ Dao — } }
(Ci — A1 = Bi)p5 +K

H
o= A="2Q sin(@gt — 7+ y) =
By
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Now, the advantages and the disadvantages of two possible working states of the
instrument are analyzed: the two working states are non-resonant and resonant.
According to the non-driving mechanical gyroscope used in the rotating flight
carrier, two working states are considered. The basic idea and the focus should be
placed on the factors which lead to the instability of the instrument, namely the
instability of the rotating velocity of the aircraft and the instability of the temper-
ature characteristic.

In the non-resonant working state, the output signal of the instrument adopts the
following form:

oy (Ci — A +B1)pyQ2
(C1 — Ay —Bl)¢%+K

sin(@ot — 7) (1.74)

When the elastic coefficient is large enough:

(C1 — A1+ B1) 9,2

o= X sin( @t — y) (1.75)

The advantage of the non-resonant working state is that the resonance adjustment
is not required, but in order to achieve a tuning, some special methods are needed
such that the output signal phase shift is equal to zero and the temperature stability is
higher. The disadvantage is that the output signal has a linear relationship with the
self-rotating velocity instability of the craft, and the sensitivity is low.

One of the most unstable factors in the non-resonant working state is the
instability of the self-rotating angular velocity ¢, of the aircraft. The instrument
with the resonant state can not only improve the sensitivity of the instrument, but
can also eliminate the influence of the rotating angular velocity of the aircraft on the
amplitude of the output signal. The condition for the resonant tuning is

Py = o

From a similar equation, the tuning can be achieved:

(G —ADgg+K _ .
T
1

@ _ (G —A)+K/GG _ (1.77)
®o B,

wo = (176)

Thus Eq. (1.73) has the following form:

(Ci—A1+By) . . /. T
oc:D—aQ sm((pot—y—z) (1.78)
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Therefore, the instrument with the resonant state can rule out the dependence of
the output signal on the rotating velocity of the aircraft. The instrument parameters
should be optimized to ensure that the instrument is adjusted to a resonant state.

Equation (1.77) is actually the condition of the resonant adjustment. This con-
dition can be changed into the following form:

K = (By +A; — C1)ipg (1.79)

Thus the condition of the resonance adjustment is directly related to the rotating
frequency of the aircraft, and the influence of the instability of ¢, is reduced.

In summary, the advantages of the resonant working state of a non-driven
mechanical gyroscope are its high sensitivity and fact that the stability of the
instrument phase shift is independent of the rotating velocity of the craft. The
disadvantages are the need to ensure the stability of the damping work of the
instrument, and the resonance adjustment work is complex.

There are some defects in these two working states of a non-driven mechanical
gyroscope. Some special measures have to be taken to eliminate the defects in the
instrument. The choice of the working state should be based on a variety of possible
ways to compensate for or reduce the existing defects of the method.

One of the disadvantages of the non-resonant state is that the sensitivity of the
instrument is low. The dependency of the output signal on the self-rotating angular
velocity of the craft and can be easily eliminated by the method of integrating the
output signal. While the sensitivity of the instrument can be improved by reducing
the elastic coefficient K, this will result in reducing the damping effect of the
instrument or this will lead to the amplitude conversion of the output signal of the
gyroscope, and as the conversion is related to the square number of the aircraft’s
self-rotating angular velocity, it will also cause instability of the output signal. The
damping effect of the instrument is reduced such that there is a negative effect on
the adjustment of the quality of the instrument.

In the resonance working state, the stability of the output signal is basically
dependent on the stability of the damping effect, and the velocity feedback method
is used to establish the damping effect in the instrument and is able to meet the
required accuracy. Under the resonant working state there is the angular velocity
which is passed from the craft’s rotation around the horizontal axis, while the
produced inertia moment mainly relies on the damping torque to maintain a bal-
ance, and unlike the elastic torque has an effect on the non-resonant working state.
However, the static elastic stiffness of the instrument faces a very serious problem
in the precise adjustment of the resonant state, because the condition of the resonant
tuning is related to the instability of the rotating velocity of the craft. Due to some
of the above factors, in the resonant working state of a non-driven mechanical
gyroscope some static elastic components of the rotating state aircraft should be
fully discarded.
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There are three ways to eliminate the static elasticity of the instrument:

(D 1If the known instruments are the same then a sliding bearing with a small
friction coefficient is used. In this case, the static elasticity is only
determined by the stiffness of the elastic rod, and the signal transmission
between the sensing element and the shell can be realized by the elastic
rod.

@ The angular vibration of the sensitive element is compensated by the
positive feedback of the elastic moment of the torsion bar.

Q@ An elastic torsion bar with a small angle rigidity is used.

In this case, the condition of the resonant tuning takes the following form:
(Bi —Ci+A1)py=0 (1.80)
or

G-A_y (1.81)
By
and no matter whether the condition is related to the angular velocity of rotation
around the longitudinal axis of the rocket, it cannot in fact be realized.
From Fig. 1.5, the tuning condition of the resonance point can be recorded by
the frame’s geometry size:

be(a® + ¢ be(a® + b2
C,—A, a c(a12 ) a c(a12 ) 2B
B, - abc(11122+ ) T2 + b2 -

1 (b=0)

This result is virtually impossible to achieve. In the case that the dimension b is
arbitrary, the instrument works in the non-resonant region and the smaller the size
of b is, the closer the working state of the instrument is to the resonance state. In

Fig. 1.5 Relationship -X
between the frame’s geometry
and tuning
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fact, the value of C'B;]A‘ can be very close to 1, and may reach 0.9-0.98. As a

result, we can think that the instrument works in the near-resonant area which is
close to the resonant point, and is directly close to the resonant point. Under the
condition of the existence of the elastic torsion bar, although the resonance
adjustment is not very accurate, it has the most important outstanding performance
difference from the resonance point tuning, namely its stability is independent of the
aircraft’s self-rotating velocity.

Therefore, according to the technical tasks and the possibility of a non-driven
mechanical gyroscope’s working state to complete the task, we can draw the
conclusion that the most suitable condition is resonance status with velocity
feedback, and in order to ensure the stable damping performance in the instrument,
the inelastic non-inertia effect is needed.

Within the range of the permissible outline dimensions of the instrument, the
more appropriate choice of the geometric dimensions of the sensitive components
can be more accurate to ensure the condition of the resonant tuning work, as shown
in Eq. (1.81); reducing the choice of the static elastic method, first of all depends on
the accuracy of easily realizing the elastic positive feedback compensation, and the
possibility of ensuring that the torsion angle stiffness is as little as possible.

The sliding bearing structure is relatively simple and cheap. As shown in
Eq. (1.78), the vibration angle of the instrument’s sensitive elements is independent
of the rotating angular velocity ¢, (in fact, when making a non-precise tuning, the
oscillation angle is nonlinear and small (see Sect. 2.1), and is independent of ¢,).
Therefore, the input angular velocity of the rotating flight carrier is measured by the
vibration angle of the sensitive element.

However, the angle sensor which is used to measure the angle position has many
intrinsic defects.

(1) A non-driven mechanical gyroscope with a hall sensor (Fig. 1.6). The hall
sensor is a semiconductor device with four pieces of thin film generated by
metal evaporation deposition (Fig. 1.6a), where two pole pieces constitute the
input pole of the sensor and two pole pieces are used for signal detection. When
the sensor is placed in a magnetic field, it generates a signal proportional to the
intensity of the magnetic induction on the output end of the sensor. At this time,
the instrument structure along the thickness direction is not a uniform gap of the
magnetic system (Fig. 1.6b). Because the hall sensors on the sensitive element
are placed in a magnetic field, the magnetic induction varies with the height of
the pole and is proportional to the angle of the instrument frame. A hall sensor’s
fault is that its output signal is considerably dependent on the temperature. The
disadvantage of the circuit scheme is that the magnetic measurement system is
too complicated. There is a linear relationship between the magnetic flux in the
magnetic system gap and the rotating angle of the sensing element.

(2) A non-driven mechanical gyroscope with an inductance angle sensor (Fig. 1.7).
The temperature characteristic of the output signal of an inductance angle
sensor is unstable. In addition, the oscillator must be set to ensure that there is
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Fig. 1.6 Non-driven mechanical gyroscope with a hall sensor

Fig. 1.7 Non-driven
mechanical gyroscope with an
inductance angle sensor

the power of the sensor work. In a non-driven mechanical gyroscope with an
inductance angle sensor, the range of oscillation angle of the sensitive element
is limited. The dependent characteristic of a large temperature cannot be
eliminated and the eddy current has considerable damping.

(3) A non-driven mechanical gyroscope with an eddy current angle sensor
(Fig. 1.8). The working principle of this kind of sensor is based on the use of an
eddy current, and the effect of an eddy current on the magnetic flux of the
electromagnet flowing along the magnetic circuit is proportional to the size of
the flat plate as the flat plate is rotating (Fig. 1.8a). In order to carry out the
transmission and measure the information, the sensor uses a bridge circuit
(Fig. 1.8b).

An eddy angle sensor also has the disadvantage of an inductance angle sensor. In
order to obtain the normal operation of the vortex angle sensor, the oscillator must
be equipped with. In terms of the vibration angle of a sensitive element, the eddy
current angle sensor has the problem of working scope, and the output signal of the
eddy current angle sensor is strongly dependent on the temperature due to the
impact of the plate conductivity change.

It is obvious that the dependence of the output signal on the temperature is a
common defect in all kinds of angle sensor.
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Fig. 1.8 A non-driven mechanical gyroscope with an eddy current angle sensor, a Principle
diagram of the sensor; b Bridge circuit of the sensor

Fig. 1.9 A non-driven |
mechanical gyroscope with a '—L}'—*'
feedback damping function
and an output integrator. 1—
Sensitive element; 2— 7
measuring winding; 3— |
torque winding; 4—

permanent magnet; 5—

bearing seat; 6—elastic 5
conductive spring (soft wire);
7—preamplifier; 8—current
amplifier; 9—integrator

For the design of the temperature performance, the most stable design scheme is
shown in Fig. 1.9.

In the condition of inserting an integral part at the output end of the instrument
and using the electronic components with small temperature coefficients, when the
temperature changes in the operating temperature range, this approach provides a
fairly stable phase shift. As stated in the preface, this is most important, and its
importance is even greater than the magnitude of the phase shift itself. Without a
doubt, the integral part not only increases the transition process but also has a
negative influence on regulating the quality of the instrument, and more detailed
studies can be seen in Sect. 2.2.

However, these negative components which are related to an integral part at the
output end of the instrument in working conditions are not mentioned; their effects
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are less than many of the problems that are generated from all the sensor solutions
using the angle sensor.

From the structural point of view or from the design of the error caused by the
program itself, there is no doubt that the angular velocity output signal measure-
ment of the sensitive element vibration is the most realistic and feasible solution.
Similar design schemes of signal measurement can limit the negative effect of the
friction torque in the sliding bearing. In this case, the influence of the sliding
bearing friction torque does not show in the output signal and is only the threshold
value of the instrument’s sensitivity. Therefore, in order to reduce the sensitivity
threshold, sliding bearings with low friction coefficient materials must be adopted.

The temperature of the output signal, which is determined by the signal detection
circuit, is unstable. Under this condition it is dependent only on the temperature of
the magnet, the minimum value can be achieved by selecting a magnetic material
with small temperature coefficients.

The instability damping effect, which is caused by the vortex and produced in
the conductive material of the sensitive component shell can be eliminated by using
non-conductive materials in the sensitive component’s shell, or by adopting a more
reasonable approach such as the structure scheme of the sensitive component
without a shell.

As was put forward previously, the damping effect of the instrument is of
decisive significance, and is directly related to the sensitivity, accuracy, and sta-
bility of the output signal. It is advantageous to obtain the signal by measuring the
vibration angular velocity of the instrument’s sensitive element. Through the
velocity feedback with the current amplifier, the damping structure in the instru-
ment can again be confirmed as suitable and the temperature dependency of the
damping effect can be eliminated (see Sect. 1.6). It should be pointed out that the
use of velocity feedback will lead to the following consequences:

(@D Some changes are needed to the design: if components with feedback
electronics are adopted, then in the condition of increasing the
mechanical structure of the instrument, the total size of the instrument
must be relaxed accurately.

@ The torque distribution in the framework of the sensor can be changed:
The simplest and most convenient solution to this problem is to change
the winding mode of the sensor on the sensitive element, and the same
sensitive winding should be applied to the same sensitive element. Two
windings overlap on the same frame and it is inevitable that mutual
inductance will be produced. In Sect. 1.6, the effect of the two windings’
mutual inductance on the stability and the reading of the instrument will
be studied.

According to the requirements of precision and sensitivity, we should weigh the
advantages and disadvantages of the compromise in order to help select the
damping of the instrument. A small attenuation coefficient £ can cause both the
instrument sensitivity and the settling time to increase. Due to the instability of the
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rotating flight carrier’s angular velocity ¢, around the longitudinal axis, the output
signal will be unstable. As has been pointed out, it is impossible to accurately tune
the resonance. The larger the attenuation is, the lower the instrument sensitivity is.

According to the structure of the instrument circuit, we can draw the following
conclusion: The instrument’s sensitive element is arranged without a skeleton
hanger frame and with a single degree of freedom. The plane of the frame is
perpendicular to the aircraft rotation axis. Two groups of windings are wound
around the frame and located in the same magnetic field of the permanent magnet.
The magnetic lines of the windings are parallel to the plane of the frame. One set of
windings is the sensitive winding which is designed to measure the vibration
angular velocity & of the sensitive element and the other set is the torque winding
used to ensure the torque effect and this is proportional to the vibration velocity.
The two sets of windings are connected by the current amplifier and the front
amplifier. According to the vibration angle of the framework, the output informa-
tion is measured by the integrator, which is connected to the output end of the
current pre-amplifier. Thus it can be ensured that the output signal is independent
on the angular velocity ¢, of the aircraft.

1.5 Dynamic Performance Regulation of the System

Under the condition of the existence of the constant rotating angular velocity of the
craft around the horizontal axis and regardless of the principle to establish the
damping force and the elastic force of the instrument, the regulation quality of the
rotor vibrating gyroscope used in rotating aircraft is analyzed. Therefore, we first
study the transition process of the instrument, namely the complete solution of the
differential equation of the motion of the sensing element:

H
5 + 2o+ v :B—OQ sin(¢r — 7) (1.82)
1
Equation (1.66) is a complete solution of Eq. (1.82):
% —Ewot o 2 % 1 HO . .
o= C'e ““sin||wo\/1—E |t+pB —|—AB—Q sin(@ot — 7 +x)
0

According to the initial condition (0) = 0 and &(0) = 0, the constants C* and
B" can be obtained:
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& = —EwoC*e ™" sin Ka)o\/ 1-— éz)z—i— [3*]
+ Ce g\ /1 — & cos [(wm/ 1- fz)t-i-ﬁ*} (1.83)

Ho ..
+ 2 Qg o8 (ot — 7+ )
0

C*sin ' + i.%g sin(H)ZZO . (1.84)
—EwpC* sin f* + wp/ 1-EC*cos f* + 1%9({00 cos(x=7)=0
Therefore,
wo/1 — &
B* = arctan 0\/7 (1.85)

\/ E @} + @ - sin {x -y —|—arctan<c%’0)]

/’{HQQ Sin(x — y) \/ 2 2 2 . .2 (;DO
=" (1 = &)+ (Ewf + @3 sin® |x — y+ arctan [ -
Bl 2 Y 1) Eon

(1.86)

From Egs. (1.37), (1.67), (1.68), (1.70) and (1.72), we can obtain

[(C-ANgi+K] D2
B 4B$

D; -2 231% 2D, ¢,
aw TP sin |arctan(=5*) — arctan C A bm k)

p* = arctan

(1.87)
(C1 — A1+ B1) 9L sin {y + arctan (%)}

\/{ [(C1 —A *Bl)ﬁb(z)JrK]er(Dx(bo)z}

(4B} (% + D2) sin [arctan (ZB”/’ ") — 7 — arctan (7( o A?Lj;;f’ 3’% - K)}
4B, [(Cl — 1)¢% —|—K] — Di

Cr =

X All+
(1.88)

In this case, Eq. (1.66) has the following form:
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H
0=1-20Q sin(@gt +x — )
By

 AHQ sin(x — )

Doy . P
m \/w%(l - 62) + (‘fzwé +¢3) sin? [x — 9+ arctan (5—(;))()]

3 1 — 2
xe™ < sin (wom>l + arctan /1= ¢ ;
B3+ ¢, - sin [x — 7+ arctan (%)]

or

AH,
o= MQ{sin(cboter )
By

sin(x — ) . .
S G ) (1 — &)+ (Ewd + ¢3) sin’ [x — 7+ arctan (ﬂ)}

wpV/1—¢& Eao

2
P woV 1 —
xe ! sin <w0\/ 1-— 52>t+ arctan 0 ¢
\/ &_’260(2) + (])0 - sin [xf Y+ axctan(%)}

(1.89)

Under the condition of the existence of the constant rotating angular velocity of
the craft around the horizontal axis, Eq. (1.89) is the transition process of the rotor
vibration gyroscope used in the rotating state aircraft.

The numerical value obtained in the transition process is in the form of

H ..
Olstable = Xr—o0 = )vB_(())‘Q Sm((Pof -7 +X) (190)

The form of the transition process can be observed obviously when considering
the instrument’s reaction to the constant input action of the aircraft in the implicated
coordinate system. In this case, the rotation angular velocity ¢, of the rotating flight
carrier around the longitudinal axis can be considered as constant (stable).

The value of the right part of the motion equation of the sensitive element is
unchanged (in the condition that the measured angular velocity is sine constant),
when the angle ¢yt — 7 is constant. In the case of a circular oscillation, this angle is
constant and the frequency of the circumferential oscillation is coincident with the
rotating frequency of the rotating flight carrier, that is, y = ¢t — y;, where y, is a
constant angle. In this case, the phenomenon of superposition of two periodic
signals which are similar in frequency does not occur, as shown in Eq. (1.89), and it
is also shown by the fact that the result of the decay component of the transition
process is produced.

Then from Eq. (1.66), we have
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a=Ce 0! sin[(wu 1— gz)t+[§] OQ sin(y; +x) (1 91)
b=—EwyCe 00! sin[((ug 1- éz) +ﬁ] + Cwpy/1-¢& cos[(wo\/lffz)wrﬁ] ’
C sin B+520 sin(y, +x)=0
1.92
{io)OC sin f + wo\/1-E2C cos f=0 ( )
Thus we have
= V4B [(C1 — A1) @3 +K] - D2
f = arctan <7€> = arctan (1.93)
¢ D,
JH. ] Ci — A +By)p,Q sin(y, +
C:—Bil0 529 sin(y; + ) = — € : Y Uy DZX>
\/1— _ 2 et A
0 [(C1 — A1) g +K] \/1 4B,[(C1—A1) @} +K]
(1.94)

Therefore, Eq. (1.91) has the form of

AHosin(py + %) ~ e - ( 2> 1-&
o= "L Qe gin| [ wyy/1 — & |+ arctan | ———
Byy/1 — &2 ¢

H .
1.0 sin(y; + )
By

_ ZHgsin(y; + %) et / 2 V1-¢&
_TQ{I—WSIH[<COO 1_6>t+ arCtan(T
(1.95)

Equation (1.95) is a transition process under the condition that the constant
disturbance acts on the sensitive element in the implicated coordinate system of the
aircraft. The stable numerical form of the vibration angle o of the sensitive element
is

H .
Olstable = Xr—o0 = }FEQ Sln(yl +X) (196)

where opie is the vibration angle of the sensitive element with some stable states; A
is a dynamic coefficient; y is a phase shift.

It should be noted that this is different from Eq. (1.90) in that the angle value
determined by Eq. (1.96) is constant. The loop scheme and the parameters of the
above selected gyroscope are discussed, but the method of establishing the damping
function in the instrument is not considered. The parameters are
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Ho = (C; — A1 +B1) ¢, (1.97)
By = (C1 — A1) ¢} (1.98)
.G = Ay
= Por| ——— 1.
Wo = Py B, (1.99)
D
¢ 2 (1.100)

" 20\/Bi(C1 — A))

At this time, the expression of the gyroscope transition process will not change
in nature. However, from Egs. (1.99) and (1.100), both 4 and y are changing. In the
implicated coordinate system of the aircraft, if there is a constant force then these
values will not affect the transition process of the instrument. However, if there is a
constant force in the inertia space, their direct effects show up in the transition
process and the stable oscillation of the sensitive elements.

The dynamic coefficient A and the phase shift y affect the frequency character-
istic curves of the amplitude and the phase of the oscillation loop, as shown in
Fig. 1.10. From the curves in Fig. 1.10, we can see that the instrument works in the
near-resonance region and is directly approaching the near-resonance point.

Because of the objectivity of the curves in Fig. 1.10, they are suitable for
determining the parameters of the instrument. From Eq. (1.99), it is known that the

Fig. 1.10 Frequency
characteristics of the
amplitude and phase of the
sensitive element with
different attenuation
coefficients
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inertia moment of the sensitive element can be adjusted to the working point of the
curves in Fig. 1.10, but this will happen in the near-resonance region.

Thus, each point of these characteristic curves has the feature of the inertial
torque of each group and Eq. (1.81) shows more accurately that the inherent
non-attenuation vibration frequency is closer to the rotating frequency around the
aircraft’s longitudinal axis.

There is a close relationship between the inherent frequency of non-damped
oscillation in the instrument and the natural frequency of the rotating flight carrier
around the longitudinal axis. By using the numerical values of the inertia moment
and the vibration attenuation coefficient of the sensitive element, Eqs. (1.69) and
(1.71) can be simplified and determined. Therefore, from the damping value con-
structed in the instrument, the values of 4 and y can be determined by

—A
)= G A (1.101)
\/(Cl — Ay — B))* +48B(C1 — A))
2¢/Bi(C1 — Ay)
= — _ 1.102
1 arctan( Ci A B (1.102)

By substituting Eq. (1.100), Egs. (1.101) and (1.102) can be simplified as

A= (G —A)% (1.103)

\/(Cl — A —Bl)2¢%+DZ

D,
y = — arct 4 1.104
x e an((Cl —A Bl)%) ( )

When the instrument is working in the resonant state, Eqs. (1.103) and (1.104)
can be determined by

o= _DAI)(/’() (1.105)
1= —g (1.106)

The curves in Fig. 1.10 are drawn using the different vibration attenuation
coefficients. When the value of ¢ increases, the peak value on the A curve will
decrease and move to the left along the frequency axis.

The instrument is adjusted to be resonant such that the unstable rotating velocity
of the rotating flight carrier around the longitudinal axis is independent of the output
signal and increases the sensitivity of the instrument.

The increase of the instrument’s sensitivity is related to the sharp increase of the

amplitude-frequency characteristic in the natural frequency of the non-damped
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oscillation of the oscillating loop (the dynamic coefficient). Subsequent facts prove
that this phenomenon is correct only when ¢ is small, because only in the case of a
small value of £, does the amplitude-frequency characteristic of the oscillating loop
(dynamic coefficient) in the natural frequency of the non-damped vibration have a
maximum value. Therefore, in the case of a big attenuation coefficient (¢ > 0.3),
the instrument is adjusted to a resonant state, but the maximum value of the sen-
sitivity will not be adjusted simultaneously. In other words, the frequency at the
maximum value of the instrument sensitivity and the instrument output signal are
independent of the rotating velocity frequency around the vertical axis of the
rotating flight carrier and they are different from each other, but in the case of
¢ < 0.3, the two frequencies actually overlap.

The dynamic coefficients with the maximum frequency can be expressed by the
following formula:

Py = wo/ 1 — 28 (1.107)

At the frequency ¢,,, the sensitivity has a maximum value. When the instrument
is adjusted according to the frequency ¢,,, there holds

D2
D=y =wo4|l ———"F—— 1.108
b0 Py 0\/ 2B1(C1 _Al)(p% ( )

Denote the mistuning coefficient of the instrument by

ICi —A
1 Po

, . 2 . [, D
Po= A0 T g (C — At T\ 282

Thus we can calculate the condition that the instrument is tuned to the frequency
Py as

Then

287, = 2830, - D
From the above equation, we have
D, = B1\/2(w} — @3) = poB1v/2(12 — 1) (1.110)

From Eq. (1.110), the following conclusion can be drawn:
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(1) Because the rotating angular velocity around the longitudinal axis of the aircraft
is not stable, the instrument cannot be precisely tuned through ¢,,. Thus the
similar tuning method is not appropriate to improve the sensitivity. Comparing
Eq. (1.81) with Egs. (1.110) and (1.81) is more meaningful for the detected
instrument.

(2) Obviously, when the detuning coefficient ¢ > 1, Eq. (1.110) can be achieved.
However, as previously noted, u cannot actually be achieved. This situation can
be explained in that the instrument works in the back resonant region, while if
the maximum value of the dynamic coefficient ¢ >0, the instrument always
works in the front of the resonant region.

In the coordinate system connected with the craft, a constant force acts on the
sensitive element. Substituting the simplified formula of the dynamic coefficient and
the phase shift, the following expressions for the definite integral can be obtained:

ﬁ—arctan<\/431(c1 —A1)¢(2)—D3> (L.111)

D,

(Cl —A1 +Bl)Q sinyl

. D;
(C1 = A1)pgy/1 T ABI(C-ANR]

C=—

(1.112)

In the case of resonance, the definite integral can be reduced to the following

form:
4B 3 — D2
f = arctan (1;’0«) (1.113)

o

4B, sinvy,
(4B195 — D7)

C= (1.114)

In the case that the accuracy is resonant, the transition process can be described
by the following expressions:

(1.115)

Ny

2B,

y 2Q .sinyl {1 7 281¢0e-%t

VAR Dl
Po 1Po %

¢wwkﬂg

D,

t+ arctan (
When the instrument is working on the direct approximation of the resonance
point, the value of the transition process has the following form:

2Q2
Oltran :.—Siﬂ“/l (1116)
Po
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Fig. 1.11 Transition process a
of the sensitive element A
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Figure 1.11 gives the transition process of the selected gyroscope and is con-
sistent with Eq. (1.115). Therefore, in the implicated coordinate system of the
aircraft, corresponding to every point on the time axis, the constant angular velocity
Q2 of the rotating flight carrier will enable the small framework to generate a
deflection angle og,bie. Moreover, when the self-rotating velocity ¢, of the craft
around the longitudinal axis increases, the settling time is not reduced because the
time constant cv%n = D%‘ of the damped oscillation in the transition process is
independent on the self-rotating velocity around the longitudinal axis of the craft. In
this case, the sensitivity of the instrument is also reduced.

From all the facts mentioned above, the following conclusions can be drawn:

(1) In order to obtain high sensitivity, in the case that g is known, ¢ must be
reduced. It should be kept in mind that the damping coefficient is mainly
determined by the size of the damping effect of the instrument, and if the
damping effect is reduced, the stability of the instrument will deteriorate.

(2) A reasonable choice of £ = 0.5~ 0.7 can guarantee that the transition process,
regulation quality, and the stability of the instrument will all be improved.

1.6 Stability of a Non-driven Mechanical Gyroscope
with Negative Velocity Feedback

The steady state motion equation of the instrument sensitive element:
H
oc:/IB—OQsin(qbot—y—i—X) (1.117)
0

In general, the steady-state motion of the framework is the oscillation of fre-
quency . The amplitude and phase of the vibration are determined by the motion
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parameters of the rotating carrier, the characteristics and parameters of the instru-
ment, and the feedback velocity. We have determined the influence of feedback and
its rationality and necessity. At the same time, we also take into account the fact that
the damping function in the instrument depends on the sum of the feedback
damping effect and the natural damping effect (basically aerodynamic), that is,
Dy = Dy 4 Deedvacks Where Dy is the aerodynamic damping effect and Dyeegpack 1S
the feedback damping effect.

In order to constitute the block diagram of the instrument, where the inputs are
the angular velocities Q¢ and €,, and the output is the oscillating angle of the
sensitive element, the motion equation of the sensitive element is rewritten as

Bya.+ D6+ Booe = Hy (Qg sin @ — €, cos qo) — B (Qc cos ¢ + Qn sin (p) (1.118)
B+ Dyb 4 Boo = (HoQ: — B1Q,) sin ¢ — (HoQ, + B, Q;) cos ¢ (1.119)
Substituting (1.37), we can obtain

Byé+ Do+ Boo = [(C1 — Ay + B1)9Q; — B1,Q,] sin ¢
— [(Cy — Ay + By) 9, + B1,Q¢] cos (1.120)

The block diagram of Fig. 1.12 is in accord with Eq. (1.120), and is the series
circuit diagram consisting of a dual channel network and a single channel network.
The dual channel network is a soft connection non-symmetric line with a
cut-through by means of rotating around the longitudinal axis of the aircraft, and the
resulting input force exhibits the modulation characteristic. The single channel
network is the transfer function of this instrument.

In the case of constant angular velocity, the dual channel network in Fig. 1.12
shows a change, and has the form shown in Fig. 1.13, while the single channel
network does not change.

The double channel network of the diagram is disconnected, while the modu-
lation function is set up by rotating around the longitudinal axis of the craft. In order
to examine the stability of the instrument, the single channel network, which is
limited to the block diagram, is studied as shown in Fig. 1.13.

Fig. 1.12 Block diagram of a
non-driven mechanical 0,
gyroscope
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Fig. 1.13 Block diagram of a non-driven mechanical gyroscope under constant angular velocity
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Fig. 1.14 Block diagram of a non-driven mechanical gyroscope with velocity feedback (a single
channel network)

For the above reasons, if the single channel network is stable, the whole
instrument is stable. Therefore, the single channel network diagram (Fig. 1.14) can
be separately investigated.

In Fig. 1.14, Mineria is the moment inertia, that is, the moment is produced by the
angular velocity rotating around the horizontal axis of the aircraft; Maamping is the
damping moment, that is, the moment is established by the feedback; Wp(s) is the
transfer function of the sensitive element;x is the oscillation angle of the sensitive
element; Kpeasure 18 the measuring winding transfer coefficient of the sensitive
element; Epeasure 1S the induction electromotive force in sensitive windings; Kampiiry
is the amplify coefficient of the preamplifier; Keectriccurrent 1S the amplification
coefficient of the current amplifier; Kpyuwalinductance 18 the mutual inductance coeffi-
cient; Eputuatinductance 18 the induced electromotive force due to the mutual induc-
tance of the winding and the torque winding; Kpoment iS the moment winding
transfer coefficient of the sensitive element; Wimgramr(s) is the transfer function of
the integrator.
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Because some characteristics of the instrument such as the natural frequency of
non-damped oscillation are dependent on the frequency that is rotating around the
longitudinal axis of the aircraft, it should be noted that the frequency of the inertia
moment Miperiamoment May change when the amplitude frequency characteristic and
the phase frequency characteristic are investigated. Because of changes in the
frequency of rotation around the longitudinal axis of the aircraft, the vibration
frequency of the sensitive element also changes. When the aircraft has a circular
oscillation, no matter what the other reasons are, the vibration frequency of the
sensitive elements will not be changed.

Therefore, the stability of the instrument should be considered by two block
diagrams. The two transfer functions of the sensitive elements are used, and these
functions satisfy the following description.

(1) The frequency change of the external action causes the damping oscillation
frequency of the sensitive element. In this case, the transfer function of the
sensitive element is

oafs) 1 B 1

AM(s)  Bis>+Dos+Bo  Bys2+Dys — (C1 — A1) (j¢,)
B 1 1 1 1
- (B, —C,+A|)s>+Dos D()s%loﬂ‘ls-k 1 KhsT's+1

Whl(s)
(1.121)

where K}, is the reciprocal of the amplification coefficient for the transfer function of
the sensitive element, K}, = Dy, which is the aerodynamic damping coefficient; 7’
is the time constant of the transient process of the sensitive element, i.e.,

B, — Ci+A
Dy

T = (1.122)

(2) The frequency change of the external force will not cause the frequency change
of the non-damping vibration. At this time, the transfer function of the sensitive
element of the instrument is

afs) 1 1 1
AM(s)  Bys>+Dos+By  KpTos® +2ETos + 1

W,(s) = (1.123)

where Kp is the equivalent elastic angular stiffness for the sensitive element, i.e.,

K, = (Ci — A1) ¢; = Bo (1.124)
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Ty is the oscillation time constant for the sensitive element, i.e.,
1 B 1 B 1
To=— =)= — L (1.125)
o By o VCi—A1L  upo

£y is the relative vibration attenuation coefficient of the instrument under the

action of aerodynamic damping:
£ Dy Dy Dy
0

N 2moB; N 2v/ByB; N 2¢+/ (Cy —Al)Bl

(1.126)

It should be noted that the aerodynamic damping effect is small and &, is no
more than 0.05.
The transfer function of the amplifier—converter is

W, _ KamplinyeleCtric current _ Kamplinyelechic current 1.127
) = KoK K TI+T (1.127)
+ amplify [ electric currentA mutual inductanceS + amplify$

where
Tamplify = Ramplify Kelectric currentK mutual inductance ( 1. 128)

Because the harmonic of frequency ¢, is the output signal of the instrument, a
non-periodic loop with a large time constant Ti,eria can be selected as an integrator.
Thus

Wintegramrl

= o 1.129
1+ Tintegrators ( )

Wintegratorl (S )

The integrators studied in this book have two kinds of deformation: one kind has
already been mentioned with a large time constant of a non-periodic loop and the
other kind is the combination of a differential loop and the vibration loop with the
following transfer function:

Tls + 1
T22s2 + 2fintegratorT23 +1

‘/VintegratorZ (S ) = Kintegrator2 ( 1. 130)

For the integrator with the transfer function in Eq. (1.130), in the range of 10—
20 Hz rotation frequency around the vertical axis of the aircraft, then by means of
changing the transfer function parameters (time constant and attenuation coefficient)
the high stability of the phase shift influenced by this integrator is better than that of
the integrator with the transfer function in Eq. (1.129).

Three kinds of instrument electronic circuits—no integrator at the instrument
output, integrator with the transfer function in Eq. (1.129) and integrator with the
transfer function in Eq. (1.130)—are compared. However, the fourth possible
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circuit that uses the integrator directly of the feedback can make the velocity
feedback into the auxiliary elasticity, and its negative impacts on the instrument are
pointed out in Sect. 1.4.

The transfer function of the system is now analyzed. The open-loop system
which is disconnected at [ is:

W(S‘) = ‘/Vp(s)KmeasureSWl (S') (1131)
Consider Egs. (1.121), (1.122) and (1.123):

W,(S) =W, (S)Kmeasureswl (S)Kmoment

p
_ KmomeanmeasureKamplifyKelectric current 1 (1 1 32)
K (T"s + 1) (Tamplitys + 1) '
w (S) _ KmomentKmeasureKamplinyeleclric current s
Kp (T(%Sz +2§0T()S+ 1)(Tamplifys+ 1)
(1.133)
Introduce the following denotations:
K — KmomentheasureKamplifyKelectric current _ Dfeedback ) 5T0 (113 4)
K, By
K = KmomemeeasureKamplinyelectric current Dreedback (l 135)
K Dy

Substituting Egs. (1.134) and (1.135) into (1.132) and (1.133) respectively,
obtains

1o K’
W (S) B (T/S + 1)(Tamplifys + 1) (1136)
W(s) = Ks (1.137)

(T3s% +2&0Tos + 1) (Tamprirys + 1)

The closed-loop transfer functions of the output before the integrator (Uy) and
after the integrator (U) have the following forms respectively,

wis) 1 1 Uo(s)
(D/ s) = = 1.138
0( ) I+ W/(S) Kinoment Kelectric current MLat(s) ( )
R 1 1 R
(I)O(S) _ W(S‘) _ U()(S‘) (1139)

I+ W(S) Kmomenl Kelectric current B MLat (5)
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wi(s) 1 1 U(s)
'(s) = Winteerator (§) = 1.140
( ) 1+ W/(S ) Kmoment Kelectric current fegrato ( ) M, Lat(s ) ( )
w(s) 1 1 U(s)
Wintearator (8) = 1.141
tegrato (S) MLat(S) ( )

D(s) =
1 + W(S ) Kmoment Kelectric current
Substituting Eqs. (1.129), (1.130), (1.136) and (1.137) into Egs. (1.138)—

(1.141), obtains

K’ 1
o) = WY o (1142)
KmomentKelechic current Ta.mplifyT s°+ (T + Tamplif}’)s +1+K
K
(D()(S) = K X '
momentB-electric current
N
TgTampthS3 + (Tg + zfoToTamplify)SZ + (Tamplify + 2€0To + K)S +1
(1.143)
¢/ (S) _ K/Kimegratorl 1 1

! KiomentKelectric current 1 + Timegrators Tamp]ify T's? + (T’ + Tamplify) s+1+K'

(1.144)
P’ ( ) _ K/KimegratorZ Tis+1 s

: Kamplinyelecu-ic current T22 52 + ZéintegramrTzs +1 TamplifyT/ 2 + (T’ + Tamplify) s+1+K'
(1.145)

(Dl (S) _ KKintegratorl

KmomentKelectric current
1 N
1+ TintegratorS Tg Tamplitys® + (T3 + 20 To Tamplity )5% + (Tampiiy +2&0To + K)s + 1
(1.146)

® (?) KKintegratorZ Tis+1
2\8) = 2
KmomentKelectric current T2 52 + 26integratorT2s +1
N

X
T(%Tamplifys3 + (Tg + 2'éOTOTamplify)S2 + (Tamplify + 2éOTO + K)S +1
(1.147)

The stability of the system is now studied.
(1) Based on the transfer function in Eq. (1.136). The frequency characteristic
curve is in accordance with the transfer function in Eq. (1.136), as shown in

Fig. 1.15.
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Fig. 1.15 The frequency L'7dB
characteristic curve in _20 dB/ dec

accordance with Eq. (1.136) _\m
for a non-driven structure 0 ki o

mechanical gyroscope with a 7]-- h —40dB/ dec
velocity feedback T;
2D

@

Figure 1.15 shows that the system with a velocity feedback of Eq. (1.136) is
stable and has phase stability with a large enough margin. At the same time, the
crossover frequency is closer to the frequency 1/ Tamplity, the smaller the phase
stability margin is. So, in order to increase the phase margin, the coefficient K* must
be increased, that is, the damping effect is increased or the time constant Tyypiify 1S
reduced.

(2) Based on the transfer function in Eq. (1.137), then in order to study the sta-
bility, the denominator of Eq. (1.137) is transformed to be similar to
Egs. (1.146) and (1.147):

Ks
T3 Tamplity s> + (T3 + 2E0T0 Tamplity )52 + (Tamplity + 2E0T0)s + 1

W (s) (1.148)

In order to study the stability, the last two summands are moved away from the

molecular to the denominator. Then the characteristic polynomial 12/‘(4%) of the

closed-loop system is unchanged. Thus the equivalent transfer function W (s) can
be obtained as

Tamplity +2E0To + K)s + 1
Wis) = [T2(T Dy L =200 ) ‘ (1.149)
0 Lamplitys + (T() +2¢& TOTamphfy)]

In the condition of a small &, it can only be determined by the aerodynamic
resistance (&y < £),and the following expressions are correct:2¢,Ty < K = 2ETy;
2&0Tampiity < To. Thus the expression (1.149) can be simplified as

W (S) _ (Tamp]ify + K)S +1
! Tgsz (Tamplifys + 1)

(1.150)

It should be noted that Tympiiry i basically determined by the mutual inductance
of the winding and the value is small enough, while K is determined by a large
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enough damping effect, and the value is large. This damping effect is guaranteed by
a velocity feedback. The frequency characteristic curve is satisfied with the transfer
function in Eq. (1.150) as shown in Fig. 1.16.

From Fig. 1.16, we know that the size of the constant Tympiiry affects the margin
of coefficient stability, and as mentioned above, the increase of Tyypiiry Will reduce

the phase margin, but the system will still remain stable.

W(s)

THW() 1S 210, and obtain

Assume that the denominator of the transfer function

the characteristic equation as
T4 Tampiitys™ + (T +2E0To Tamplity )5* + (Tampiity +2E0To +K)s+1 =0

or
T3 Tampiitys™ + (T3 + 20 To Tamplity ) s> + [Tampiity +2(&+ &) To]s+1=0 (1.151)

Since the whole terms of the equation are positive, the stability condition should
be in the following form:

(Tg + 250 TO Tamplify) [Tamplify + Z(é + 50) TO] > Té Tamplify

When &, =0, we can obtain that 7§ Tamplity + 25T > Tg Tamplity = 2ET5 > 0.
So, when &, = 0, the system is stable.

The amplitude and phase characteristics satisfy the transfer functions in
Egs. (1.136) and (1.137). After all the symbols are substituted, they coincide
completely. In order to use the instruments to measure the angular velocity of the
aircraft, the two expressions can be used to study the accuracy analysis. However,
when considering the circumferential vibration and the angular vibration of the
craft, the transfer function in Eq. (1.137) is more reasonable. The reason is that the
change of the circumferential vibration frequency and the angular vibration fre-
quency of the aircraft are caused by changes of the external torque, and the input
signal of the sensitive elements does not affect the natural frequency of non-damped

Fig. 1.16 Frequency L/dB [
characteristics of a non-driven
mechanical gyroscope with a “andBidec N ~20dBidec )
velocity feedback o, T; ®

Tk wu
/)

@

ol

A
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oscillations. Therefore, in order to make the work more comprehensive and gen-
eralized, Eq. (1.137) will be used to determine the transfer function (Fig. 1.16).

Then, from Eq. (1.150), the phase frequency characteristic should have the
following form:

x = —n+ arctan [(Tumplity + K) o] — arctan(Tympliry®) = —7 + arctan
KmnmemeeasureKamplinyelectric current
amphfy elecmc curreanmutual inductance 1 ) w
(C1 — A1) g

— arctan (KamplifyKelectriccurrentKmutualinductancew)
(1.152)

From Eq. (1.152), the phase stability margin is related not only with the time
constant Tympliry but also with the rotating velocity around the longitudinal axis of
the craft. As mentioned earlier, the system is unstable over a large enough range
(10-20 Hz). The margin of the phase stability is

Ay = arctan[(Tumplity + K) 0] — arctan(Tampiity Ocp) (1.153)

where wy, is the crossover frequency of the log amplitude frequency characteristic
curve.

Equation (1.153) shows that due to the small time constant Tyypiify, the phase
stability margin is essentially determined by K, which is approximately equal to

Ay = arctan(K o) (1.154)

However, the influence of the instability of the rotating velocity around the
longitudinal axis of the craft on the size of the phase stability margin effect is
estimated.

It is well known that the crossover frequency of the frequency characteristic
curve is the frequency of the intersection point between the log amplitude frequency
characteristic curve and the zero line, i.e.,

\/1 amphfy + K)

T2w2 r\/ 1+T amphfy %p
\/ 1+ amphfy +K )

2 2 2
T wy, 1+T ampllfywcp

=0

It should be noted that the change of the crossover frequency can only take into
account changes in K. The value of K increases such that the crossover frequency
will correspondingly increase. From Eq. (1.134), it is known that the change of
K can only take into account the damping change due to feedback.



1.6  Stability of a Non-driven Mechanical Gyroscope with ... 45

Assume that Tympiiry < K and Tampl]fy ?p <1, where w,, is the frequency asso-

ciated with the phase Ay (Fig. 1.16). There holds
Tyo, — K02, —1=0

Substituting Eq. (1.134), obtains

, K+ VK 4Ty 4ETI +T2/168 +4
274

@ 273

(1.155)

28 +\/4E +1

Ty

wcp =

From Eq. (1.134) the attenuation coefficient of the instrument oscillation can be
obtained through the damping effect produced by the feedback and its form is

Dreeavac Dreedvac
£ feedb: k: : feedback (1156)
2TOBO 2(/)0 (Cl — Al)Bl
Substituting Egs. (1.125) and (1.155) obtains
feedback / teedback
\/2(,0(2)31 C1 A] 4(/7432
WDep=
(1.157)
2
_ feedbdck feedback 7A1) ¢4
28 4B} B 0

Equation (1.157) shows that the crossover frequency depends on the inertia
moment, the damping of the sensitive element and the rotating velocity around the
longitudinal axis of the aircraft, so it is unstable.

According to the adjustment principle, the decrease n/2 of the phase frequency
characteristic of the system at the logarithm amplitude frequency characteristics
with a slope of —40 dB/dec is smaller than the decrease /2 of the phase frequency
characteristics of the original system at the logarithm amplitude frequency char-
acteristics with a slope of —20 dB/dec. In other words, in the frequency ranges

~ 1 1 ~ .oy . . .
0 Tomis K and Tony 09> the phase stability margin is less than that in the

frequency range ( as shown in Fig. 1.16. Thus, when selecting

1
Tamplity + K Tampiity )
the crossover frequency, its value must be in the frequency range

—1 1) According to the above situation, the minimum value of the
Tamplity + K Tampliy

damping effect in the instrument is determined by:
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1

—— <, 1.158
Tamplity + K v ( )
or according t0 Tamplity < K, there holds
1
X <Wep (1.159)

Substituting Egs. (1.134) and (1.155) obtains

1 282 4\ /48 + 1

< 1.160
2¢Ty Ty ( )
Solving the inequality equation obtains
&> L _ 0.42 (1.161)
2x V2 . .

When selecting the size of the damping in the instrument, the condition in
Eq. (1.161) must be guaranteed. At this time, substituting Eqgs. (1.134) and (1.155),
the stability margin will only be determined by the vibration attenuation coefficient
of the sensitive element, and takes the following form:

Ay = arctan(2¢1/ 2% +1/4& + 1) (1.162)

Substituting Eq. (1.156) obtains

2 4
Drecdbac 1 Dreedbac 1 Dreedbact
AX:arctan : feedback — - feedback WU ey feedback +1
@0/ (C1 — A1)B1 \| 2 \ @9/ (C1 — A1)B 4\ @0/ (C1 — A1)By

Using the detuning coefficient u [see Eq. (1.109)] and Dseedback, EQ. (1.154) can
be simplified as

KmumemeeasureKamplinyelectric current
Ay = arctan :
PokB)
1 KmomentKmeasure Kampiify Ketect 2 1/ KmomentKmeasure Kampiity Keects 4
7< moment>measure N amplify eleclnccun’enl) + 7( momentS-measure S amplify elecmccurrenl) +1
2 PouB) 4 PouB,

(1.163)
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From Eq. (1.153), the phase stability margin decreases with the decrease of K,
and it is equal to zero when K = 0. In this case, it is possible only when the
damping effect of the feedback is present. It can be concluded that in order to
increase the stability margin, K must be increased. But it should be noted that an
increase of K will lead to an increase of the crossover frequency, this frequency is

close to the frequency = 1”. The second term in Eq. (1.153) exerts a greater
arplity

influence on the stability margin and the phase stability margin begins to decrease,
as shown in Fig. 1.16.

Reducing the time constant Tympiiry Or increasing the frequency of the crossover
frequency method can be taken to increase the phase stability margin. However,
increasing K and w,, will lead to an increase of the damping effect of the
instrument.

From Eq. (1.163), we know that an increase of the rotating velocity of the
aircraft will reduce the phase stability margin. However, increasing the rotating
velocity of the aircraft is advantageous to improving the stability of the aircraft. At
the same time, for the conventional loop scheme of the rotor vibration gyroscope, it
is necessary to form a larger stiffness of the gyroscope. It can be seen that not
increasing ¢, can keep it stable. Under the condition that ¢, is unstable (10—
20 Hz), the change of the phase stability margin will be two times larger than the
original value. However, it will not have taken the instrument out of the stable state.

From the summary regarding the phase stability margin, the conclusion can be
drawn that in order to increase the phase stability margin, a method of increasing
the damping effect or decreasing the time constant Tympliry must be used.

1. A method of decreasing Tampiify

Obviously, because Tympiiry is small and furtherly reduced, the change of the
phase stability margin will not have a significant effect. Even so, some basic ways
to reduce Tampiity have been developed.

(1) Because Tamplify = amplinyelectriccurremeutual inductance» TedUCing the transfer
coefficient Kampiity of the preamplifier and the current amplification factor
Kelectric current> can decrease Tampiity, but this will decrease K to an undesirable
situation. This is because the decrease of K leads to an opposite phenomenon,
namely the stability margin is reduced. This reason for this is that the impact of
K on the stability margin is significantly greater than that of Tyypify. Although
reducing K by reducing Kampiity O Dfeedback Will increase the sensitivity of the
instrument, the same problems occur so in the scheme of ensuring stability, it is
still undesirable.

(2) Tamplify can be reduced by reducing Kpuwalinductance- A has been said before, a
similar method of reducing Tampiiry clearly cannot increase the phase stability
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margin if the influence of the winding mutual inductance of the instrument on
the output signal is decreased.

Substituting the transfer function (1.164) of the amplifier converter into the
positive feedback to partially compensate, the effect of the mutual inductance can
be reduced (Fig. 1.17):

TkS
1% = 1.164
) = T (1.164)
In this case, the transmission characteristic form of the amplifier is
W/ (S) _ Kamplinyelectriccurrent (1 165)

K
1+ Kamplify Keleclric currentS (Kmutual inductance — 7 +A7-k S)

or
w! (S) _ Kamplinyelectric current(l + Tks)
! 1+ Tis+ Kamplinyelectric currentKmutual inductances(l + Tks) - Kﬂmplinyelectric currentKkS
(1.166)
Substituting Eq. (1.127), obtains
Kamplity Ketectri 1+ Tys
W{ (S) _ amplify eelectric current( k ) (1167)

Tamplify Tis + (Tk + Tamplify - Kamplinyelectric currentTk)s +1

The difference term Tamplity — KamplityKelectric curencKx 18 changed into the fol-
lowing form:

K K

amplify electric current

E

mutual inductance
i

mutual inductance

W (s)

Fig. 1.17 Block diagram of the mutual inductance compensation
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Tamplify - Kamplinyelcctric curreka = Kamplinyelectric cun‘emeutual inductance amplinyelectric currenth

= umplinyelectric current (Kmulual inductance — Kk) = Kamplinyelectric cuIrentAK

Substituting the above equation into Eq. (1.167), obtains

Kampiify Kelectric currem(l + Tks)

Wi(s) =
l< ) TamplifkaS2 + (Tk + Kamplinyelectﬁc currentAK)S +1

(1.168)

How the stability is affected by the introduction of a similar loop is now ana-
lyzed. The most suitable mutual compensation type is AK = 0.

From Eq. (1.168), we can see that when any value of every parameter is used in
the transfer function, the phase frequency characteristic is always more than —.
Thus when AK =0 and T} is selected as any value, the amplifier still remains
stable. T} should be selected as a small value to exclude the effect of the output
signal and the amplitude frequency characteristics in the operating frequency range.

It should be pointed out that exact compensation cannot actually be achieved.
Therefore, the residual uncompensated polarity should be determined. The reason
for this is that when T} is small, the polarity change of AK will enable the phase
polarity of the amplifier converter to change, which will cause the instrument to
deviate from the calculated parameters and the characteristic curve. In order to
avoid the occurrence of this situation, the optimization coefficient n of the com-
pensation precision is introduced. If AK = nKywatinductance > 0, Eq. (1.168) is
changed into

Kamplify Keleclric current (1 + Tks )
Tampiity Tks* + (Ti + nTampiity )s + 1

W (s) = (1.169)

It is very difficult to make n small. Thus T} <nTampiiry and there holds

Kam lify Kelectric current
Wi(s) = —22 1.170
1(s) N Tompitys + 1 (1.170)

In this case the optimization coefficient must be positive. Thus W/ (s) will be
replaced by Wi (s).

2. Increasing K

As has been pointed out previously, reducing Tumpiiry cannot increase the sta-
bility margin, because the phase margin is basically determined by K, and the
stability margin increases with the increase of K. In order to ensure that the phase
stability has a larger margin, it is necessary to increase the value of K. According to
Eq. (1.134), increasing Dreedpack OF reducing By can make K increase.

(1) Reducing By. Because By = (C1—A;) @}y, reducing By is related to three kinds
of situation. Firstly, it is related to reducing the craft’s rotation frequency.
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Secondly, it is related to changing the geometric shape and size of the sensitive
elements of the instrument, which in turn is restricted by the technical
requirements and the tuning technology conditions, and it is also related to the
structural change of the instrument. But in the instrument design stage, it should
be noted that reducing the difference C; —A; of the inertia moment will
increase the stability margin. At this time, reducing the difference C; — A; will
inevitably result in three cases: Firstly, the inertia moment B; must be reduced
as shown in Fig. 1.18. As a result, ensuring the tuning condition more accu-
rately is a problem that must be solved. Secondly, the attenuation coefficient &
is increased by Eq. (1.156) and thirdly, the sensitivity of the instrument is
decreased. Therefore, when selecting the inertia moment of the sensitive ele-
ment, it is necessary to seek a compromise solution to satisfy all required
conditions as far as possible.

IaneaSing Dfeedback- Because Dfeedback = Kamplinyelecm'c currenthomentheasure,
when Dreedpack increases, Kamplity and Kelectric current Will decrease. Although the
latter will make T,ypiry increase, the phase stability margin will eventually
increase. In this case, the impact of increasing K on the stability margin is
greater than that of increasing Tampiity, and will result in the increase of the
phase stability margin. Kymplity and Kelectriccurene are determined only by the
feedback parameters. Therefore, when selecting these numbers, it should be
considered that the larger these numbers are, the larger the phase stability
margin is, but the higher the damping effect is, the smaller the instrument
sensitivity is. As with reducing By, we must seek a compromise solution.
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For K oment and Kieasure, Similar situations exist. The increase of two coefficients
is generally related to the change of the geometric size of the instrument and the
magnetic system characteristics of the measured information.

The feedback circuit of a non-driven mechanical gyroscope is shown in
Fig. 1.18. The feedback loop consists of two circuits: a preamplifier and a current
amplifier.

As has been mentioned before, the damping coefficient of a non-driven
mechanical gyroscope with a negative velocity feedback for the rotating state craft
is determined by four parameters: the transconductance Kipeuure Of the measuring
winding, the transfer coefficient Kmpiry of the preamplifier, the amplification
coefficient Keectric current OF the current amplifier and the transconductance Kioment OF
the torque winding of the instrument. The integrator in the circuit (Fig. 1.18) uses
the integrator with the transfer function (1.130). Within the working frequency
range, its phase frequency characteristic is better than that of the non-periodic loop.

From (1.105), the amplitude of the oscillating angle of the sensitive element is
inversely proportional to the damping coefficient of the instrument, and the oscil-
lating angle of the sensitive element is constrained by the geometry and size of the
instrument itself, and this constraint is added to the possible minimum damping
coefficient. According to Eq. (1.78), the instrument works near the continuous
resonant point. The angle deviation range of the sensitive element is recorded, and
Eq. (1.81) is considered. Then there holds

2B,1Q
g b
amplitude D(x
The maximum amplitude of the harmonic oscillation of the sensitive element is
derived from the maximum value of the angular velocity. In this case, there holds

2B 1 Qmax
D,

Olamplitude, max =

At this time, it should be noted that there are some constant torques (the dynamic
unbalance torques) in the coordinates connected to the sensitive element and the
deflection angle of the sensitive element caused by the inaccurate installation of the
instrument, where this deflection angle is caused by a number of great harmonic
deviations (see Sect. 4.3).

O‘amplitude‘max = Omax — %o

where onax 1S the maximum swing angle of the sensitive element and oy is the
constant deflection angle of the sensitive element.

At this moment, the maximum value of the damping coefficient is determined by
the possible swing angle of the sensitive element:
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Fig. 1.19 Determination of the winding transfer coefficient

2B Qmax
Dfeedback ~ Drx = S max (1171)
Omax — %o

When the damping coefficient of the instrument is less than the value calculated
by Eq. (1.171), or in other words, when the sensitive element has some relatively
large angle, the sensitive element begins to hit its base and this phenomenon is not
allowed. In addition, the oscillation of the sensitive element preferably occurs in the
central part of the magnetic gap, where the magnetic induction is relatively stable,
the magnetic field is perpendicular to the motion direction of the sensitive element,
and there is no magnetic field distortion. If the sensitive element has a sufficiently
large deflection angle, it can be out of the center range and this must be reflected in
the instrument readings.

The measurement principle of the oscillation angular velocity of the sensitive
element uses the law of electromagnetic induction. Its essence is that when the
conductor moves at a velocity of v in a magnetic field with the magnetic induction
intensity B, the electromotive force is produced in a conductor as E = vBa
(Fig. 1.19):

E = vB, = BNmeasure@C% = Kmeasure® (1172)
where Npyeasure 18 the number of turns of the measuring winding:
Kieasure = BNmeasure@C (1173)

The transfer coefficient of the preamplifier is

Ry

— 1.174
Rl (1.174)

Kamplify =

and the voltage at the output of the preamplifier is determined by the following
expression:
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. R, .
U= EKamplify = amplifyl(measureoC = BNneasureac R_ o (1 175)
1

The amplification factor of the current amplifier is calculated by the following
formula:

1
Ketectric current = 75— ( 1. 176)
R;

But the current in the torque winding of the instrument is determined by the
following expression:

. Ry .
I = UKejeetric current = KmeasureKamplifyKmeasurefx = BNmeasureaC ﬁ o ( 1. 177)
14v7

According to the Ampere’s law, a charged conductor in a magnetic field is
subjected to a force that is opposite to the velocity vector and the force is
F4 = IBNpmomentac, where Npoment 1S the number of turns of the torque winding.
When the sensitive element is moving in a magnetic field, the magnitude of the
torque acting on it is

Mdamping = Fc¢ = IBNpoment@¢ = Kyomend = KmomentheasureKamplinyeleclric current &

- B N N ac
measuret Y moment! R
1447

o= Dfeedbackd(

where
Kmeasure = BNmomemaC (1178)
Thus, the damping coefficient has the following form:

2 R,
RiR;
(1.179)

2 2
Dfeedback = KmomemeeasureKamplifyKelectric current — B NmeasureNmomenta c

From Eq. (1.179), it is concluded that the stability of the damping coefficient
produced by the feedback mode, and the stability of the output signal of the
instrument are determined by the stability of the resistances R, R, and R; and the
stability of the magnetic induction in the magnetic gap of the magnetic system. The
stability of this magnetic system is also determined by the temperature stability of
the permanent magnet and the heterogeneity of the magnetic field along the height
distribution in the magnetic gap of the magnetic system.
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Therefore, the change and adjustment of the damping is realized by selecting R|,
R, and R; of the instrument.

With the feedback loop of the instrument, the influences of the mutual action of
the measuring winding and the torque winding can be assessed. The magnetic flux
generated by the torque winding is

o0 Se
q)moment =IL= KmeasureKamplinyelectric currema:uONo e
I.
(1.180)
— BN ac R2 &H N2 Smomem
eastre R1R7 07" moment Imoment

The alternating magnetic flux of the torque winding acts on the measuring coil
and produces the electromotive force, whose amplitude is directly proportional to
that of the oscillating angular acceleration of the sensitive element. The phase is
also proportional to that of the angular acceleration:

_ d@momem _ 2 Smomentdl
Enutalinductance = —Nmeasure ———— = — HoNmeasure!V, moment y 1.
dr Imomemdt
S
. 2 moment
= _Kmeasure K. amplify Kelectric current(x,u()N moment ( 1.181 )
Iinoment
R2 Smoment
= —BN? ac—— N>
measure 0% Y moment
R 1 R7 Imoment
d/
Emutual inductance = —fmutual inductance E ( 1.1 82)

where Smoment 1 the area of the torque winding; Inoment 1S the current of the torque
winding and the mutual inductance is

2 Smomem
Kmutual inductance — ,uONmeasureNmomem I ( 1.1 83)
moment

The relative influence of the mutual inductance of the winding on the output
signal of the instrument is determined by the following expression:

. 2
Emulual inductance amplitude KmeasureKam lif' Kelectric current Xam litude,uoN momemsmoment
p _ plity P

Emeasure, amplitude Kmeasure Oamplitude I moment

S moment
N2

= amplinyelecu*iccurrenl(pOMO moment 7
me

oment

(1.184)

The error value is not more than one thousand when calculating the parameters
of the mechanical gyroscope prototype with negative feedback. However, accord-
ing to the circuit and method in the references used to study the design of similar
instruments, when encountering the large effect of winding mutual inductance (such
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Fig. 1.20 Logarithmic frequency characteristic of a
negative feedback

non-driven mechanical gyroscope with

as a large number of turns of the gyroscope winding, another kind of the propor-
tional relationship between the conductor length of winding and cross-section, the
larger transfer coefficients of the amplifier converter and the current amplifier),

several measures should be taken to reduce the

time constant Typpiiry, and the time

constant is mainly determined by the coefficient size of the mutual inductance.
For Fig. 1.20, the open-loop transfer function of a non-driven mechanical

gyroscope with negative feedback is

1
Wls) = Bo(Tos® +2&Tos + 1)
Wy(S) _ Kamplinyelectric current
1+ Tamplifys
K — KmomemeeasureKamplinyelcctric current
By
W(s) = Ks

(Tgs% +2&0Tos + 1) (Tamplitys + 1)

= Wi(s) = (Tampiity + K)s+1
N T3 (Tampitys + 1)
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1.7 Technical Performance of a Non-driven Mechanical
Gyroscope

The technical requirements and use conditions of a non-driven mechanical gyro-
scope for a rotating aircraft are shown in Table 1.1.

Table 1.1 Technical requirements and use conditions of a non-driven mechanical gyroscope for a
rotating aircraft

Technical requirements Use conditions

Measuring angular velocity range/(°/s) 300 Outline dimensions/mm ¢ 30 x 15
Sensitivity threshold (°/s) 1.5 Rotating angular velocity of aircraft/(r/s) 10-20
Scale factor [mV/(°/s)] 30 Acceleration in any direction 10¢g

Scale factor stability (%) 8 Acceleration along the axis of rotation 75 ¢

Zero bias signal (°/s) 0.6 Ambient temperature/°C —40 to +75
Quality (g) 40

(a)

(b)

Preamplifier

Current amplifier

Torque converter winding

X

Base-magnetic conductor /

Signal winding

Fig. 1.21 Sketch map of the working state of a non-driven mechanical gyroscope used in a
rotating aircraft, a Rotating flight carrier; b Gyroscope; ¢ Non-driven mechanical gyroscope with a
negative velocity feedback
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Table 1.2 Performance of a non-driven gyroscope used in a rotating aircraft

Instrument 9IM39 Non-driven Instrument 9M39 Non-driven

parameters gyroscope | mechanical parameters gyroscope mechanical
gyroscope gyroscope
with negative with negative
feedback feedback

Measuring 300 300 Zero bias 1 0.6

angular signal (30)/

velocity (°/s)

range (°/s)

Sensitivity 1.5 1.5 Outline ¢ 30 x 15 ¢ 30 x 15

threshold dimension/

(°/s) mm

Scale 1 30 Quality/g 40 40

factor [mV/

(°/9)]

Instability 60 7

Bo) (%)

The working state of a non-driven gyroscope used in a rotating aircraft is shown
in Fig. 1.21, and its performance is detailed in Table 1.2.



Chapter 2

Precision of a Non-driven Mechanical
Gyroscope with Negative Velocity
Feedback

2.1 Measurement Precision of a Constant Angular
Velocity Rotating Around The Horizontal Axis

The output signal is connected with the angular velocity by the scale factor:
Uout,ampliude = KspQ. So the study of the measurement precision of a constant
angular velocity rotating around the horizontal axis of the aircraft is ultimately
attributed to the stability of the calibration scale factor of the instrument. In this
chapter, the precision of the gyroscope is studied based on the dynamic charac-
teristics of the instrument. Therefore, the closed-loop transfer function expressions
(1-143), (1-146) and (1-147) are used, and nTmpiiry replaces Tampiify:

K
(I)() (S) =
K, momemK electric current P
X2 3 2 2
TQ nTa.mplifyS + (T() + 2£0T0nTamplify)s + (nTumplify + 2éOTO + K)S +1
(2.1)
(1)1 (S) _ KKintegratorl 1
KmomentKelectric current 1+ Tintegrators
N
TgnTamplifys3 + (Tg + ZfoTonTamplify)Sz + (nTampnfy + 2§VOT() + K)S +1
(2.2)
KKinteor: Tis+1
(I)2 (S) _ integrator2 % — 15+ «
KmomemKelectriC current T2 7+ 2éimegrat0r TzS + 1
N
T3nTampitys> + (T3 + 2E0 TonTamplity ) > + (nTamplity +20To + K)s + 1
(2.3)
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Because Ugy ()= D(5)Minertia(s) and Mineria(s) changes by the harmonic law,
Uoyt 1s determined as

Uou = |(I)(](’U)‘ HpQ sin ¢0t+ arg (I)(](D) (24)
w=@y 0=y

Uamplitude = HoQ |@(jo)| = (C1 — Ay + B1) 9o Q [D(jo)|

O=Pg W=

. (2.5)
1 = arg ®(jow)
=0
From Egs. (2.1), (2.2) and (2.3) the amplitude of the output signal is
Usnpiiaged = (C1 — A1+ B)§RQ——— 5
Pl 1 : %o KmomemKeleclric current
1
Eo 4 ) 2312 572
\/{ [T amptiy + 2To (&0 + &)] @o — TonTampity @3}~ + [1 = (T3 + 20 TonTampiity) 7]
(2.6)
. KKinteo 1
Uampliludel = (Cl — A +B1)(,D(2)QK }?eeralorl X x
momentelectric current 1+ Tizmegrator (pg
1
T - 312 B —
\/{ [ Tampiity + 2T0 (o + )| g — TénTamptity @3} + [1 — (T3 + 2E0 TonTampiity) 93]
(2.7)
. KKincraor \/1+T2.2
UamplitudeZ = (Cl —Al +B1)([)(Z)QK Kt grator2 X 190 x
moment/electric current \/(1 _ Tzz(b(z))Z + <2éimegmmrT2¢0)2
1
I3 . . 2 . . )
VA [Tty +270(Zo + O] — TanTampuny @3 + [1 — (T2 + 260 TonTumpity) 73]
(2.8)

When the integrator is ideal (Tipegrator i very large) and the ideal compensation
of the influence of the mutual inductance (n = 0) is considered, because nTamplify
and &, are small and can therefore be ignored, from Eq. (2.7) we can obtain

KKimegratorl

Uamplitude1 = (C1 — Ay +B1) @3 Q

KmomemKelechic current
X 5 (2.9)
Tintegratorﬁbo \/(1 - Tg@%) + (2£TO¢0)2
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When the instrument is operating at close to the resonant point, 75¢3 ~ 1 and
C] — A1 =B 1-
2Bl QKKintegratorl

KmomentKelectric current Tintegrator 2 éTO
2Bl -QKinlegratorl

KmomentKelectric current Timegrator

Uamplitudel =

(in the close to ideal condition)  (2.10)

In the close to ideal condition, the output signals of the instrument are deter-
mined only by the transfer coefficients of the torque winding of the torque con-
verter, a current amplifier and the integrator. The measurement result of the stability
of the above parameters is a percentage, and can satisfy the high precision
requirement of the angular velocity measurement of the rotating flight carrier.

When the integrator with the transfer function (1-130) is used, then where this
function is in the ideal integral condition, 77 and 7, are relatively large. Assume
that n = 0 and &, = 0, there holds

KKintegratorZ

Usmpligez = (C1 — A1 + B)) 3@

KmomentKeleCtriC current

T
x 1% (2.11)

303/ (1 - 1303)° + (2Tod,)?

But in the case of the resonance, there holds

2B 1 KK; integrator2 Tl 2B 1 K integrator2 Tl

Uamplitude2 = Q (2 1 2)

2 - 2
KmomentKelectric current T2 2 fT() KmomentKelectric current T2

When ;—? = Tintegrator» EQ. (2.12) corresponds to Eq. (2.10).
When there is no integrator and no assumption (n = 0, &, = 0,) at the output end
of the instrument, from Eq. (2.6), we can obtain

. K
Usmplideo = (C1 — A1 + By) 52

1 KmomentKelectric current
x . (2.13)
V(1= T303) + (2eToi,)?

In the case of resonance, there holds

2B1K ¢, 0— 2B ¢

KmomentKelecm'c (:urrent2 éTO KmomentKelectric current

UampliludeO = Q (2 14)

Comparing Eqgs. (2.10), (2.12) and (2.14) shows that if there is no integrator at
the output end of the instrument, the output signal of the instrument will be
unstable. This is because there is a linear relationship between the stability of the
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output signal and the angular velocity rotating around the longitudinal axis of the
aircraft. The integrator at the output end of the instrument, as shown in Egs. (2.10)
and (2.12) can eliminate the dependency between the output signal and the rota-
tional angular velocity around the longitudinal axis of the aircraft. Therefore, the
integrator can significantly improve the stability of the output signal.

As has been discussed before, in the case of non-precise tuning, for example in
the case of u = 0.9, there is instability between the amplitude of the output signal
and the angular velocity rotating around the longitudinal axis of the aircraft. When

Tgamping 18 smaller, for these loops, & = % can be substituted into Eq. (2.11) and

¢, is replaced by @) + Ad,.

(/12 + 1 )DfeedbackKintegratoﬂ Tl Q

UamplitudeZ =

2
((Pg + A@O) KmomentKeleCtric current T22 \/(,uz -1 )2 + |:((poDirLZ”;;k)Bl:|
0
(,uz +1 )Bl DfeedbackKintegratorZ Tl Q

. . 2
KmomentKelectric current T22 \/ [ ((Pg + A@O)Bl (luZ - 1)] + D%eedback
(2.15)

In order to obtain the general result, the effect of the instability of the angular
velocity rotating around the longitudinal axis on the amplitude of the output signal
is in the form of a relative value:

. 2
Uamplilude _ [(/)831 (:uz - 1)] + D%eedback (2 16)

Uamplitude (Mg = 0) [(@) £ Apg) B (1> — 1)]2 + Dfiedoack

The coefficient K is introduced to denote the ratio of the unstable value of the
angular velocity rotating around the longitudinal axis of the aircraft to the average
value of this angular velocity, i.e., A@y = K¢). In this case Eq. (2-16) has the
following form:

2
Uamplitude _ (1“2 B 1)2 + (Zéoﬂ) (2 17)

Uamplitude (Mg = 0) (1+K)* (12 —1)" + (250,11)2

where éo = % is the attenuation coefficient, which has nothing to do with the
instability of the angular velocity rotating around the longitudinal axis of the
aircraft.

The curve corresponding to Eq. (2.17) is shown in Fig. 2.1.

Obviously, in the case of the precise tuning the amplitude ratio in Eq. (2.17) is
equal to 1 and has no relationship with A¢, which is confirmed by Fig. 2.1a. It is
worth noting that the enhanced damping effect of the instrument will lead to the
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(a) Ui (b) Unpiiwie
Usmse( 88, = 0) Uy (AD, =0)
1.1 1.02 .
p=0.8 i &=0.5
1.05 =05
e
! 1
A\ e
0.95
p=1
0.9 0.98 L . L
204 -0.2 0 0.2 04 K —0.4 -0.2 0 02 04 K

Fig. 2.1 Effect of instability of the angular velocity rotating around the longitudinal axis of the
aircraft on the output signal amplitude of a non-driven mechanical gyroscope, a Variation of the
detuning coefficient; b Variation of the damping coefficient

decrease of the dependency in Eq. (2.17), which is proved by Fig. 2.1b. When the
angular velocity rotating around the longitudinal axis of the aircraft varies in the
whole range (10-20 Hz) as well as in the case of g = 0.9 and ¢ = 0.5, the relative
error of the amplitude of the output signal value is 3.8%, that is, the ratio associated
with the average amplitude is +1.9%.

Because the instantaneous value of the output signal is used in the instrument,
the phase of the output signal and the phase stability should be noted accurately.

Corresponding to Eq. (2.5) there holds

T amplity + 27T + Do — TznTam ify 0
Yo = T etan [nTampity g(fo )] ¢o — T3 = plify Po (2.18)
2 1-— (TO + ZéOTOnTamplify)<00

- .
1= E — arctan (Tintegratof(p())

_ aretan [nTampiity +2T0(Eo + &) | @ — TgnTamplity @3
1= (75 + 2&TonTumpiity) £

(2.19)

2¢&; T>q
XZ = g —|— arctan (Tl (po) — arctan (M)

1 — T35
1 — (T3 + 2& TonTampiity ) 9
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Under the above conditions, n = 0, &, = 0, T, T> and Tipegracor are very large.

2ETo ¢
Yo = = — artan | =10%0_ 0% (2.21)
2 1 —-T5¢5
2ETv¢
%1 = — arctan (%) (2.22)
1 =T50
2¢Topy
Y2 = — arctan (1_78(/)(2) (223)

It can be seen that under the condition of using the circuit with the different
integrators, the phase shifts are equal and the phase difference between the circuit
with the different integrators and the circuit without the integrators is 90°.

In order to determine the stability of these values, Eqgs. (2.21), (2.22) and (2.23)
have the following form:

%o = Axo
T
y :—7—A"
£1 3 11
T
= _Z_ A
X2 3 12

Because 1, yo and y, can be described by the same method, only y; is studied
and obtained as

i 1
tan y; = tan (fA;(l — 5) =cotAy, = anhy
1 202 — 1
tan Ay, = =% - (2.24)
tany;  2¢Tog,
In this case, substituting Eqs. (1.124), (1.125) and (1.134) obtains
B —1 B — (Ci — AD)]d
tanAy; = ¢— C.lf_;(h Koo =X [Kl (Kl 11)(]#)0 (2.25)
t Bamplify S lectric current . .
€Ay momentDamplify Ameasure X electric current
and there holds
By — (Ci — Ay)l¢
1= T arctan{ B = (G, )16 } (2.26)
2 KmomentKampliny measure Kelectric current
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Because the tuning factor p < 1, there holds (C; — A;) <B; and the symbol term
“arctan” in the expression is positive.

Equation (2.26) shows that because the signal phase does not exceed —7, the
instrument works outside the resonance point. And because

by = @) + Adpg (2.27)

where ¢} is the average angular velocity rotating around the longitudinal axis of the
aircraft (here it is 15 Hz) and A¢, is the unstable value of the angular velocity
rotating around the longitudinal axis of the aircraft (here it is the maximum value
A, =5 Hz).

Combining this with Eq. (2.26), it is known that the phase shift of the instrument
is unstable because it has a dependent relationship with the unstable angular
velocity rotating around the longitudinal axis of the aircraft.

Substituting Eq. (2.27) into Eq. (2.26) obtains

{ [B1 — (C1 — A)](¢) £ A¢o) }

KmomentKamplifyKmeasureKelectric current

T
%1 = — = — arctan

5 (2.28)

Because the value of the expression “arctan” is small, there holds

[By — (C1 — A))](¢) £ Agy)

K moment K. amplify K measure K electric current

1= —g — arctan{ } =110 T Axo  (2:29)

where

n [B) — (C1 — A1)}

Li0 = —5—
2 Kmomeanamplify KmeasureKelectric current

(2.30)

When the instrument is mounted to the machine body, the angle is compensated
by the method of rotating the instrument or when the output signal of the instrument
is furtherly processed, the angle is compensated in the aircraft. y,, is a constant and
does not have a dependent relationship with the unstable value A¢,,.

Ay, is caused by the instability of the angular velocity rotating around the
longitudinal axis of the aircraft and is the unstable phase value of the output signal
of the instrument. It should be noted that A¢, is quite large, so the phase error is
relatively large.

[B1 — (C1 — A1)]Agq

KmomentKamplifyKmeasureKelectric current

Ao = (2.31)

Similar to Eq. (2.29), for the circuit without the integrators and the circuit with
the integrators, the expressions of the output signal phase are obtained as follows:



66 2 Precision of a Non-driven Mechanical Gyroscope ...

[Bi — (C1 — AD)](09 £ Ay

KmomentKamplify KmeasureKelectric current

Yo = g - arctan{ } =Yoo £ Axoo  (2.32)

[Bi — (C1 — A))](¢) £ Adpy)

KmomentKamplify KmeasureKelect:ic current

T
Y = —5~ arctan{ } = 200 £ Ao (2.33)

We will estimate how the unstable phase value of the output signal affects its
instantaneous value. As the output signal of the instrument is in the form of

Uow = Uamplitude sin (¢0t + X)
then

B — (C1 — A)]Ap,

KmomentKamplify Kmeasure Kelectric current

Uout = Uamplilude Sin{(ﬁbo + A¢0)t + } (234)

The angle y, in Eq. (2.30) is considered as a compensation in Eq. (2.34).
(¢ = A@y)t will no longer calculate the unstable value of the angular velocity
rotating around the longitudinal axis of the rotating flight carrier. Therefore, as this
unstable value affects the steering engine of the rotating flight carrier and does not
affect the processing precision of the input signal, then

[Bi — (C1 — A1)]A¢, } (2.35)

Kmomem K. amplify Kmeasure Kelectric current

Uow = Uamplitude Sin{@ot +

When the output signal is the maximum or minimum value, the sensitive axis of
the instrument is coincident with the vector direction of the measured angular
velocity. Thus

<'p0t:igink

The error of the instrument is small because Eq. (2.35) has the following form:

[Bi — (C1 — A1)]Agy }

K moment K amplify K measure K electric current

Uout = £ Uamplitude COS{ (236)

Equation (2.36) shows that in the case of resonance, Ay,, = 0 in Eq. (2.31), then
Uout = £Uampliude> Where the positive and negative symbols will determine the
maximum or minimum value of the signal.
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When the instrument is not in the resonant state but it is directly close to the
resonant state, then because Ay, is determined and is small, the unstable value of
the angular velocity rotating around the longitudinal axis of the aircraft will not
significantly affect the maximum or minimum value of the instrument’s output
signal.

In this case, the output of the instrument is zero, which indicates that the
instrument’s sensitive axis is perpendicular to the vector direction of the measured
angular velocity. Thus

@ot =0 £ mk
The form of the instrument’s output signal is

[B1 — (C1 — A)]A¢, } (2.37)

K momentKamplify Kmeasure Kelectric current

Uow = :FUamplilude Sin{

In this case, because the output signal is proportional to the sinusoidal value of
Ay, its image is different. In the case of resonance, the output signal should be
equal to zero but in the case of imprecise adjustment of the resonance because Ay,
is very small, the output signal will be

[B1 — (C1 — A)]agy } (2.38)

KmomentK amplify KmeasureKelectric current

Uow = :FUamplitude{

Thus, in the above moment the signal error is, in essence, the cross error of the
instrument and is proportional to the unstable value of the angular velocity rotating
around the longitudinal axis of the aircraft. It should be pointed out that the size of
Ay, can be up to a few degrees.

Under the condition that the integral time constant of the integral loop is not
large enough, the influence degree of the integral loop at the output signal end on
the phase stability of the output signal is measured. In Egs. (2.19) and (2.20),
assume that n = 0 and &, = 0, then

n . 2Toéi
1= 2 arctan (Timegrator QD()) — arctan (%) (239)

T . 2 iintegrator T (:bO 2T0 é (bO
= = 4 arctan (T} o) — arctan | —=mee@or 290 ooan (222520 ) (2,40
fp =5 T arc an (T1¢p,) — arctan ( I - 1202 arctan { 202 ( )

According to the above calculations and obtains



68 2 Precision of a Non-driven Mechanical Gyroscope ...

T
1= _E + AXimegm{orl - A/fl

T
X2 = — 5 - AXinlegraloer + AXinlegralor22 - Alz

T
tan y; = tan(fAXI + AXintegralorl - 5) = COt(AXI - AXintegralorl)

_ 1
~ tan (A)Cl - AXimegramrl)
tan y, = tan(—sz = Aintegrator21 T Allintegrator22 — g)
_ 1
~tan (Ayy + Aflintegrator21 — AXimegramrzz)

1 . 2Tl gy
tan (Ay; — Afintearatori ) = —— = tan [arctan Tintegrator P ) + arctan (7
( integrator ) tan 1 ( Integrator ) 1— Tg(/)g

o Timegrator(r.’)o - Timegrator TS 90?) + ZTOéQbO

B 1- T(%QD%) - ZTimegramrTOéQb(z)

_ nntegrator‘b(z)(cl - Al - Bl) + KmomemKamplinymeasureKelectric current
¢0(C1 - Al - Bl) - Tintegrator (pOKmomentKamplifyKmeasureKelectric current

(2.41)
) , -1 _
tan (A/CZ + AXintegratoer - A/CimegratorZZ) T tany,
_ . 27, éimegra[or 900) ( 2Tﬂi§bo ) :|
tan{ arctan(T; @) + arctan (4142%3 + arctan ({355
tan (AXZ + AXintegratle - AXinlegratorﬂ) - (242)

2¢q (Tz Sintegrator + 70 5) —2T2To () (To Eintegrator T T2 f) —Tipy + _
1=@2 (T2 +T2) + T3T2 9 —4T0 T Einegraror 93 +

1143 (T2 + T2) =TTV T34 + 4ToT1 T Cintegraior £
211 93 ( Taimegrator + T0€) —2T2T1 To @ ( Toimegraor + T26)

In this case, even in the state of resonance, the phase of the output signal always
maintains a complex relationship with the rotating angular velocity of the aircraft
itself. The integral time constant is small and can be easily determined. The time
constant causes the phase of the integral loop and the angular velocity rotating
around the longitudinal axis of the aircraft to change, and make them keep very small
dependency in the varying range of the above angular velocity. This condition is
obtained by Egs. (2.41) and (2.42), and the following two expressions are obtained,
which show that the instrument is considered to be working in a resonant state.

1

- (2.43)
Tintegrator )

tan (AX1 - AXimegratorl) =
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28 integrator Ty ‘/7%

1+ 1—T22(/)t2)
tan (AXZ + AXimegraloer - AXintegralorZZ) = . 2E egrator 1290 (244)
1P0 = — 1257
where
i 1
¥1 = —= — arctan - - (2.45)
2 Tintegrator (908 + A@O)
14 25imegmuu-TzT1(¢8iA¢’o)2
7 1-72(+Ad, )’
1o = =5 —arctan Z(Zf’ O)T — (2.46)
Cintegrator 2((PUiA‘/70)

.0 .
T, ((P() + AQD()) - l—Tzz(('pgiAzbO)z

Equations (2.29), (2.30), (2.45) and (2.46) show that the instability of the
rotating angular velocity signal has a huge influence on the stability of the phase
and the instantaneous value of the instrument output signal. Therefore, various
measures must be taken to reduce the phase instability. Introducing the differential
circuit in the integrator can achieve this purpose. Then, Egs. (1.129) and (1.130)
have the following form by some transformations:

1+ Tdampings

2.47
I+ Tintegrators ( )

‘/Vintegratorl (S ) = I(integratorl

(1 + Tdampings) (1 + Tintegrators)
T22S2 + 2£integratorT2S +1

‘/VimegratorZ (S) = KimegratorZ (2 48)

The transfer function of the closed-loop system is described by the following
expressions:

® (S) _ KKimegratorl 1+ Tdampings
! KmomentKeleclric current 1+ Tintegrators
5 N
T3nTampiiys® + (T3 + 2E0TonTampiity ) s> + (nTamptity +2E0To + K) s+ 1
(2.49)
KKineraor 1+Tys 1+Tamins
Dy (s) = tegrator2 ( 1)( dpg)

2
KmomentKeleclric current T2 s2 + 2fintegralor TZS +1
S

X 3 2 2
TQnTamplifyS + (TO + 250T0nTamplify)s + (nTamplify + 2'éOTO + K>S +1
(2.50)

In this case, the amplitude and the phase of the output signal is also changed:
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. KK 1 \/ 1 + Tidmplng(p()
Usmplirugel = (C1 — A1 + B1) 3Q iearaor X
KmomentKelectric current /1+ Tlnlegmtor (/)0

1
\/{ [”Tumplify + 2T0(£0 + C:’)] ())0 - Tg"Tumplify(pg}z + [1 - (Tg + 2éOTO"lTa\mp]ify) (P%] :
(2.51)

X

2 )
KKinlegranr2 \/(1 + Tl qDO) (1 + Tdamping @0)
KmomemKeleclriccurrenl \/(

UampliludeZ = (Cl —Ar+ Bl)(P%Q >
- T22 (00) (2§imegmtor T2 (/)0)
1

\/{ [nTamplify + 2TO(50 + 5)] (b() - TgnTamplify¢g}2 + [1 - (Tg + 2§OTOnTamplify) (P%] :
(2.52)

X

Under the assumption used previously and the assumption that &, =0,
Tintegrator@o = 1 and Taamping is very small (Tgamping @9 < 1), Eq. (2.51) is obtained as

U itudel = KKimeﬂmtorl (Cl *Al JrBl)qD%Q
amplitudel —
KmomentKelectric current Tmlegralor(/)o\/[(”Tamplify + 2€TO)¢O _ T(%nTamplify(pg}z + [1 _ Tz(/)()}
(2.53)
KKintegrutorl (C1 — A1 + Bl)Q
Uamp]ilude] =

KmomemKelec[ric current

2 2
2£T0Tinlcgralor\/[l + nTnmpth (1 - Tg([)g)] + [2570 (1 - T Q’o)]

Equation (2.53) shows that the differential loop whose time constant is small
enough, is introduced into the integrator and will not affect the amplitude of the
output signal. When the instrument is working in the resonant state and nTompiiry is
very small, Eq. (2.53) is in accordance with Eq. (2.10).

Next we will analyze the situation when the instrument is not working at the
resonance point, but is very close to the resonance point. This situation is more
realistic. At this time, nTampliry is a very small constant but is not equal to zero.

T, .
Because nTympiity is very small and ¢, approaches wy, z “i“"“‘y (1 —T (p%) is far less

than 1 and its square value can be neglected when compared with 1. There holds

o Kintegrarorl (Cl — A+ BI)Q
Uamplitudel - K K -
momentXelectric current 1-Tigy | 1-T4 @2
Tintegrator\/ 25%0 0 |:2qT q)o + 2I’lTamp]ify:| +1

(2.54)

Substituting Egs. (1.124), (1.125) and (1.134) obtains
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U ) . Kimegra[orl
amp]ltude l KH\OI“EHK KEIEC(HC current ( )
Ci—A, +B1)Q
(2.55)
A — 22 -
- (C1-41-81)g (C1-41-81) 2Tt | 1
Integrator Kmoment Kmnplify Kmeasure Kelectric current | Kmoment Kumplify Kmeasure Kelectric current amplify

When the influence of the mutual inductance effect is not completely compen-
sated (n # 0) and precisely tuned, the signal amplitude at the output end of the
instrument will have a complex dependency on the angular velocity rotating around
the longitudinal axis of the aircraft.

Equations (2.54) and (2.55) show that in the process of approaching the resonant
point, not only is the influence of the angular velocity rotating around the longi-
tudinal axis of the aircraft on the amplitude of the output signal decreased, but its
influence on the time constant nT,mpry 1S also decreased. The effect of these
parameters is reduced under the condition that the feedback damping function is
enhanced.

Under the same assumptions, Eq. (2.52) can be obtained by analogy:

Ki integrator2

UamplitudeZ =K

moment Kelectric current

T1(C1—A +B)Q

—A— H2
T2 (C1-t1-B1)g (CiAr51) + 21T amplity | +1
2 K, Kmmp]il' ¥ sure Kelectric current Kmomenlkamplil'yKmCi\Su"CKelecuiccurrem ampiity

(2.56)

When the integrator is introduced into the differential loop, the phase change of
the output signal is obtained:
T . .
x = 5 + arctan (Tdamping(po) — arctan (Tmtegmor(po)

— arctan [ ampiity +2T0(é + )] @ — TonTampiity @ (2.57)
1 — (75 +2& TonTumpiity ) 95

n 2¢; Taq
=35 + arctan(Tdampmg('pO) + arctan (T ¢,) — arctan <élmegm‘°r2%>

1 - T5¢5
[nTampiity +2T0(Eo + €)] @0 — TanTampiity @3
1 — (T3 +2&TonTampity) 93

(2.58)
— arctan

Because the damping of the air is small, and set £, = 0, there holds

T . :
n=3 + arctan (Taamping@o) — arctan (Tinegrator Po)

_ aretan ((Po [2¢T0 + nTamplif)i (1- T&wé)])
1 - T55

(2.59)
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T . . 2éin T: rT2(.P
72 =75 + arctan (Taamping@o) + arctan (T ¢) — arctan (%22@30
_ arctan ®o [25T0 + nTampl;f)j (21 - Tg (P%)}
1 —T5¢5
(2.60)
Introducing the following symbols:
Xin[egrator = —arctan (Tintegrator('Po) (261)
Xintegratorl = arctan (Tl (/’0) (262)
2éintegrator T (p 0
Yinteoratory = — arct; —_ 2.63
/CmtegrdtorZ arctan ( 1 — T22(/7% ( )
90 [2ETo + nTampiity (1 — T3 93
XintegratorO = —arctan { [ - p2)i(2 0 0)] (264)
1 —T5¢;

For larger values of Tiuegrarors T1, T1 and the working state of approaching the
resonant point, from transformations (2.22) and (2.23), Egs. (2.61), (2.62), (2.63)
and (2.64) can be transformed and rewritten as

T
Xintegrator = 5 + A/Cintegrator

T
/(inlegratorl = E + AXintegralorl

XintegralorZ =-—n+ AXinte,g,rratorZ
T
Xintegrator0 — 5 + AXintegrator()

Because AXintegralor’ AXintegratorl’ AXintegratorZ and AXinlegratorO are Small’ there holds

1 1
A _ : 2.65
integrator tan Xintegrator Timegrator ) ( )
1 1
Ay _ _ 2.66
ZXintegratorl an Zinegrator! T1¢q ( )

25 I{ 1 Tz(.po 25 I{ 1
A;{imegratorZ = tan Yiyegratorz = — T(fra;zzrgb(z) = ;;(;: = (267)
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1 1 — 7243

AXine rator) — =5 / (268>
tegrat tan integrator (o [ZfT() + nTamplify (1 - Tg QD(%)]
For a small Tyamping, arCtan(Tdamping¢o) = Tdamping o, then
i _ 1 1 - T3¢
21 = =5 + Taamping @0 + T o The ' 209
1 2 amping () Tintegrator(po [0 [2§T0 + nTamplify (1 - Tg (p(z))] ( )
T . 2'éintegrator 1 - Tg q)(z)
12 = — 7 + TaampingPo + . - T /
2 ) ping 0 TZ(/)O T, ®o [on [ZéTO + nTampllfy (1 - Tg(/)%)]
(2.70)

The augments of the third term and the fourth term in Eq. (2.70) were synthe-
sized as:

T . 2§imegratorT1 -1 1 - Tg(ﬂ%
o= —= + Td ing P + . 5 .
27 T T dampingo T ¢, 90 [2ET0 + nTampiity (1 — T3]
(2.71)
When  Tinegrator = %, Eq. (2.71) is completely consistent with
Cintegrator
Eq. (2.69).

Figure 2.2 shows the frequency characteristic curves of two integrator schemes
that have the transfer functions in Eq. (1.130). The frequency characteristic curves
with different Cipegraior are drawn.

Comparing Egs. (2.10) and (2.12) with (2.69) and (2.71), obtains two conditions
in Egs. (2.72) and (2.73). Under the above two conditions, the frequency charac-
teristic curves for the integrator with the transfer function in Eq. (1.130) are in
accord with the frequency characteristic curves of the non-periodic loop.

3
v = Timegrator (272)
T
T, T
Tintegralor = R (273)

2§integrator Tl - T2

Because the three parameters of the integrator are only related to two equations,
there are many groups of parameter solutions that satisfy the two equations.

The parameters of the frequency characteristics in the integrator are determined
by Eqgs. (2.72) and (2.73). It is recommended that these parameters are selected in
the following order:

(1) Select a sufficiently large time constant Tiegrator-
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Fig. 2.2 Frequency L/dB
characteristic curves of two
integrators. 1—Integrator
with the transfer function in
Eq. (1.130), non-periodic
loop; 2—Curve with
éimegralor = 0.8; 3—Curve
with éimegratnr =0.5;
4—Curve with &ipegrator = |

-20dB/dec

2 1)

(0]

(2) Select a sufficiently large time constant 7.

(3) From (2.72), calculate the time constant 7,.

(4) From (2.73), determine the coefficient Cinegrator-
Under the condition of these parameters, calculate the requirement that the
frequency characteristic curve of the integrator is fully in accord with that of the
non-periodic loop.

(5) As shown in Fig. 2.2, the coefficient {ipegrator 1 changed on the basis of the
phase frequency characteristic curve. In the working frequency range, the
required phase stability is obtained.

It should be noted that under the condition that the time constants 7} and 7, are
large enough, then the change of &ipegrator» Within the working frequency range,
does not actually affect the amplitude frequency characteristic curve.

According to the circuit shown in Fig. 1.18, the parameters of the integrator have
the following forms:

Rs+R
Kintegrator = 5;_ 6 (274)
4
_ GRsRe (2.75)
! Rs + Rq '

T, = \/C1C1RsRs (2.76)
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Ci(Rs+Rs) + CaRs

integrator — 277
é tegrate ) C1C2R2R3 ( )
Review Egs. (2.69) and (2.71), decompose 7— "1‘t 5, and 2&““’7%]“‘}“2';‘)% into Taylor

series, reject the two and higher powers of (gbo — g’og) because of their small values,
and substitute them into Egs. (2.69) and (2.71)
1 1 Po —
T oo T N T o2 T (2.78)
integrator PO mtegratorq)o Tmtegrator ((po)

2éintegratorT1 -1 _ 2fintegratorTl -1 . (zfimegratorTl - TZ) ((PO B (178) + ..
Timegrator N Tintegralor(bg Tintegralor ((/)8) 2

(2.79)

Substituting Eqgs. (1.124), (1.125) and (1.134), Egs. (2.69) and (2.71) are
transformed into

1
Tdamping -

T n 2 iy
n="75 a0 " %o N2
2 Tintegrator 2 Tintegrator (QDg) (280)

Ci—A — B

22
KmomentKamplify KmeasureKelectric current nTamplify ®y (Cl —A 11— Bl )

+

2(2éintegratorT1 - T2>
T\ T2}

2éintegratorTl - T2
. 0\2
TiT2(9b) ] (2.81)

T .
Yo = — E + + Po Tdamping -

Ci—A — B

+
-2
KmomentKamplifyKmeasureKelechic current nTamplify QD()(CI - Al - B 1)

The conclusion can be drawn from Eqs. (2.80) and (2.81) that the differential
loop with the time constant Tyamping i used in the integrator, which can be a part of
the compensation for the instability of the self-rotating angular velocity of the
aircraft.

For y,:

1

Tdamping = N2
Tintegrator ((/’0)

C] — Al — Bl
KmomeanamplifyKmeasureKelecmc current nTamplify (P%(Cl - Al - B l)
(2.82)
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For y,:
T _ 2éintegratorTl - T2
damping — — 5
TiT2 (%)
C,—A —B;
KmomentKamplinymeasureKelectric current nTamplify (/7(2)(C1 - Al - Bl)

(2.83)

Obviously, because of the relationship between Egs. (2.82) and (2.83) and the
rotating angular velocity around the longitudinal axis of the rotating flight carrier, it
is not possible to achieve full compensation. However, the instrument approaches
the working state of the resonance point, and the size of Tqamping can be determined
as follows:

For y,:
1
Tdamping = N2 (284)
integrator (QD())
For y,:
2¢; T, - T
Tdamping _ émtegrator 1 2 (285)

72(94)°

Equations (2.84) and (2.85) point out that a larger integral time constant is
required for a better quality of integral. And as has been discussed previously, for a
small value of Tyamping, it is also required that the inconformity of the amplitude
frequency characteristic does not produce a negative effect. For example, when
Tintegrator = 0.1, the effect of the differential loop of the integrator on the amplitude
of the output signal reaches +4%. However, if a larger Tipegrawor 1S selected, it
should be kept in mind that the increase of Tiyegraior Will lead to a decrease in the
amplitude of the output signal and an increase in the phase lag of the output signal.

According to Egs. (2.82) and (2.83), the effect evaluations of A ¢, on y; and y,
can be obtained. For y,, there holds

1 Ci—A - B
Tdamping = N2 - N2 (286)
Tintegrator (QDO) Dfeedback + nTamplify (QDO) (Cl - Al - Bl)
However for y,, there holds
2¢inesrator [1 — T C,—A —B
Tdamping _ Sintegrator £ 1 2 1 1 1 (287)

.0\ 2 o .0\ 2
T1T2 () Drecavack + nTampiity (¢) (C1 — A1 — By)

Substituting Egs. (2.86) and (2.87) into Egs. (2.80) and (2.81) obtains
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b 2
n=—5F m+(¢8iA¢o)
§ Ci -4 — By - Ci—Ai - B, }
Dreedvack + 1 Tampiity (9§ Aqbo)z(cl —A; —B1)  Drecedback +ﬂTamp1ify(¢8)2(C1 —A; - B))
(2.88)
Lo = g + z(zéml;glr:;zr;é TZ,) + (05 £ Agy)
§ Ci— A — B, - Ci— A - B, }
Dreedvack + 1 Tamptity (9§ A%)z(cl —A; —Bi1)  Dieedvack + M Tamplify ((2)8)2(0 —A; - B))
(2.89)

Select éinlegrator =land T, =T, = Tintegrator» 22 can be obtained as

2(28megraor T1—T2 ) n
120

(#9%Ady ) (C1—A1—B1)*nTampity [(<‘p8)27(¢8iA¢o)2]
D%eedback +D?eedbacknT‘““P“f)'<C] —A—B, ) l:((pg)z + (q’giAq’O)z] + ["Tamplify(cl —A1—B, ) (wgiA¢0)¢8]2
(2.90)

Jo=—»t

[\SE

Because all the augments in the denominator are compared with D%eedback, they
are very small and can be ignored. Then

Yy = _E + 2(ZiimegratorTl - Tz)
(2 3 500
(C1 — A1 = B1)*nTampiiy . . 0N .
i D2 = (g £ Ady) (F205A00 — Agp)
feedback
_ _E + 2(26imegratorT1 - Tz)
o2 T\ T>p)
[Bi — (C — A))]°nT, (2.91)
1 — (€1 = Ay)] nlamplity (. . . o
_ 0 P2 (90 £ Ady) (Ao +2¢0) Aoy
feedback
_E + 2(Zéimegrat0rT1 - Tz)
2 T T>¢)
[Bl - (Cl _Al)]znTam Lif: X . 2 ) .
_ - plify (3(,,8A<p0 +2(¢9) iA(pg>A%
feedback

From Eq. (2.91), it can be clearly seen that the sign of the unstable value of the
angular velocity around the longitudinal axis of the rotating flight carrier is changed
and the sign of the second augment in the final parentheses is also changed. But
even so, the output signal has higher phase stability due to the small coefficient of
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the final bracket. When the coefficient is very small, the last term of Eq. (2.91) is
comparable to the others and can be ignored.

When the working state of the instrument approaches the state of the resonant
point, the integrity and accuracy influence of the compensation effect of Aq,
increases. In the resonant state, the instability influence of the angular velocity
rotating around the longitudinal axis of the aircraft does not exist.

But as has been mentioned earlier, in the state of the near-resonant point (when
the detuning coefficient p = 0.9), the last term of Eq. (2.91) is negligible. At this
time, Eq. (2.91) can be simplified and its expression without 4 ¢, is obtained as

T 2(2§integratorT1 - Tz)
b= —2 4 : 2.92
2 2 T\ T ¢) 292
And so on
T 2
=———y 2.93
! 2 Tintegrator @8 ( )

Equation (2.91) also shows that when the differential loop is introduced into the
integrator, the influence of the angular velocity rotating around the longitudinal axis
of the aircraft on the phase of the output signal decreases, and the damping effect
guaranteed by the feedback increases and the compensation coefficient of the
mutual inductance influence n decreases. Even when the resonant state is missed,
but under the influence of a complete compensation of the mutual inductance
winding (n = 0), and in the condition of using a non-periodic loop as the integrator,
when Eq. (2.86) is implemented, or in the condition that the integrator with a
transfer function (1-130) is used, when Eq. (2.87) is implemented, the phase has
nothing to do with A@,,.

At the output end of the instrument without an integrator, the output without an
integrator, the impact of introducing the differentiator on the phase of the output
signal would be determined.

7‘[ .
Yo = 5 + aI‘CtElIl(Tdampingq)O)

~ arctan [nTampiity +2T0(Eo + &) | o — TenTamplity @3
1 — (75 +2&TonTumpiity ) 95

(2.94)

According to Eq. (2.69) the phase of the output signal of the instrument without
an integrator can be written by the following expression:

] 1— TZ('pZ
Xo = Tdamping@o + - 070

2.95
(o [ZéTo + nTamplify (1 - qu)(%)] ( )
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Combining Eqgs. (1.124), (1.125) and (1.134) obtains

C 1 — A 1 — By
KmomentKamplifyKmeasureKelectric current nTamplify (P% ( Cl - Al - Bl )
(2.96)

Xo = Q.D() Tdamping +

In this case, the time constant of the differential equation can be obtained by
several other expressions. Unlike Egs. (2.82) and (2.83), there is no added entry
that determines the parameters of the integrator. The compensation accuracy is the
same as that of the circuit with an integrator.

In order to ensure that the measurement accuracy of the angular velocity around
the longitudinal axis of the aircraft is higher, two additional loops must be added to
the velocity feedback loop to reduce the instability and mutual effect of the angular
velocity around the longitudinal axis of the aircraft.

The basic formula for the amplitude of a rotor vibration gyroscope with negative
feedback is as follows

(D(S) _ KKintegrator2 (1 + T, s) (1 + TDS)
KmOmentKelectriC current TQZSZ + zéintegrator TzS + 1
S
2 3 2 5
TonTamplifyS + (TO + ZéOTOnTamplify)S + (nTamplify 4 250]«0 +K)S 1
(C1 = A1 + B )3 OK Kineraorr (1+ T 53) (14 T359)
Uamplilude = y

VA . \2
KmomemKeleclric current \/(1 - T22 ‘/)6) + (zfimegraturTl(/)O)
1

\/{ [nTamplify + 2T()(£0 + é)} ¢0 - TgnTamplify¢8}2 + [1 - (Tg + ZéOT()nTamplify)d%]z

X

2¢&, Trq
¥ = g + arctan(Tp @) + arctan(T;¢,) — arctan <46mtegm‘°r 2%)

1 - T3¢5
[nTampity +2T0(Eo + &)] 9o — TgnTamplity @
— arctan > )
1-— (TO + ZfoTonTamplify)goo

When nTmpliy> Tinwegrator and &, are small, and T and T are large, the measured
amplitude of the constant angular velocity is

(Cl - Al +B 1 ) Tl QI(amplifyI(integratoﬁ KinlegratorZ

mplitude — B >
2 02
Tz \/ (KintegratorS Kelectric currenthomentK amplify) + (Cl - Al - B 1 ) 20

A

28Ty, >

= —arctan|{ ——=—=
g <1 — 1343
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In the case of precise tuning, there holds

2B 1 K; integrator2 Tl Q

Uampii =
plitude 2
K momemKelectric current T2

_TC
=75

2.2 Regulation of a Non-driven Mechanical Gyroscope

Compare the regulation quality of three instrument loops with a velocity feedback,
which include the no integrator type, the integrator type with transfer function
(1.129), and the integrator type with transfer function (1.130) at the output end of
the instrument.

Comparing Sect. 1.4, the analogy method can be used to determine the response
of the instrument to the constant input force in the implicated coordinate system.
Therefore, according to Egs. (2.1), (2.2) and (2.3), the differential loop in the
integrator is designated as

O ——
KmomemKelectric current
y 5 (Tdampings + 1)
T3nTampiitys® + (T3 + 2&0TonTamplity )% + (nTamplity +2&0T0 + K) s + 1
(2.97)
CI>1 (S) _ KKimegratorl 1
KinomentKelectric current 1+ Tintegrators
» S(Tdampings + 1)
TgnTamp]ifyS3 + (Tg + QfoTonTamplify)Sz + (nTamplify +2& Ty + K)S +1
(2.98)
(I)2 (S) _ KKinlegratorZ Tls +1

KinomentKelectric current T22 s2+ ZéintegratorTZS +1
" 5 (Tgampings + 1)
T3nTampiitys® + (T3 + 2E0TonTamptity )52 + (nTamptity +2E0To +K) s+ 1
(2.99)

Because nTymplity, €o and Tgamping are very small, Egs. (2.97), (2.98) and (2.99)
are rewritten as
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K K

Dy(s) = X 2.100
( ) KinomentKelectric current Tgsz +Ks+1 ( )
(Dl (S) _ KKimegratorl « 1

KmomentKeleclﬁc current 1 + Tintegrators

s KK; Do (s
« — _ integratorl « 0( ) (2101)
TO s+ Ks+1  KnomentKelectriccurrent 1+ Timegrators

D, (S) _ KKntegratorZ Tis+1 s

) )
KmomemKelectric current TZS + zéinlegratorTZS +1 TOS +Ks+1
KKintegrator2 « (Tl s+1 )(D() (S)
KmomentKelectric current T2252 + 2éinlegrator Trs+1

(2.102)

Consider the expression (2.100) in Eq. (1.134), which is equivalent to the
transfer function of the oscillation loop and is expressed by the angular velocity at
the output end:

where

%o (S) KKimegratorl % 1
M(S) KinomentKelectric current Tgsz +Ks+1

According to Eq. (1.91) and so on, when a constant force is acting on the
instrument in the coordinate system which is connected to the aircraft, the transition
process is expressed by the deflection angle of the sensitive element:

KK; H
oy = Coe ™' sin Kcuo\/ 1-— fz)ﬂr ﬁo} + integratorl X B—OQ siny,

K momeanelectric current 0
(2.103)

According to Egs. (1.93) and (1.94), the integral constant has the form of

f, = arctan <IT£2> (2.104)

KKimegratorl % HyQ sin Y1 Kinlegratorle % HyQ sin 1

KmomentKeleclric current BOV 1— 62 N Kmomenthlectric current B% 1— 62
(2.105)

Co=—
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It is obvious that there is no difference between the characteristics of the tran-
sition process of the gyroscope with a negative velocity feedback and the charac-
teristics of the transition process of the gyroscope described in Eq. (1.95).

In order to obtain the impact of the different integrators on the transition process
of the gyroscope, according to the oscillating angular velocity of the sensitive
element, the transition process of the gyroscope without an integrator at the output
end. When considering the complete expression of the integral constant, the tran-
sition process of the oscillating angular velocity of the sensitive element at the
output of the preamplifier has the following form:

H Doz L —Eawot
d() _ 0 sin /1(0062 - Q sin |:<w0 /1 _ 52> t:|
KmomentKelectric cunentB() V 1 - ":
= dge ' sin [(wm/l — 52)t] (2.106)

The value of Eq. (2.106) is equal to zero, which is consistent with the value of
the constant deviation angle of the sensitive element of the instrument determined
by Eq. (1.106) in Sect. 1.4. Figure 2.3 shows the transition process of Eq. (2.106).

The effect of the integrator on the transition process is measured and the tran-
sition process of each integrator is added to the transient process of the sensitive
element of a non-driven mechanical gyroscope used in a rotating state aircraft with
negative velocity feedback. It can be seen that the transition process of each loop is
the sum of the transient process of the sensitive element of a non-driven mechanical
gyroscope used in a rotating state aircraft with a negative velocity feedback and the
transient process of the integrator.

Fig. 2.3 Transition process a
of the sensitive element of a

non-driven mechanical

gyroscope used in a rotating

state aircraft with velocity ¢=0.7
feedback (represented by the
angular velocity)

£=0.5

0 0.05 0.1 0.15
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Dal(integrutorlH sin "/lw()eiéwutg sin [(w \% - éz)t — arctan <Tinlegratorw0 V 1 - 62)]

1
o = C/C Tintegrator +

2
1-¢ KmomentKeleCtrlccurrent\/1 + mlegramrwo(l —¢ )

e S -t i i [T 2 )14
—Cle + )e sin| | wo S )T+ Yintegrator

\/1 + T12nlegrlmr @ 1 - éz

(2.107)

Under the initial condition of the zero position, the integral constant is equal to

C/ _ 00, amplitude

- > > Sin(;{inlegrator) (2108)
\/1 + Tmtegratorwo (1 - é )

The transient process of the integrator has the following form:

I

Ot amplitude€© '
oCmtegrator - ) B 2
\/1 + Tmtegmtorwo (1 ¢ )

sin (Ximegralor) (2 109)

And the transition process of the whole gyroscope is

0‘0 ,amplitude —Ewot 3 2
e “sin| | woy/1 —¢& I+ Xintegrator

\/1 +T 1ntegrator 0(1 - 52)

T

—e |nlegrdmr sin (Ximegrator) }

(2.110)

Thus, the existence of the integrator changes the transition process of the
instrument. Unlike the transition process studied in Sect. 1.4, in the implicated
coordinate system of the aircraft the transition process of the sensitive element of
the instrument is equal to zero under the action of a constant force. That is to say,
the friction moment, the dynamic unbalanced moment of the sensitive element of
the instrument and the moment produced by the centrifugal acceleration of the
aircraft due to the constant angular deviation of the sensitive element would not
cause the change of the output signal of the instrument.

As described by Eq. (2.106), and unlike the transition process expressed by the
angular velocity of the oscillation framework, the time of the transition process
expressed by the deviation angle of the instrument with the integrator that satisfies
Eq. (2.110) and has the integrator with the transfer function (1.129), is mainly
determined by the settling time of the integrator and Tipegrator Can be seen in
Fig. 2.4.
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Fig. 2.4 Transition process 0 T T
of an integrator and the whole
instrument
£ 0.05f ~
g
3
6 —Ol a Integrator —
0.15 | | | ]
0 0.1 0.2 0.3 0.4 0.5

Because the time constant of an integrator increases, the settling time of the
instrument also increases, and every input force instantly changes with a frequency
greater than 1/(3 ~4) Tiyegrator, the instrument cannot react.

Because every force acting on the instrument in flight has different character-
istics, the integrator at the output end of the instrument is not a major detriment to
the work of the instrument.



Chapter 3

Performances of Non-driven Mechanical
Gyroscope in the Condition

of an Alternating Angular Velocity

In the condition of the following assumptions, the solution of Eq. (1.46) (the
motion equation of the sensitive element of the instrument) is studied. The first
assumption is that according to the accurate calculation results in Chap. 1, there are
some harmonic components in the velocities ¢ and €,, and € that will not be
considered in the calculation. The reason being that the projection of the sensitive
plane is equal to zero. Then, in the first two equations of Eq. (1.29), the first added
entry is zero. Thus there holds

Q;: = Q" sin dy cos(t + 7y) + Q" sin 6, cos y, cos vt (3.1)
Q, = @/ sin ,; sin(yr + 7y) + Q" sind, siny, cos vt '
Items in Eq. (1.3) are analyzed one by one:
(1) The angular oscillation:
Q: = Q"sin o, cos y, cos vt (3.2)
Q, = " sin 6, sin y, cos vt )
(2) The circular oscillation:
Qé = Q‘// sin 5,/, COS(lﬁl‘—l— '))l//) 33
e (33)
Q, = Q¥sin oy sin(Yt +7,)
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3.1 Performance of Non-driven Mechanical Gyroscope
in the Condition of an Angular Vibration

The case of an angular vibration of the aircraft is studied. In this case, the char-
acteristic of the aircraft is that the angles ¢ and p are very small. Compared with its
rotational velocity around the longitudinal axis of the aircraft, the angular velocity
of the aircraft is also very small. Therefore, there is not only the projection of the
angular velocity of the rotating flight carrier on the sensitive plane, but also the
projection of the angular acceleration in the motion equation of the sensitive ele-
ment of the instrument:

Q: = —Q"vsin 8, cos y, sin vt (3.4)
Q, = —Q"vsin d, siny, sin vt ’

In order to simplify the calculation, select 6, =7, and rewrite Egs. (3.2) and
(3.4) as:

Q: = Q" cosy, cos vt
{ Qn = Q"sin y, COS vt (3.5)
Q: = —Q"vcosy, sin vt
), 3.6
{ Qn = _QVV Sin Yy Sin vt ( )

Because the angular acceleration is negative, Eq. (1.46) takes the following
form:

B+ 28wl + Wi = ';i‘l’ Qsin(or — 01) + Qsin(Pyt + 53) (3.7)
where
Q=/Q+Q; = Q" cos vt (3.8)
Q= \/Qé + Qi = Q"vsinvt (3.9)
01 = arctan (g—:) =7, (3.10)

Qg 4
9, = arct — | ===, 3.11
» = arctan <9n> 5 7 ( )
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C—Ar,
Wy = B ®o

In the case that v < ¢, in order to determine the impact of the angular vibration
frequency on the output signal of the instrument, the transfer characteristic of the
complex amplitude can be determined by using second order system dynamic
analysis (the envelope of the carrier frequency ¢,). Note from Fig. 1.12 and
Eq. (1.120), the right side of the expression (1.120) provides the external torque
acting on the sensitive element of the instrument. The expression of the external
torque is changed and the initial phase of the input angular velocity in this equation
is selected as 90° to simplify the calculation. Then

M= (H()Qg fBIQ,?) cos @ + (HOQ”+BIQ§v) sin @ (3.12)
The complex amplitude of the external moment has the form:
M = Myamping + My = (HoQy + B1Q¢) +j(HoQ: — B12,) (3.13)
or
M = By (Q: — jQ,) +jHo (Q: — jQ,) = (Bis+jHy)Q" (3.14)

where Q* = Q: —jQ,.

It is well known that when the operator s is replaced by s+ j@,, the complex
amplitude (the envelope of the carrier frequency) can be obtained by the transfer
function of the instantaneous value, which is expressed by the transfer function of a
single-channel loop. In this case, only under the condition of v < ¢, proposed
before is a similar replacement possible. In addition, under the condition of this
replacement the transfer function for the complex amplitude is obtained and only
shows the envelope amplitude of the output signal and the phase change
characteristics.

After a similar replacement, the following equation can be obtained:

%: (s + j¢po)- (3.15)

Substituting (1.141), there holds

W(S +J(p0) Wintegrator (S +J(P0)
I+ W(S +_]QDO) KmomentKelectric current
(3.16)

U . .. .
o (Bis+jHo)®(s +j¢y) = (Bis+jHo)

If the coefficient &, and the time constant n7, s, are very small, there are
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U #(Bls +]H0)(S+](P0) Kintegrator[Tl (S+]§DQ) + 1]

_ Kmomchclccm'c current

Q" Ts+jde)’ +K(s+ide) + 1 T3(s+ide)” + 2ineamator [2(s + o) + 1
(3.17)

The time constant of the integrator can be obtained equally, and the coefficient ¢,
can be selected approximately to be 1, then Eq. (3.17) can be rewritten as

U _ m (Bls +.]H0)<S +J¢0) Kintegrator (3 18)

QT (s+jpy) +K(s+ipg) +1  Tals+ig)+1

The denominator and the numerator of Eq. (3.18) are changed into a single
factor product, which is equivalent to the typical circuit of the second-order system.
Then Eq. (3.18) can be changed as follows:

KHo ¢y By : 1 : Kintegrator 7172
U _ KmomentKelectric current \ Ho § +‘] (bo $ +‘] T, (POTS

o - ; 3.19
Q (tis+j+ Bi)(vas +i+B) (.Ls+j+ L ) ( )
Po T2
where
. To . To
e 2= —
Togo+ V1 =& Togo — V1 — & (3.20)
¢ ¢ '
fr=—r— P —
Toy+ V1 - & Topp — V1 - ¢&
Introduce the following symbol:
B 1
3=—=—" 3.21
H o (14 12)¢ G20

Take into account that 75 is very large, and Eq. (3.19) takes the following form:

KHy ¢
U KnomentKelectric current

QT (us+j+p) (s +j+p)
pE(WE+1) (T35 +1])
1- 12 (1— 52) (tis+j+By)(ras +j+B2)

: Kimegralor T1T2
(38 Jrj)—Tz% £

(3.22)
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where

K. — KH()(PO Kintegrator T1T2 _ 2B1Kintegrator (3 23)
= 2 :
KmomemKeleCmc current T2 () T() KmomentKelectric current T2

It is obvious that the complex transfer function of a single-channel second-order
angular velocity measuring instrument is the product of the transfer function of a
second order system with three typical loops (namely a differential loop and two
inertia loops with the complex coefficients).

The differential loop with the complex coefficient presents a double-channel loop
with a straight-through asymmetric cross connection, and the inertia loop with the
complex coefficients is a double-channel loop with a cross-asymmetrical feedback
connection.

Figure 3.1 is an equivalent double-channel diagram of the instrument, which is a
dual-channel series loop with three asymmetric cross connections. In Fig. 3.1, the
values of Ugamping and Uy are the real component and the imaginary component of
the output signal respectively:

U= Udamping +JUM
U = Udamping Sin @ + Uy cos @

Equation (3.22) adopts the method of an automatic regulation second order
system to study the dynamic problem of the instrument, and the logarithmic fre-
quency characteristic method is one of the simplest and most convenient methods.
It should be noted that only when the angular oscillation frequency is far less than
the rotation frequency around the longitudinal axis of the aircraft can Fig. 1.12 be
replaced by the equivalent block diagram in Fig. 3.1. In this case, the data results
from the study of Fig. 3.1 and Eq. (3.22) can only be used for the judgment of the
amplitude and phase of the output signal envelope, and the instantaneous voltage at

U sanping

Fig. 3.1 Equivalent block diagram of a non-driven mechanical rotor gyroscope
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the output end of the integrator output is the instantaneous output voltage of the
instrument.

In Eq. (3.22), because 13 ~ 7, (almost equal), f§; is very small (the attenuation
coefficient is less than 0.5). Thus

T35 +j -
us+j+ by

Therefore, Eq. (3.22) has the following form:

U 1
—=Ki— 3.24
Q* T/S+KIJ +ﬁ/ ( )

where 7 and k' are the equivalent time constant and the detuning frequency
coefficient of the instrument:

/ 1 p_1=pvi1-— & /
T pwd K 7 o f=u (3.25)

The double-channel block diagram with a rigid asymmetric feedback connection
satisfies Eq. (3.24), and the frequency is detuned, that is, the rotation velocity
around the longitudinal axis of the aircraft does not coincide with the resonant
frequency of the sensitive element in Fig. 3.2.

The more accurate the resonance point of the instrument is, the smaller the value
of k¥’ is, and when the tuning is very small, u — 0, K" — 0.

The frequency characteristic curves of the amplitude and the phase of the
instrument are shown in Fig. 3.3.

Fig. 3.2 Simplified

equivalent loop diagram of u damping

the instrument *
UM
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Fig. 3.3 Frequency 1.5
characteristic curves of the
amplitude and the phase of
the instrument

A(w)

-500 =250 0 250 500

100

500

g(w)
=)

=50 |

~100450 —2550 0 250 500
1
Alw) = (3.26)
VP + sy
0(w) = arctan[— (7w + )] (3.27)

Because there are some complex coefficients in Eq. (3.24), the position of the
maximum value of the amplitude frequency characteristic is moved from ® = 0 to

wp:_%:_d’o(l—,u\/l—EQ):wo\/l—fz—d’o (3.28)

Obviously, when the attenuation coefficient is very small, the resonant frequency
of the amplitude A(w) is determined by the difference between the rotation velocity
around the longitudinal axis of the aircraft and the undamped natural frequency.
Consider Eq. (3.28) and the expression of the frequency characteristic can be
rewritten as

1
Alw) = (3.29)
VY +2(0 - o,)’

0(w) = arctan[—17 (0 — w,) ] (3.30)
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Obviously, the damping coefficient only affects the resonant frequency, while the
detunding coefficient affects the resonance peak of the amplitude:

1
F
It can be seen that the instrument is a resonant loop with resonant frequency w,,.
The negative value of the resonance frequency can be explained by the complex
coefficient and a 1/4 cycle of the phase shift of the input angular velocity.

When the attenuation coefficient is greater than 0.5, the expression is not
Eq. (3.24). Equation (3.22) is more suitable and its resonant frequency is deter-
mined by Eq. (3.28), but the amplitude of the resonance point is slightly smaller.

The dynamic characteristics of the instrument can be studied from the loga-
rithmic frequency characteristic curve, which unlike the single-channel loop must
be drawn in the frequency range of —00 < @ < 00,

The logarithmic frequency characteristic of the transfer function in Eq. (3.24) is
shown in Fig. 3.4.

From Fig. 3.4 it can be seen that the reserve of the phase stability is large, but for
a greater margin the coefficient K; must be reduced, or in other words the scale
factor of the instrument must be reduced.

According to Eq. (3.23) K; may be reduced by the reducing coefficient Kiyegrator
or the increasing coefficients Kioments Kelectric current @nd the time constant 75.
Obviously, the increasing coefficients K oment aNd Kejectric current Will lead to an
increase of damping and the sensitivity of the instrument will decrease. The
damping coefficient is a selected tradeoff between the stability of the reserve and the
sensitivity of the gyroscope. Increasing the time constant 7, can lead to a decrease
of the regulation quality of the instrument, and a decreasing Kiycgrator €an lead to a
decrease of the scale factor.

Alw,) = (3.31)

L{w)/dB
—_—
/ [1] . et
-0, @,
»
20dB/dec -20dB/dec
90 @)
-0, o @, ®
-90 T

A@ |

Fig. 3.4 Logarithmic frequency characteristic of the transfer function in Eq. (3.24)
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From Egs. (3.24) and Fig. 3.4, when the angular oscillation frequency is very
small it is possible that the amplitude and phase of the output signal envelope can
be calculated (for example, the minimum value ¢,/v > 10. When ¢,/v <10, the
complex transfer function is unreasonable.

Substituting Eqgs. (3.8), (3.9) and (3.11) into (3.7), Eq. (3.7) can be rewritten as

H
5+ 28wl + whe = B—O Q¥ cos(vt) sin( @yt — 7,) + Q" sin(ve) cos(Pyt — 7,)
1

H
b4 2Ewob + oo = ﬁ()“ [sin(pot — 7, +vt) + sin(Pyt — 7y, — vt)]
1
+ 2@ lsin(pyt — 7, +91) — sin(yt — 7, — i)
(3.32)
. . Hy VB o
b+ 2Ewob + whor = (70 + 71> Q" sin[(¢py +v)t — 7,]
Y (3.33)
0 v Vo .
+ (5 3 )@ sinltan v = ]

Therefore, the external torque acting on the instrument sensing element is
composed of two added entries:

Minertia = Ml +M2

Ho V31 Vo . H() VB1 Vo .
= (7 + 7) Q"sin[(¢y +v)t —9,] + (7 - 7) Q"sin[(¢y — v)t — 7]
(3.34)
where
B+ 28wl + i = My + M, (3.35)

In this case, the output signal of the instrument is also composed of two added
entries and according to Uy (s) = @(S)Mineria(s), in the established working state
the following expressions are determined:

Uou (1) = |®(joo)

Io% (? n %31> sin{(¢0 +v)t—p, + arg [<P(jw)]}

=@y +Vv w=@y+v (336)
. y(Ho VB1\ . . .
+lago) @ (-2 { (o~ V)t~ 7, + g [%w)}}
w=Py—v O={y—v
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Introduce the following symbols to simplify Eq. (3.36):

,(H B
v, =lego)e (3 + ) 6.37)
=@y +v
H B
U- = [®(jo)| @' (—0 - u) (3.38)
W=@y—Vv 2 2
7, = arg [0(jo)] (3.39)
=@y +Vv
7. = arg[#(jo) (3.40)
w=Py—Vv

Uou(t) = Uy sin[(@g +v)t = v, + 7, ] + U-sin{(¢g —v)t = v, + 7.} (3.41)

When the parameters of the integrator are correctly selected, the integrator with
the transfer function (1.130) has a better performance. Therefore, when studying the
role of the alternating angular velocity, the book adopts the integrator with the
transfer function (1.130) as an integral loop.

Select £, =0, and assume that the constant Tqumping is very small, and the
constants 77 and T, are large. Then according to Egs. (2.53) and (2.72) the fol-
lowing result can be obtained:

KKimcgratorle [(CI — A+ B )400 + VB]]QV

U, =
2KmomemKeleclric cun’emTzz\/[(nTamp]ify + ZCTO) (q)o + V) - TgnTalnp]ify<¢0 + V)3:| ’ + {1 - T(%((PO + V)Z] ’
(3.42)
U — KKintegrutorZTl [(Cl _Al +Bl)¢’0 B VBI]-QV
2K momentKelectric cun‘emTzz\/[(nTamp]ify + 257‘[}) ((Po - V) - TgnTamplify((pO - V)3:| ’ + {1 - T{%((p() - V)Z] ’
(3.43)
Assume that nTampiify is very small, there holds
U+ _ KKintegratorZTl[(Cl _Al +Bl)¢O+VB1]QV - (344)
2KmomemKelectriC (:urrentTQ2 \/[zéTO(QDO + V)}z + |:1 - T(%(q)o + V)Z}
U — KKintegratorZTl[(Cl *Al +Bl)900 - VBI]QV . (345)

2Km0mentKelectric currentT22 \/[2€TO(§DO - V)}z + |:1 - T(%((po - V)2:|

Obviously, U and U_ are related not only to the angular frequency v, but also
to the velocity instability around the longitudinal axis of the aircraft and this
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relationship is also present in the resonant condition. In the case of resonance, U ;
and U_ can be determined by the following equations:

KKintegrator2TlBl (290() + V) Q
U+ -

(3.46)

) 5 - 2 2¢gv+1? 2
2K nomentKelectric current Tz K ((pO + V) + @

U — KKintegrator2T1Bl (2§00 — V)QV

(3.47)

] s o N2
2I(momenll(electric curreanz2 \/Kz(([)() - V)2 + (VTZS%V)
when the angular oscillation frequency v = 0, there holds

2Kimegrat0r 2 TlBl Q"

2
KmomemKeleclric current Tz

Uamplitude =U;+U-=

The above equation is the same as Eq. (2.12), which is in accordance with the
case that a constant angular velocity acts on the instrument.

Note that |@(jw)| and the angular oscillation frequency v are mainly determined
by the dynamic coefficient and that Eqgs. (3.44) and (3.45) can be simplified. The
dynamic coefficients depend on the sum and difference frequency of the rotation
frequency and the angular oscillation frequency around the longitudinal axis of the
aircraft. Thus

1
)L+ - > (348)
\/ RETo(go+ V) + |1 = T3(99 +)’]
1
I = - (3.49)
\/[%To(ﬁbo v+ [1 — T5(p9 — V)2]
Equations (3.44) and (3.45) are transformed as
o /1+KKimegrator2Tl [(Cl - Al +Bl)(]70 + VBI]QV
L= 2 (3.50)
2I(momentI<elecl:ric current Tz
U — j-7I{I{integrator2Tl [(Cl _Al +Bl)¢0 - VBI]QV (3 51)

2
2'I(momentl(electric current T2

It should be noted that the time constant Tyamping Selected by Eq. (2.85) is
negligible in Egs. (3.50) and (3.51) and in the case that the integrator time constant
is 0.1 s and the angular oscillation frequency lies in the range of 0-8 Hz, it will
cause the errors AU, = £5% and AU_ = £2%.
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v and A¢, will not affect U, and U_, thus it is reasonable to study the output
signal.
Therefore, determine the phase shifts . and y_, and expand Egs. (3.39) and (3.40):

2éimegratorTZ(('P() + V)
1= T3 (¢ +v)°
_ arctan [ Tampiity +2T0(Eo + &)] (9 + ) — TanTampiity (9 +v)°
- [Tg + 2éOTOnTamplify] ((P() + V)2

n . .
14 =7 + arctan [Taamping (9o + V)] + arctan[Ty (¢ + v)] — arctan {

(3.52)

2eintegrator I2(@o —
P =" 4 arctan [Taamping (¢ — v)] + arctan[Ty (¢y — v)] — arctan ’mtegm;’r .2(@0 zv)
2 1 —T3(py —v)

— arctan [ Tampity +2T0(S0 + )] (@0 — v) = TenTampity (0 — v)°
1- (Tg + 2é()T()nTamplify) ((/70 - V)2

(3.53)
Derive from Eq. (2.63):
T . 2 é integrator 1
) - — = +T mpin +v)+ T - y
o 2 T e(fo+v) To(po+v) Ti(@g+v) (3.54)
n 1-— TOZ((po + V)z '
(Q.DO + V) {2€T0 + nTamplify [l - T(%(Q)O + V)] }
T . 2éintegralor 1
- = —=+ T mpin —v)+ . - .
* g e(fo =) To(pg—v) Ti(¢g—v)
LY (3.55)
+ 1 —T5(¢o —v)

(9o = v){2ETo + nTampliy [1 — T3 (o — v)] }

It should be noted that only when the angular oscillation frequency lies in the
range of 0-3 Hz can the simplified formula use Eqgs. (3.54) and (3.55). Derived from
Eq. (2.79), the phase shift of the integrator is broken down into a Taylor series of the
average value of the rotation velocity around the longitudinal axis of the aircraft:

2integrator 1 ~ 2&integrator 1 — T2 2&integrator [1 — T2
To(@o+v) Til@o+v)  TiTa(po+v) T\ T2 ¢}
B 2fintegratorTl —Dpy+v— (,278
T\ T, ((pg)z
_5 2Uinegraor Tt = T2 2Cintegraror Tt — To og +v
T\ > T, (@) 2

(3.56)
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2inegrator 1 ~ 2integrator It = T2 2inegrator [1 — T2
To(pg—v) Ti(pg—v)  TiTa(pg—v) T\ T>¢)
_ ZéintegratorTl -1 Qbo - V- @8
hT: (oh)°
2"/fintegralorTl -1 o 2éintegratorTl -1 9.00 -V
- T\ T2 T, (@)’

(3.57)

From (2.81) the relationship between the phase for the various components of
the output signals and the frequency change of the instrument can be obtained and
the change of the working frequency is caused by the fact that the rotation of the
aircraft around the longitudinal axis has the angular oscillation and the velocity
instability:

2(2¢ineeraor L1 — T . 2¢; T, —T
1. :73 ( ¢ tegrator ; 2) +((P0+V) Tdamping* fmtegrator.; - 2
nLT (2 T\ T, ((/)0)
n P[(C1 — A1 = By) — (C1 — A1) (29 +v)v]
(¢O+V)2{Dfeedback +nTampiity @3[(C1 — Ay — By) — (C1 — A1) (299 +v)v]}
(3.58)
22inrrT_T . 2¢&; T,—T
}{,:*ng ( ¢ teg ato.ol 2)+(¢07V) Tdamping* fmtegrator.ol - 2
1120} N0}
n Pl(Cr = A1 =B1) = (C1 = A1) (=29 +v)V]
(@0 _V)Z{Dfeedback+nTamplify§b%[(C1 —A;—By)—(C1—A1)(—2¢o+v)V]}
(3.59)

Obviously, when v = 0, Egs. (3.58) and (3.59) are in accord with Eq. (2.81) and
this equation determines the output signal phase of the instrument under the action
of a constant angular velocity.

Therefore, Eqgs. (3.58) and (3.59) show that even if the time constant Tyamping in
Eq. (2.83) is correctly selected, when the aircraft has an angular oscillation and the
rotating velocity around the longitudinal axis of the aircraft is unstable, it is
inevitable that the phase of the output signal is influenced. According to Eq. (2.83),
when the time constant Tq,mping is calculated and substituted it into Eqs. (3.58) and
(3.59), there holds
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n 2 (Zfintegrator T — T2)

Lo =—5+ : +(Po+v {
+ 2 T1T2(P8 ( 0 )

(Ci—A1—B)
Dreedback +nTamplify(b(2)(Cl _Al _Bl)

2
((holi(')v)z [(C1—A1 = B1)—(C1 — A1) (2¢y+v)V]

+ ; 5
{Dfeedback +nTamplify(P(%[(C1 —A _Bl) - (Cl _Al)(z(/)0+v)v]}

(3.60)
2(2¢; T, —T: Ci—A—B
X,:—EﬁL ( émtegralor.ol 2) +((Z)0—V){ ( 1 ' 1.2 1)
2 Tl Tz(p() Dfeedback +nTamphfy(/)0(Cl _Al _Bl)
B [(Cr A1 =B1) = (C1 = A1) (v =200 )]
+ Po . i }
{Dfeedback+nTamplify(P(2)[(Cl _Al _Bl) - (Cl _Al)(V_Z(PO)V]}

(3.61)

Equations (3.60) and (3.61) present the relationship between the phase of the
output signal and the instability of the rotation velocity of the aircraft, and the
relationship between the phase of the output signal and the angular oscillation
frequency. Under the condition of the resonant working state and the complete
compensation of the winding mutual inductance effect, the relationships are
maintained:

1e=— s i 2(ZéintegratorTl - T2) _ (QD() i V){Qo(z)[(cl *Al)(zﬁbg +V)V}}

E Tl TZQDS (QDQ + V)szeedbaCk
(3.62)
1= T + 2(zéimegratorTl - TZ) ((P V) (P%[(Cl - Al)(v — Z(PO)V]
{— — T/ . - 0 .
2 T, T2908 (@0 - V)szeedback

(3.63)

If considering Eq. (2.27) then

, __T + 2(ZéimegratorTl — T2)
L+ 2 T ('p8

-0 . \2 _ -0 ;
- (s B R BI 2 a) o))
((Pg + AQD() + V) Dreedback

(3.64)
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n 2(2éimegralorT1 - TZ)

2 T\ T2y

(£ Ay — ) { (96 % Ado) {(C1 — A1) [-2() + Agy) +V]v}}
((Pg £ A([)Q - V) 2Dfeedback

_|_

1-==

(3.65)

Therefore, in the angular oscillation condition of the aircraft it is impossible that
the instability of the rotation velocity around the longitudinal axis of the aircraft is
compensated.

Now the relationship between the phase of the output signal and the instability of
the rotation velocity around the longitudinal axis of the aircraft is studied, that is, in
the condition of a constant angular oscillation frequency, the instability of the
output signal phase.

In this case, the phase shift of the integrator is broken down into a Taylor series,
zéimegmk)r -1, zéinlegmmrTl -

A corresponds to ¢q + v, A

corresponds to ¢y — v.

2€imegrat0rTl -1 _ 2éintegratorTl -1 - 2£integratorT1 -1 (bO - (/)8

TiTa(po+v) — TiTa(¢h+v) T, ey
(ZéimegratorTl - TZ) (2908 + V) _ ZéintegratorTl -1 @o
T\ Ty (0 +v) gve (¢+v)°
(3.66)
28, T —T, 26 T, —T, 26 T =T ¢y — 00
integrator £ 1 2 _ integrator £ 1 2 . integrator £ 1 2 Qo Py -
NT(po—v)  Tih(¢)—v) N (g —v)
(zéintegralorTl - TZ) (2(/78 - V) . 2§integratorT1 - T2 Qbo
. 2 . 2"
T T2 (¢ — v) nn (95 —v)
(3.67)
Substituting Egs. (3.66) and (3.67) into Egs. (3.54) and (3.55):
s (2§integralorT1 - T2) (2<P8 + V) . 2éimegrator T, —-T,
X+:_§+ -0 ) + g Tdamping_ﬁ
T T2 (90 +v) T T2 (¢ +v)
Po[(C1—A1 —B1) — (C1 —A1) (29 +v)v]
(Q'DO +V) {Dfeedback +nTamplify¢%[(Cl _Al _Bl) - (Cl _Al)(qu()"‘v)v]}

(3.68)
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T (2éintegratorT1 - T2) (2§08 - V) . 2éimegrat0rT1 - T2
-=—5+ o\ +¢0§ Taamping —— ==~ 5~
T\ T2 (@) —v) T2 (9 —v)
Pol(C1—A1 =B1) = (C1 — A1) (v—2¢)V]
(0 — ) { Dreedvack + 1 Tamplity @3[(C1 — A1 —By) — (C1 — A1) (v—2¢p)v] }

(3.69)

when v =0, Egs. (3.68) and (3.69) are the same as Eqgs. (2.80) and (2.81)
respectively and they are the output signal phases when the constant angular
velocity is applied to the instrument.

The time constant Toypiiry in Eq. (2.83) is correctly selected, when the aircraft
has the angular oscillation, the impact of the instability of the rotating velocity on
the output signal phase is still not excluded.

When the angular oscillation frequency is larger (v > 3 Hz), Egs. (3.52) and
(3.53) are recommended. When £y and nTampiiry are small, the two expressions can
be rewritten as

Y . .
1+ = 2 -+ arctan [Tdamping((PO + V)] + arctan[T} (¢g + V)]

2'finlegratorT2 ((,00 + V) (370)

1= T3(¢y+v)*

2¢Tv(¢
_arctan %
1 —T5(¢o +v)

— arctan [

T . .
1-=3 + arctan | Tgamping (Po — v)] + arctan[T (¢g — v)]

26Ty (g — v) ] 370

2éimegratorTZ((‘PO B V) _ arctan
1= Tg(o — V)2

1—T5(¢p — V)z

— arctan [

3.2 Qutput Signal of Non-driven Mechanical Gyroscope
in the Condition of an Angular Vibration

As has been mentioned previously, the method for studying each frequency char-
acteristic of two components of the output signal separately is not appropriate.
Therefore, review (3.41) and obtain the transformed form:
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Uou=Usin(¢gt—7,)cos (vi+y, )+ U cos(pyt—y,)sin(vi+x., )
+U_sin(@gt—7,)cos(vt—y_)—U_sin(vi—y_)cos(pyt—7,)
=sin(@ot—7,) X (U cos(vt)cosy, — U sin(ve)siny,
+U_cos(vt)cosy_~+U_sin(ve)siny_)+cos(@ot—7,)
x (U sin(vt)cosy , +U. cos(vi)sing, —U_sin(vr)cosy_+U_cos(vt)siny_)
=sin(@yt—7y,) [cos(ve) (U cosy, +U-_cosy_)—sin(ve) (U, siny, —U_siny_)]
+cos(pgt—7y,) [cos(ve) (Uysiny , +U_siny_ ) +sin(vt) (U cosy, —U-_cosy_)]

Introduce the following symbols:

Ucy =Uycosy, +U_cosy_
Usy =Uysing, +U_siny_

Uc—=Ujcosy, —U_cosy_ (3.72)
Us_ =U,siny, —U_siny_
Then
Uout = sin(@gt — 7,)[Uc+ cos(vt) — Us_ sin(vt)] (3.73)
+ cos(pyt — 7,)[Us + cos(vt) + Uc_ sin(vt)] '
that is,
2 2 . . US_
Uout = \/ Ug . + Ug_sin(pgt — 7,) cos | vt + arctan U
o (3.74)
2 2 . . US+
+4/Ug_ + Us, cos(¢yt — 7,) sin|vt + arctan U
Cc—
Simultaneously,
VU2, +UL = \JU% + U2 420, U_cos(r. +1.) (3.75)
JUA U3, =\ UL+ 02 ~2U U cos(yy +22)  (376)

Equation (3.74) can be written in a more convenient form:

Uout = Unsin(@ot — 7, + ) (3.77)
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where

U
)} + (UE_+ U2, )sin® |:Vt+ arctan (%)}

Us_
Un = \/(UéJr + U2_) cos? [vt+ arctan(US

c+ c-
(3.78)
\/U:_ 4+ UZ, sin {vt + arctan (Z‘;)}
Am = arctan - (3.79)

\/ U, +U;i_cos [vt+ arctan (52;)}

It is seen that the amplitude and phase of the output signal are related to the time in
the complex form. Using Eqgs. (3.72), (3.79) can be turned into the following form:

U% 4+ U2 —2U,U_cos(y, +y_)sin {vt—i— arctan(wﬂ

Uicosy,—U_cosy_

Ym = arctan

\/U2+ +U? +2U U_cos(y, +1_)cos [vH— arctan(%)]

(3.80)

In order to simplify Eq. (3.78), by using Eqs. (3.75) and (3.76) the transformed
form can be obtained:

SR

C+

U U.
i)} + (Ué + U3, ) cos?(vt) sin’ {arctan <%>}

Cc—
Us_ Us_
5 )} sin(vr) sin {arctan( § )}
Uc+ UC+

Us Us 1/2
+ 2(Ué7 + U§+) sin(vt) cos {arctzm <—+>} cos(vt) sin {arctan (U—Jr)} }

Cc—

U = {(U%, + UZ_) cos*(vt) cos® {arctan

N
SIE
¥

+ (Ué + U? +) sin’ (vt) cos® {arctan

- 2(U?j+ + Uéz;) cos(vt) cos {arctan

(3.81)

Consider

cos [arctan( Us- )} = Uex (3.82)

AN
Us_ Us_
sin {arctan( 5 )] = 5 (3.83)
e/ b v +vs
U, Uc_
cos {arctan( S+>} = < (3.84)
Ue- \ U+ U3,
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U U
sin [arctan (UH )] = ks (3.85)
e \/ Uz_ +Us,
Substituting Egs. (3.82)—(3.85) into Eq. (3.81) obtains

Un = [Ué+ cos?(vt) 4+ UZ_sin®(vt) — 2Uc 4 Us_ cos(vt) sin(vt)

+ Ug_ sin*(vt) + U, cos®(vt) +2Uc_Us cos(vt) sin(vt)] 172

_ \/ (U2, + U2, ) cos2(vt) + (U2 + U2 ) sin(ve) + sin(2ve) (Uc_Usy — Uc, Us.)
Using Eq. (3.72) obtains

Un = {[Uz+ +U* 42U, U cos(;{+ - y_)} cos®(vt)

+ [Ui +U2 -20. U cos(x, — X_)] sin®(vt) +2U , U_ sin()(_ — X+) sin(2vt)}l/2
= \/U2+ +U? +2U U_cos(z, — x_)cos(2vt) +2U ., U_sin(y_ — x ) sin(2vr)

Un = \/U% + U2 42U U_cos(2vt — 7 +7,) (3.86)

Substituting Egs. (3.50), (3.51), (3.70) and (3.71) into Eq. (3.86) and consid-
ering the impact of the differential loop on the integrator obtains

KK; T,Q" 2 e )
Un= oo 5 {ﬂi [9o(C1 — A1 +By) +vB1}2[1 +szamping((/’0+v)2]
2[(momem electric currenth

+ 72 [00(C1 = A1+ B1) = VB [1+ T (00 = v)’]
+244 A [(P%(Cl —A+ Bl)z_szﬂ [1 + Tsamping(gbo + V)Z] [1 + Tsamping((])o - V)z]
X COS (2vt+ arctan [Tdamping(g})o + v)] — arctan [Tdamping((bo — v)] + arctan[T(py + V)]

. 2¢& (o +v 2¢& T>(py — v
- arctan[Tl ((/)0 o V)] _ arctan |: Cintegrator Z(QDO ) + arctan |: émtegmtor 2(QDO ):|

1= T3(¢g+v)* 1= T2(¢ — v)*
)}1/2

2ETo(¢
— arctan ZToldotv) 02((?.0+V)2
1 —T5(¢o+v)

2ETo(pg —
+ arctan 76 02((?.0 v)2
1 —T5(¢o —v)

(3.87)
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The differential loop is not considered. Equation (3.87) will have the following form:
KKimegrawr 2 Tl Q"

Un =
2
2KmomemKelectric curremT2

{ﬂi [00(C1 — A1 +B1) +VB1 > + 22 [o(C1 — A + B)) — vBi]
20, [¢g(c1 — A+ 31)2—&3%] cos{2vt + arctan[T} (¢ +v)]}

2éintegrator T (QD() + V)

— arctan (T (p, — v)] — arctan - + arctan
‘ 1= T3(po +v)*

.

Equations (3.87) and (3.88) illustrate the complicated relationship between the
amplitude of the output signal and the angular oscillation frequency of the aircraft.
And the phase of the output signal also has a complicated relationship with the
angular oscillation frequency. It should be noted that because in the expression of

the output signal phase the amplitudes of the two components of the output signal

. . . . KKintegrator2 712"
have a ratio relationship, the coefficient % does not affect the phase
2

Linegraior T2(Po — V)
. 2
1= T5(po —v)

2To(¢o +v)

2¢To(pg —
— aretan| 21000 ) _2CTo(¢o =)
I—TO(QD()+V)

+ arctan Y 5
1= T5(¢o —v)

(3.88)

Kinoment Kelectric current

of the output signal. It shows that when the aircraft has an angular oscillation, the
output signal phase will be independent of the angular velocity.

It can be seen that the amplitude of the output signal is related to the measured
angular velocity.

The form of the output signal of a non-driven mechanical gyroscope under the
action of harmonic angular velocity is shown in Fig. 3.5. From Egs. (3.86), (3.87)
and (3.88), the envelope value of the output signal can be determined.

In order to describe the output signal of the instrument the following parameters
and symbols are introduced:

Uy Value of the envelope amplitude, which is equal to the maximum
value of Uy;
U
U, =
U

Fig. 3.5 Output signal of a non-driven mechanical gyroscope under the action of harmonic
angular velocity
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Ucamier wave Amplitude of the carrier wave;
%0 Phase of the envelope;
Ycarrier wave Phase of the carrier wave that corresponds to the envelope.

The relationship between Uy and time presents the amplitude characteristics of
the carrier wave changing with time; the relationship between Uy and v presents the
envelope amplitude and the phase characteristics changing with the angular oscil-
lation frequency; the relationship between y,, and the frequency v presents the
phase characteristics of the carrier wave changing with the angular oscillation
frequency; and the relationship between y,, and the time presents the phase char-
acteristics of the carrier wave changing with time.

The conclusion drawn from Fig. 3.5 is that the output signal of the instrument
has a complex form of modulation and it is not appropriate that the output signal is
regarded as the same as the harmonic signal of the input.

However, when research on the instrument is carefully performed, it is not
important how the instrument deals with the harmonic signal input, but it is
important how much the output signal of the instrument is in accord with the input
signal of the aircraft’s steering engine. It is necessary that this input signal accu-
rately and reliably deals with the harmonic angular velocity and acts on the rotating
flight carrier through the steering engine.

When the harmonic angular velocity acts on the rotating flight carrier, then in
order to accurately and reliably deal with the harmonic angular velocity, the air-
craft’s steering engine must complete the oscillation of amplitude modulation,
non-driven mechanical gyroscope and the rotating flight carrier rotate together.
Thus, the oscillation of the aircraft’s steering engine should correspond to the input
harmonic angular velocity, which is modulated by the rotation of the aircraft, that is,
it corresponds to the sensitive element of the instrument. In this way, the output
signal of the instrument is connected with the modulated input signal and it is
possible to study the instrument for processing the accuracy of the changing har-
monic angular velocity. Because these two signals are modulated by the same
envelope and frequency of the carrier wave, it is quite appropriate to compare them.

3.3 Measurement Accuracy of the Harmonic Angular
Velocity for the Aircraft

For an aircraft limited by angular oscillation, the processing accuracy of the har-
monic angular velocity of the instrument input is studied and when comparing the
output signal and the input signal of the instrument, from Eq. (3.34) the input signal
can be given by the following form:
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Mineria = M Sin[(¢0 + V)t - ’y»] +M_ Sin[(¢0 - V)l - yv] (389)
where
HO vBl
M, =Q" —+ — .
N (2 + ) (3.90)
H() VB]
M_=Q"|——— 91
( b ) (3.91)

Corresponding to Egs. (3.32), (3.89) can be presented by another form:

Minteria = (M +M_) sin(¢ot — y,) cos(vt) + (M — M_) cos((pot — 7,) sin(vt)
= Q"Hy sin(pyt — y,) cos(vt) + Q'vBj cos(pyt — p,) sin(vr)
(3.92)

Mineria = \/ (M 4 +M_)’cos?(ve) + (M, — M_)sin®(vn)x

sind ot — 7. + arctan | At — M= (vt)
— arctan [ ——————tan(v.
(P() /v M+ —I-M,

B
=Q \/Hg cos?(vt) +12B? sin® (vf) sin{ (ot — 7, + arctan [‘;_101 tan(vt)} }

(3.93)

Considering Eq. (1.37) obtains

Minertia = Q" \/qb(z)(Cl — Ay + By)*cos?(vt) + V2B sin? (vt)

X sin{ Dot — 7, + arctan[ vBi tan( I)} } (35
-7 . an(v.
vo ®o(C1 — A1+ B1)

Or compared with Uy,, Mjpenia 1S changed into the 2 times angle 2vz:

| @R(CL—A+B) B |@3(Ci— A +B))* VB
Minteniu:Ql\j(PO( ! 21 1) +v21 QDO( ! 21 1) 7‘)21 COS(2V[)
X sin{gb t—yp,+ arctan{ VB tan( t)}}
-7 ———tan(v
0 (00(C1 —A1+Bl)

_ o H  vB {i&_\ﬂB%

. . VB[
- < S 2 b — —
2 2 > 2 ] cos(2vt) X sm{(pot Yy + arctan{ : tan(vt)} }

(3.95)



3.3 Measurement Accuracy of the Harmonic Angular ... 107

From Eq. (3.95) the conclusion can be drawn that there is a relationship between
the amplitude of the input signal and the time and the frequency changes with 2v
such as the amplitude of the output signal. Comparing with the output signal
introduces the following symbols: Miyp envelope 1S the envelope amplitude of the
input signal; Mcarier wave 18 the amplitude of the carrier wave; Yinp envelope 18 the
phase of the envelope and ¥inp carrier wave 15 the phase of the carrier wave.

Similarly, compare with the output signal and write

Mintertia = M Sin<¢0t -y, + Xinp,m) (3.96)
where
H;  vBi  [Hj VB
My =Q 70 VT‘ + {20 - —vz ‘} cos(2vt) (3.97)
B
Yinp,m = arctan [%01 tan(vt)} (3.98)

Compare the output signal (3.77) and the input signal (3.96) and connect them:

Uout _ Um Sin(¢0t — + Xm)

— mSIM 3.99
Minterlia Mm Sln(@ot - Vv + Xinp,m) ( )

Next the amplitude, the phase and its instantaneous value will be compared.
1. Compare the amplitude

Assume that the phase of y,, coincides with that of yin,m. In this case, Eq. (3.99)
has the following form:

Ui Un VUL + U2 420, U cos(2u+7, — 1) 5100

Minger M H? 2B2 Hj VB
intertia m oV TU+V21+<70_V21)COS(2VI)

As has been noted previously, the amplitudes of the two signals are dependent
on the time. Obviously, this relationship is not a pure harmonic type, but is a
periodic relationship with twice the signal frequency 2vz. The envelop curves of the
output and input signals of a non-driven mechanical gyroscope are shown in
Fig. 3.6.

It is clear that when the angular oscillation frequencies of the two signals in
Fig. 3.6 are consistent, the harmonic phase shifts in the radical sign of the
expressions U, and M,, are also consistent. Therefore, in order to evaluate the
characteristics of these two values it is enough to compare the two amplitudes and
phase frequencies.
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(a) (b)

M

mmax

o] I t
Fig. 3.6 The envelop curves of the output and input signals of non-driven mechanical gyroscope.
a The output signal; b The input signal

Each value of Eq. (3.100) is analyzed in turn along with its relation.
1. The amplitude of the input signal

In order to determine the maximum and minimum values of the amplitude of the
input signal, substituting Eq. (3.93) into Eq. (3.100) obtains

My = Q'\JH3 cos (vt) + 2B sin’ (v1) (3.101)
When vt = Zn,n € Z, because Hy > vBj, the following equation can be obtained
M max = Ho€2" (3.102)

When vt = 7wk, k € Z:
M min = vB1 Q¥ (3.103)

When vi =7 + nk,k € Z, the extreme value M, equals zero.

Therefore, the possible instantaneous maximum value of the input signal
envelope is independent of the frequency v. This situation can be explained as
follows: when the input signal envelope has a maximum value, its measured har-
monic angular velocity also has an instantaneous maximum value.

In this moment, the angular acceleration of the aircraft equals zero so it does not affect
the envelope but when the envelope has a minimum value the angular velocity of the
input end of the instrument is zero and the angular acceleration is maximum. Therefore,
the angular acceleration only affects the minimum value of the envelope. Then it can be
seen that with an increase in the angular vibration frequency, the minimum value of the
input signal amplitude increases according to the linear relationship.

2. The amplitude of the output signal

Next determine the maximum value, the minimum value and the phase of U,,.
When vi=mnn—%5% neZ the amplitude U, is a maximum value;
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When vt = n(n + %) — 2% | the amplitude U,, is a minimum value. Thus, from
(3.50) and (3.51), the maximum value and the minimum value of U, have the

following forms:

Vv
KKimegrator 21102

Um,max = U+ +U7 = T2 {;LJ',[(;D(](C] _Al +B])
42

2KmomentKelectric curren

+ VBI] \/1 + Tgamping(gbo + V)Z (3 104)

+/l*[qb0(c1 _Al +Bl) - VBI]\/I + Tgamping(qbo - v)z}

v
KKinlegranr 2 Tl Q

Unmin=U-—-U, = {/17[(PO<C1 A +Bl) - VBI] 1+T§amping((p0+v)z

2Kmomenl Keleclric currentTg
— 24 [@o(Ct — AL+ B1) +VBi|\ /14 T e (0 — v)z}

(3.105)

or when Tyymping i small:

KKine rator T, .
Unmax = eertor 1 [po(C1 — A1 +B)(Ay +2-) +VBi(As — 7))
2I(mome:ntl(e:lectric current T2
(3.106)
KKn rator T QV . A
Un,min = wanet [0o(C1 — A1 +B1)(A- — A1) —vBi (A4 +2-)]

2
2KmomemKelectric current T2

(3.107)

Like the analysis of the input signal, although the forms of Egs. (3.106) and
(3.107) are complex and have a relationship with the angular vibration frequency,
due to (A + A-) > (4, — A-), the maximum amplitude of the output signal is
mainly determined by the input angular velocity, while the minimum amplitude of
the output signal is determined by the amplitude of the input angular acceleration.

Then analyze the dependency relationship between the values of Uy, max and Uy,
min» and the angular oscillation frequency. Compare them with Uy, max(v = 0) and
obtain the maximum value of the amplitude of the output signal:

Um,max — ¢0(C1 _Al +B1)(;”+ +;L) +VB1()V+ — /Li) (3 108)
Um,max(v = 0) 2(/)0(C1 _Al —"_Bl)/L .
Um,min _ (pO(Cl 7A1 +B1)(/17 _ /LJF) _ VBI ()MJF +;L7) (3109)

Um.max(V = 0) 2¢0(C1 — A ""Bl);L
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In order to find out the generality of this result, the coefficient m is introduced,

which presents the angular vibration frequency characteristic value, then v = m¢,.
At this time, there are

Ui (g +42) | m(ie — i) 510
Um,max(V = 0) 22 2(/12 —+ 1)/1 ’
U min (/17 - /L+) m(;ur +;L,)
' = - 11
Unmn (v =0) — 21 22+ 1)) (3.111)

Combine Egs. (1.69), (3.48) and (3.49), and then from Eqs. (3.112) and (3.113)
the relative frequency relationship between the maximum value and the minimum
value of the output signal envelope can be described by the attenuation coefficient
¢, the detuning coefficient u and the coefficient m:

Unms V2 - P+ e 2

U (v = 0) 2% [¢Pﬂﬂ+mﬂ2+p@ﬂ+mw

2
m
N 1

+ 2
Ve = =m?] v e —mp

e

<\/[u2 -1+ m)z] " 2&u(1+m)P?

(3.112)
Unmin (2 =17+ (28p)° I
Unmax(v =0 242 212 2
sy =0) g V= 0w+ et —m)
12 m
- )
\/[“2 - (Hm)z]zﬂ%u(Hm)]z e
y e . e

e = em?] vzt emp | J[i -0 m] et —mp
(3.113)
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In Fig. 3.7, the curves present the relationship between Eqgs. (3.112) and (3.113),
and the coefficient m under the condition of different detuning coefficients and they
also present the relationship with the angular oscillation frequency.

Figure 3.8 gives the relationship curves between Egs. (3.112) and (3.113) and
the coefficient m under the condition of different attenuation coefficients.

Figure 3.8 shows that increasing the damping of the instrument will result in the
decrease of the error of the envelop amplitude but while there is angular acceler-
ation of the aircraft the error will increase. Therefore, as has been pointed out
previously, when selecting the feedback parameters of the instrument damping it is
necessary to compromise and choose an oscillation attenuation coefficient that is
close to 0.5. It should also be pointed out that with the increase of the angular
oscillation frequency both the amplitude error of the envelope and the error caused
by the angular acceleration of the aircraft will increase.

It should be noted that in Figs. 3.7b and 3.8b, on the curve of the characteristic

Um,min

value T 000" there is the characteristic maximum value, which can be explained
m,max -

by the following method (Fig. 3.9).

From Fig. 3.9, it is clear that when the angular vibration frequency lies in the
limit range of ¢y — ¢,,, the error A_ — A will increase linearly and the increase is
directly proportional to the angular vibration frequency. But when ¢, — v<¢,,, the
instrument will leave the line segment of the curve in Fig. 3.9, and the error growth
in Figs. 3.7b and 3.8b will stop. Secondly, when ¢, — v lies in the frequency range
that is less than ¢, the increase of the angular oscillation frequency will cause A
and /_ to decrease and the error will be reduced. Because 1 > m/(u>+ 1), the
impact of A_ — A4 on the value of Eq. (3.113) is more powerful than that of
A_+A,. At this time, the angular vibration frequency corresponding to the
maximum point in Fig. 3.7b, and is determined by the following expression:
Vm = @ — @, Or taking into account Eqgs. (1.107) and (1.109), there holds

':III max !'Il'-l man

U v=0) U uv=0)
§ T T T 0.6 -
(b)

E=0.5

0.4

0.6 3 : 0
0

m m

Fig. 3.7 Relationship curves between Eqgs. (3.112) and (3.113) and the coefficient m under the
condition of different detuning coefficients. a Relationship curves between Eq. (3.112) and the
coefficient m; b Relationship curves between Eq. (3.113) and the coefficient m
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Uy v=10) Up(v=0)
T T 0.3
(a) e (b)
g=03 03
0.2
0.1 £=1
0.7
u=0.9
0.4 - . ! 0 .
0 0.1 0.2 0.3 0.4 05 0 0.1 0.2 03 0.4 0.5
m m

Fig. 3.8 Relationship curves between Eqs. (3.112) and (3.113) and the coefficient m under the
condition of different attenuation coefficients. a Relationship curves between Eq. (3.112) and the
coefficient m; b Relationship curves between Eq. (3.113) and the coefficient m

Fig. 3.9 Change of dynamic AA
coefficients with increasing 15k
angular vibration frequency ’ vl v

P

_ _ 2
v = | 1 — (1 A‘l)gfl 28) =¢0<1—m/1—2§2> (3.114)

Using Eq. (1.156) obtains
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Fig. 3.10 Relationship curve n_
of Eq. (3.116) 1

Vo = (pO D %eedback >
m — .

Bl 2Bl(C1 —Al)(p(z)
Vin = Qbo l f;e;gack

From Figs. 3.7b and 3.8b, it can be seen that the frequencies of the maximum
point of the characteristic curve in these two figures change with the change of the
attenuation coefficient. This conclusion can be drawn from Eq. (3.114). By using
the coefficient m, from Eq. (3.114), we can obtain:

(3.115)

my =1 —py/1—28 (3.116)

Figure 3.10 is the relationship curve of Eq. (3.116).

Only when the vibration attenuation coefficient is less than 0.7 is it reasonable to
use Eq. (3.116) because in this range the square root of Eq. (3.116) is positive.
When & = 0.7, in the condition that the instrument is tuned to the resonant point and
the tuning coefficient is selected as any value, there holds my,, = 1, i.e., viy, = @, the
situation corresponds to ¢, = 0.

When ¢ > 0.7, the following equation is used:

M = 14 u\/28 — 1 (3.117)

Now analyze the phase of the output signal envelope. The phase of the output
signal envelope is determined by ¥, = % e ~% Combine Egs. (3.70) and (3.71) and
obtain
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Yo == {arctan Tamping (¢ +v)] + arctan[T ((po +v)]

i T (¢ + 2ETy(¢
_ arctan [ 5nlegrat(2)r 2 (PO V) _ arctan 5 02(?0 + V) 5
1 - T3(¢g +v)° | L1 = T5(po+v) (3.118)
— arctan [Tdampmg (,00 - V)] - arCtan[Tl ((pO - V)]
integra orT - | 2&To(py —
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Yo = 5 {arctan [Tdamping QD()(1 —+ m)] + arCtan[Tl (»0()(1 + m)]
ZéintegrdlorTZQbO(l + m) 26:“(1 + m)
— arctan 5 — arctan - 2
L= T3p3(14+m)* | 12— (1+m) (3.119)
— arctan [Tgamping Po(1 — m)| — arctan[T} ¢y (1 — m)]
2¢inearaior T2 00 (1 — m)] [ 2eu(1 —
+ arctan é ntegratgr. 22(/’0( ;n) + arctan 5:“( m) 5
1 =T5¢5(1 —m)” | = (1 —m)

Figure 3.11 shows the relationship curve between the phase of the output signal
envelope and the angular vibration frequency of the aircraft in the condition of
different time constants Tgumping, 11 and T, with different attenuation coefficients
and different detuning coefficients.

When drawing the curve in Fig. 3.11, the following parameters are used:
Tdamping =001s; T =01s;T,=0.1s; iintegrator =1

According to Eq. (3.119) and Fig. 3.11, in order to reduce the phase shift of the
instrument output signal envelope due to the angular vibration frequency of the
aircraft, the damping effect of feedback must be enhanced.

(a) g () <
p=09
E=1 —
> 2 <
<~ 20 ' = -0
0.7 4
“‘? b
£=0.5
=30 =30
—40 —40
1] 0.1 0.2 0.3 0.4 0.5

m m

Fig. 3.11 Phase shift of the output signal envelope. a Different attenuation coefficients;
b Different detuning coefficients
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3. Ratio of the output signal amplitude and the input signal amplitude

The phase shift between the input signal and the output signal in Eq. (3.100) is
determined only by the phase shift y, of the output signal envelope. So, the maximum
amplitude ratio of the output signal and the input signal (assume that y, equals to zero):

Um,max _ Ul + UZ
Mm,max HO-QV

(3.120)

Obviously, because the denominator of this expression is constant, according to
the characteristics and the form of the relationship curve the ratio in Eq. (3.120)
corresponds to Figs. 3.7a and 3.8a respectively. It should be noted that in order to
obtain the generality of the results Eq. (3.120) is replaced by the following equation:

Um,max/Um,max (V = 0) Um,max

= 3.121
Mmﬁmax/Mm,max(V 0) Um,max (V = 0) ( )

This is entirely consistent with Eq. (3.112), Figs. 3.7a and 3.8a.
The comparison of the minimum amplitude of the output signal and the input
signal is better carried out by using the relative value:

(A——2+) (A +2-)

Unmin/ Unmax(v =0) _ 27~ ~ ™25y (3.122)
Mm-,miﬂ/Mm$max(V = 0) ﬁ

Consider Eq. (3.113), this equation has the following form:

Um.min/Um.max (V = _
MmAmin/Mm.max(v = 0) 2ﬂ2

0) (2 = 1)+ (2¢p)? {_ 241

2 2
o 1 N Iz

\/[,42 - m)z]2 +2eu(1 — m)P \/[;ﬂ —(1+m)’] * L Reu(l+m)P

2 2
_ i N u

\/ e -1 +m>2]2+ Reu(1+m)P? \/ = (1- mﬂz + 2eu(1 —m)?
(3.123)

The relationship curve of Eq. (3.123) and m is shown in Fig. 3.12. These curves
are plotted in the condition of different vibration attenuation coefficients, detuning
coefficients and m.

Because the aircraft has an angular acceleration, reducing the error of the
instrument is related to the increase of the damping and the accuracy of tuning to
the resonant point. At this time, with the increase of the angular vibration frequency
the relative cross error will decrease. This phenomenon is explained by the fact that
the growth rate of the cross component of the input signal is faster than that of the
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cross component of the output signal. It should be noted that according to
Eq. (3.123), when the angular vibration frequency of the aircraft is zero, namely
when m = 0, although both the relative cross component of the output signal and
the relative cross component of the input signal are equal to zero, because of its
uncertainty their ratio can be taken as 1.

Because the phase shift and the amplitude in the output signal envelope are
dependent on the angular vibration frequency of the aircraft, at each moment the
relationship between the envelope values and these oscillation frequencies is
determined like the impact of the angular oscillation frequency of the craft on the
envelope amplitude and the phase shift of the output signal. At each moment, the
envelope ratio of the input signal and the output signal is determined by (3.100). It
is evident that this ratio is maximal when its numerator is a maximum value and
when its numerator is a minimum value, this ratio is minimal.

Therefore, three frequency relations can be used to evaluate the envelope rela-
tionship between the output signal and the input signal.

(1) The frequency relationship curves of the maximum value (Figs. 3.7a and 3.8a,
Eq. (3.112)), will indicate the following features: how much the most likely
value of the output signal corresponds to that of the input signal.

(2) The frequency curves of the minimum value (Fig. 3.12, Eq. (3.123)) indicate
the following features: only determined by the oscillation angular acceleration
of the aircraft, that is, how much the most possible value of the output signal
corresponds to that of the input signal determined only by the oscillation
angular acceleration of the aircraft, and also indicates that the torque level
caused by the instrument processing angular acceleration of the aircraft and
naturely is the frequency characteristics of the instrument relative error caused
by the angular acceleration of the aircraft.

(3) The frequency relationship curves of the envelope phase (Fig. 3.11,
Eq. (3.119)), indicate the phase shift characteristics between the envelopes of

MM, (v =0)

-

05 \ 0.7

m m

Fig. 3.12 Relationship curve between Eq. (3.123) and m. a Different attenuation coefficients;
b Different detuning coefficients



3.3 Measurement Accuracy of the Harmonic Angular ... 117

the input signal and the output signal envelope and determine how long the
input signal can find its reflected signal in the output signal.

If these three relationships are mastered, the envelope of the input signal can be
completely transformed into the envelope relationship of the output signal.

However, in order to evaluate the working correctness of the instrument on the
aircraft, the phase correctness of the carrier wave of the output signal must be
determined, in other words the phase of the rotation frequency of the aircraft.

In order to describe the carrier wave of the output signal and compare it with the
carrier wave of the input signal, a phase frequency relationship curve is added,
which represents the difference characteristics of the carrier phase shift of the output
signal with respect to the carrier phase shift of the input signal.

2. Phase comparison

For the envelope phase, it can be understood that the phase is within the limit
range of v/2, the corresponding phase of the carrier wave lies in the period range of
1/@y, so the phase of the carrier wave of the output signal is equal to y,, and the
phase of the carrier wave of the input signal is equal to ¥inp m.

The carrier wave phases of the input signal and the output signal are intricately
connected with the time, however, it should be noted that the carrier wave phases
Egs. (3.79) and (3.98) are indirectly added into the envelope phase shift of two
signals. The envelope phase shift of the input signal equals zero, while the envelope
phase shift of the output signal depends on y, and y—, and these two phases affect

the carrier wave phase of the output signal by arctan (g—z:) and arctan(gx )

When considering y, and y—, the influence of the phase shift of the carrier wave
on the phase of the carrier wave of the output signal is excluded. In this case,
Fig. 3.13 gives the amplitude and phase of the output signal and the input signal
after the rotation frequency around its longitudinal axis of the aircraft is compen-
sated by a constant phase shift, and when the instrument is mounted to the body of
the aircraft, the compensation is performed by turning the instrument base. In this
case, Fig. 3.13 can be transformed into Fig. 3.14.

It is obvious that the phases of the output signal and the input signal in Fig. 3.14
are changed by 180°. In order to agree with Fig. 3.14, two instantaneous time
symbols are introduced:

t;  When the envelope of the input signal is at the moment of the maximum value;
t,  When the envelope of the input signal is at the moment of the minimum value.

Figure 3.14 shows the graphic similarity and some differences of the phase
values of the input signal and the output signal. At this time, it should be considered
that in order to make the output signal and the input signal have the amplitude
modulation, the tangent value of the signal phase must remain constant. The only
moment that satisfies the condition is #;, that is, the moment that the measured
angular velocity is the maximum value and close to this value.
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Fig. 3.13 Amplitude and the
phase of the output signal and
the input signal after being
compensated by a constant
phase shift y,

Fig. 3.14 Amplitude and
phase of the output signal and
the input signal after being
compensated by a constant
phase shift yo and the
envelope phase shift
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Therefore, these signals are not pure amplitude modulations. It should be noted
that the use of the instrument is to measure the angular velocity, and thus, when the
measured angular velocity of the aircraft is at a maximum value, or in other words
the carrier phase in the moment #,. The phase difference between the output and the
input signal is determined by:
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\JU:_+ Uz, sin[vt M - arctan( e )}

mcos [W - L;L) + arctan(l’/]i)}

Xm — Xinp,m = arctan

B
— arctan [Q tan(vt)}
H
(3.124)

When Tyamping and nT,mpiiry are very small, T} and T, are very large, the phase
error in Eq. (3.124) is expressed by the detuning coefficient, the attenuation coef-
ficient and the coefficient m:

(12 + 1) +m 22+ [(12 4+ 1) — m]" 2 — [ mz}/x+/x cos(yy +7)
Am — Xinp,m = arctan 2.0
(24 D) +mP2 + (2 +1) —mP22 +2| (2 +1)>=m?| 2, i cos (s +1-
+
. [(‘uzﬁ»l)er}/i,sin/Jr [ w +I) m/ sin y_
s (12 + 1) +m]i: cos y, —[(u? +1)—m]i_cos y_
X
. LA [(12+1) +m]i sing, —[(12+1) m/ sin y_
cos [’n(POt - + + arctan ([(u + 1) +m|i ,Jrcospr + (12 +1 —ml/._cos y_ )]

— arctan (ﬁ tan(m(})()t)>
(3. 125)

Under different angular vibration frequencies, or different coefficients m, dif-
ferent attenuation coefficients and different detuning coefficients, the relationship
between the phase difference in Eq. (3.125) and the time is shown in Fig. 3.15.

According to Fig. 3.15, it can be determined that in almost the entire half-cycle
of the angular oscillation frequency, except the moment approaching #, (Fig. 3.15)
that the phase difference of the carrier wave of the output signal and the input signal
is actually constant (at the moment approaching ¢,), and with the increase of the
attenuation coefficients and the detuning harmonic coefficients, the variety degree of
the dependent relationship of the phase difference and the time is small, and within
the time range always presents a stable state, namely the peak values of the curves
in Fig. 3.15a and b are squeezed and flattened. From Fig. 3.15b, it can clearly be
seen that at the moment ¢, the phase difference in Eq. (3.125) increases with the
increase of the angular vibration frequency, however, it can be found that the peak
value in the same curve decreases with the increase of the angular vibration fre-
quency. The relationship curve of the phase difference between the carrier waves of
the output signal and the input signal changes with the angular vibration frequency,
the attenuation coefficient and the detuning coefficients and will be used later.

In order to describe Eq. (3.125) and the curve in Fig. 3.15, the phase difference
of the carrier wave of the output signal and the input signal is broken down into two
components. Of these two components, one is a constant component Ycarier wave 0
determined at the moment #{, and is also the phase shift of an effective signal, while
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Fig. 3.16 Schematic diagram
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the other is a component Jcarier wave peak With a peak shape change, which presents
the phase difference in Eq. (3.107) at its peak moment surpassing the difference of
the constant component (Fig. 3.16), which represents the phase shift characteristics
of the output signal with respect to the input signal, while the phase shift, because
the angular acceleration of the aircraft is subject to some constraints actually rep-
resents the phase shift characteristics of the instrument error due to the angular
acceleration of the aircraft. When m¢oyt = 2nn,n € Z, i.e.,

_ 2 (3.126)
mog
the value of Jcaier wave 0 1S determined by Eq. (3.125).
From Fig. 3.16, the value of Ycamier wave peak €an be obtained by Eq. (3.125) at
the moment tpea.k' Now determine tpeak9 Xcartier wave 0 and Xcarrier wave peak-
Substituting Eq. (3.126) into Eq. (3.125) obtains

(12 + 1) +m? 22 + (2 +1) —m]' 22 — 2[(#2 + 1)27m2] Asd-cos(xy +1 )

Lcarrier wave 0 = arctan

sin [—

(1
X s [(12+1)+m]Ay siny 1)/ sin y_
€os |:7 -+ drCtdn([( 2+ 1) +miy (:05/‘4r (u +1 —m]A_cos y

(2 + 1) +m]? 2 + [+ 1) — m]* 22 +2[(u +1)°— mz}br/l, cos(x, +_)
(CEEACREA)

[L2+l)+m]/l+cos/+ [(1Z+1)—m]i_cos y_
X

(3.127)

Figure 3.17 gives the relationship curves between different tuning coefficients,
attenuation coefficients and coefficient m respectively. From Fig. 3.17, it can be
seen that with an increase of the instrument damping effect, ¥camier wave 0 decreases;
with an increase of the angular oscillation frequency, Ycamier wave 0 iNCreases; and
when the tuning accuracy decreases, Ycarrier wave 0 ShOWS a small increase.

X carrier wave 0/( )

20 -30

m m

Fig. 3.17 Relationship curves of Jcaier wave 0 and m. a Different attenuation coefficients;
b Different detuning coefficients
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In order to compute the component Ycarier wave peak With the change of peak
shape, it is necessary to determine the instantaneous time #,.,x Which corresponds to
the peak of the phase difference of the carrier wave. Obviously, fye corresponds to
the instantaneous time that the phase curve slopes of the carrier waves of the output
signal and the input signal are equal, or in other words when the derivative of the
expression for the phase difference of the carrier wave is equal to zero. In order to
simplify the calculation the shorter form is used. And from the phase difference of
the carrier waves of the output signal and the input signal in Eq. (3.124), denote the

symbol Xp = Xm ~ Xinp.m-

o eos[arean (B-) - (”*)}
—S$——tycos |arctan arctan | —= VB 1
(X )/_ U, +Us Ue- U _ #vcosz(w)
P/ VB,
in ) ( )} [—tan(vt)]
2 — + 1
UE;, + U2 s |:Vt arctan )

U, + U2
o 5= cos | vi— (/+ + arctan

H

1+

Rewrite the last expression:

Ayveos(Ay—A3) 1
R 2 M i (3.128)
P [ g s P 1+ [Ag tan(ve))?
1 cos(vi + A3)
where
U +U?
Ay = 2= (3.129)
Uey +Us
— U
Ay = — w + arctan (ﬁ) (3.130)
Ay = — (s —2-) + arctan Us- (3.131)
2 c+
vB
Ay = 71 (3.132)

Set Eq. (3.128) to zero, and there holds

/11VCOS(/12 — /13) /14\/
cos? (vt + A3) + AT sin (vt + Ay)  cos?(ve) + A3 sin®(vr)

AIVCOS(AQ —A3) /14 o
(cos A3 — tan(vr) sin A3)* + A3 (tan(vr) cos Ay + sin A,)* 1+ A7 tan?(ve)
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Ay cos(Ay — A3) 4 Ay cos(Ay — A3) A3 tan®(ve) = A4 cos® A3
— 2/4 cos A3 tan(ve) sin Az + A4 tanz(vt) sin® A5 + A4A% tan®(vt) cos® A,
+ 24, A% tan(vt) cos Ay sin Ay + Ay A3 sin® A, (/14/1% cos? Ay + Ay sin® A3
— Ay cos(Ay — A3) A7) tan® (vt) + 244 (— cos A3 sin A3 + A] cos A, sin A,) tan(vt)
+ (A4 cos® A3 + Ay A7 sin® Ay — Ay cos(Ay — A3)) =0
(3.133)

Equation (3.133) is a second-order equation with the independent variable tan
(vr). Next analyze the general form of Eq. (3.133) and the coefficient before the first
order independent variable, and take into account Egs. (3.82)—(3.85):

214 (f cos Az sin A3 + /1% cos A, sin /12) =

B v — _ -
2u — cos(li )C+) e —sin(xf ZX+) Us
\JUR +U%, \JUR +UE,
X- — U - Us_
% Sin(L 2%+) e COS(L 2A+) -
\J UL+ U%, \JUS_+UZ,
Uz_+Us_ in(x‘ - X+) Uc- 7 — x+) Us,
2 2
X cos(X’;X+) Uc- —sin(X’_}H) Us+

U + U2 2 vk, vk

Obviously, substituting Eq. (3.72) into the obtained expression obtains that this
equation is equal to zero. In this case, solve Eq. (3.133) and obtain

+ COS(

—Agcos? Az — AgA?sin® Ay + A Ay — A
tan(vt):\/ 408 /A3 447 sin” A + Ay cos(Aa 3) (3.134)

Ag A3 cos? Ay + Agsin® Az — Aj cos(Ay — A3) A5
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Substitute Eqgs. (3.129)-(3.132) into Eq. (3.134), and obtain

2

B v - .
tan(vt) = o Uey cos(l’ 5 A*) - Us sin(x’ 5 ’H)
B Jue, +uz UE, + UL
2
vB U3, +UZ_ Us 1 — A (e = s
T H UL, + U2 2 2 o8 2 2 s 2
C+ TS U +Us, Ue +Us,
U§+ + Uz UciUc— — Us_Us+ / vBi Us— cos<17 - X+)
Ui, 0 0 0@+ ) | o U2

2
b(+ . X — 7
+ Sll’l( L )

VB, U§, +UZ%_ Ue- o (xf - m)
Uz, + UL :

H Uz, +UZ /U%_Jrsz‘Jr 2
2
_ Usy Sm(xf fm) 7(@)2 U2, +U%  Uc Uc +Us Us,
\J UL+ U2, 2 H Uty +Us (Uz, +US ) (U5, +UZ2)

Transform Eq. (3.72) and obtain

L
2

(U2 -U0?) (U +U-)
i {(U+ - U—)z_(U%r - U2) %}

(U+ + U,)H B Um,maxH
(U+ — Uf)VBl Um,minVBl

Thus the instantaneous time corresponding to the peak value of the phase dif-
ference of the carrier wave is

tan(vr) =

(3.135)

WA DA 2+ 1+m)+ 2 (1 + 1—m)]
arctan{ \/ Ml (i T=m) =75 (12 + 15| }

(3.136)

Imax =
mog

According to Eq. (3.136), the instantaneous time corresponding to the minimum
value of the phase difference of the carrier wave is

(2 + D P+ 1+m) + 2 (42 + 1-m)]
T— afCtan{\/” m[/l,(yzfl—m)—/br(ﬂz +!l+m)] }

Imin = .
meq meg



3.3 Measurement Accuracy of the Harmonic Angular ... 125

Considering the situation in Eq. (3.136), the form of Eq. (3.125) is

(2 + 1) +m] 22 + (12 +1) —m]* 2% - 2[(u2 + l)z—mz]/l+ Jocos(xy +1-)
arctan

Xcarrier wave peak —

(2 + 1) +m 22 + [ +1) —m)*22 +2[(u2 + l)z—mz]}ur Jcos(yxy +1-)

. (4 DA (2 +1+m)+ i (12 + 1-m)] Ltz
 sinfarctan (25 G ) - e +

I +l /< (i +1+m)+/ (2 +1-m)]\ _ xe—x
COS[‘HCtan(\/ mA_ (12 +1-m)—7, (12 +1+m 2 +

)]
aICmn([(AZH) m]/+€m/+ [(#+1)- m]z,sinz,>]

[(? +m] cos z, —[(u*+1)—m]/_cosy_

[(12+1) +m]iy sing, —[(12+1)—m]A_siny :|
(W2 +1)+mliy cos g +[(12+1)—m]i_cosy_

mis(WP+14+m)+i-(@2+1-—m
—arctan{\/< 3 [ ) ( ) — carrier wave 0

arctan ([

WD+ 1 —m)— 2. (12 +14m)]
(3.137)

The relationship curve in Eq. (3.137) is shown in Fig. 3.18.

From Fig. 3.18, it can be seen that when m = 0, i.e. v = 0, the maximum value
of the phase difference of the carrier wave equals zero. This situation can be
explained by the fact that the constant phase shift is compensated in the expression
of the phase difference of the carrier wave. However, as long as there is a very small
angular oscillation frequency the mutation can occur in the maximum value of the
phase difference of the carrier wave and this situation can be explained by the fact
that at this moment the angular acceleration of the aircraft has a maximum value.
And, with the increase of the angular oscillation frequency the jump amplitude of
this mutation will be reduced.

In Fig. 3.18, Jcarrier wave peak With a negative value can be explained by the
following facts: when the angular oscillation frequency changes in a short time, the
phase slopes of the carrier waves of the input signal or the output signal change and
with the increase of the angular oscillation frequency the two slopes approach each

% reak of carrier mave /( ® ) reak of carrier wave /()
15 2

10

Fig. 3.18 Relationship curve between Ycarier wave peak and m. a Different attenuation coefficients;
b Different detuning coefficients
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Fig. 3.19 Relationship curve between x,(f3) = Jcarrier wave o and m. a Different attenuation
coefficients; b Different detuning coefficients
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Fig. 3.20 Relationship curve between Ycarier wave peak and m. a Different attenuation coefficients;
b Different detuning coefficients

other, so that when the angular oscillation frequency takes a certain value the two
slopes are equivalent. The peak value and the instantaneous time ¢ of the charac-
teristic curve in Fig. 3.16, and the measured phase differences of the carrier wave
are equivalent, but carier wave peak = 0-

Continue to increase the angular vibration frequency, or in other words continue
to change the phase slope of the carrier wave of the two signals and they no longer
approach each other but instead keep apart from each other. At the same time, at the
moment of fe,, the phase difference has the minimum value and not the maximum
value. However, from Fig. 3.16, it can be seen that the maximum value and the
minimum value have many changes, or in other words the phase difference of the
carrier wave has the maximum value at the instantaneous time 3, and according to
the modulus this value will be equal to the difference of Ycamier wave 0 — Xcarrier wave
peak (Fig. 3.19).
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The phase difference of the carrier wave in the curves of Figs. 3.19 and 3.18
according to the modulus are the same, but according to the symbol they are
opposite. In this case, the frequency characteristic of the component that changes is
the peak shape, and this is determined by the modulus of Eq. (3.137), and is also
determined by Eq. (3.138) and the relationship curve of this expression is shown in
Fig. 3.20.

(24 1) +mP* 22 +[(2+1) —m]?22 — 2[(#2 + l)z—mz]/h/l, cos(x, +7)

(w2
Xcarrier wave peak — arctan 2 24,2 2 1
(24 1)+ mP2 (24 1) = w22 2+ 12 -m2] i 2 cos(z, +7.)

(2 +1 [/Jr P Hltm+r (@4+1-m]\ o+ +
mA— (12 +1=m)—7y (1% + 1+ m)] 2

(\/u2+1 I (P +1+m)+2 (12 +l—m)]>7z++x,+
2

sin [dICtdn

cos arctan

mlZ_ (12 + 1=m)—2 (1% + 14 m)]

rctan [ I)er]ursm/Jr [;L +l> ]/ sin y_

arctal (12 + 1) +m]i cosy, — (42 +1)—m]i_cos z_
(2 + 1) +mliy sing, +[(12+1)—m]A_siny_

aICtan( [(12+ 1) +mli cosy, +[(u?+1)—m]i_cosy_

— arctan mlay (m4p2+1) = A (m— 2 — 1)] .,
(,uz+1)[)v+(m+ﬂ2+l)+/1,(mf‘uz7])] Xcarrier wave 0

(3.138)

Figure 3.20 shows that the angular oscillation frequency increases to a certain
frequency, which will lead to a decrease of the maximum value of the phase
difference of the carrier wave over this frequency, and the increase of the angular
vibration frequency will cause the peak value of the phase difference to increase.

Calculate Egs. (3.127) and (3.138) and obtain the relationship curves between
the maximum value of the phase difference of the carrier wave and the angular
oscillation frequency of the output signal and the input signal, as shown in
Fig. 3.21.
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Fig. 3.21 Relationship curve between ¥,max and m. a Different attenuation coefficients;
b Different detuning coefficients
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(12 + 1) +mP 22 + [+ 1) —m]" 22 — 2[(#2 + l>2,m2]/1+ Jecos(xy — 1)
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(3.139)

It should be pointed out that the value determined by Eq. (3.127) can be
regarded as the error of the carrier phase of the effective signal.

When the angular vibration problem of the instrument around the axis of the
aircraft is analyzed, the following conclusions can be drawn:

(1) The accuracy of the angular velocity that the instrument deals with in the input
according to the change of harmonic mode is slightly lower than the accuracy
that the instrument deals with regarding the constant angular velocity.

(2) In order to describe the accuracy with which the instrument processes the
angular oscillation of the aircraft, four frequency relationships should be used,
which represents the relationship among the relative changes of the parameters
of the output signal, the input signal and the angular vibration frequency.

(3) Three frequency characteristics of the maximum envelope, the minimum
envelope and the phase were described previously, and the phase frequency
characteristics of the carrier wave (Fig. 3.17 and Eq. (3.137)) are added, thus
the phase shift represented by this frequency characteristics is different from
that of the input signal.

(4) In ideal flight conditions, the angular vibration frequency of the aircraft is
limited to 2.5 Hz, so the coefficient m can be limited to 0.2. It can be seen from
the analysis and calculation of the angular vibration accuracy of the instrument
that the accuracy of the angular acceleration of the instrument is very poor.
A conclusion can be drawn that in the condition that the angular vibration
frequency is very small—in fact in the full cycle of angular oscillation—the
amplitude and the phase of the output signal are determined by the curves of
Figs. 3.7, 3.8 and 3.17a, and in a short moment that the amplitude of the
angular oscillation velocity changes the symbol, the maximum error of the
output signal is determined by the curves in Figs. 3.12 and 3.21.
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3.4 Performance of Non-driven Mechanical Gyroscope

in a Circumferential Vibration
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It is assumed that the input signal has a circumferential vibration form and the
solution for the general motion Eq. (1.46) of the instrument is analyzed. According

to Eq. (3.3), there are

Q; = QVsin 3, cos(yt + Ty)
Q, = QVsin d, sin(yr + )

where

p=Q:= Q” sin Oy cos(Yt+7y,)
& = Q,cos p = Q¥ sin d, sin(r + 7y) €OS p

In this case, as with the angular vibration of the aircraft, because p and ¢ are very
small and can be ignored, when comparing with the velocity of the aircraft around
the longitudinal axis it can be considered that the velocity acting on the aircraft is

very small and the following equation can be deduced:

p=Q:= Q" sin Oy cos(Yt+7y,)
6= Q, = Qsind, sin(yr + )

From Eq. (3.140), there holds

p=Q:=—yQsindy sin(yr+7y,)
G = Qn =y sin oy cos(t+7yy)

In this case, Eq. (1.46) has the following form:
. . 2 H_ . N
&4 2&Ewoo + wye = B—Q sin(@ot — 01) + Qsin(pyr + 52)
1

where

Q=/Q+Q = Qsing,
Q = q/Q%JrQi:l/./Q‘/’sinél/,

Q .
0 = arctan | =1 | = it
| = arc an(Qi) W+

(3.140)

(3.141)

(3.142)

(3.143)

(3.144)

(3.145)
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0, = arctan <%> = 1 — Yy (3.146)

n

C—Ar,
W = B, ®o

Substitute Egs. (3.143)—(3.146) into (3.142) and rewrite them as

o+ 2¢woa + w%oc = BEIQ’/’ sin (qbot — i — yv) — v sin(qbot — Wyt — yv)
= Bﬁle sin[((po — lp)t — yv} — {pQ"’ sin[<(]70 — lﬁ)t — yv}
(3.147)
G+ 2Ewob + Wi = (gl - 1p> Qv sin{(qbo - l//)l - yv} (3.148)

Therefore, it can clearly be seen that the effect of the circumferential vibration is
similar to that of constant angular velocity, and is similar to that of the velocity
instability of the aircraft around the longitudinal axis of the output signal.

In this case, the established output signal looks like:

Uou(r) = |#(je0) | 2 (H — /By { (@0 = )1 = 9y + arctan [@(j )1}

(U:Qbo*l‘ﬂ 0=py—Y
(3.149)
or
Usu(t) = Uy sin [(% - {p)t . xw} (3.150)

where &, = 0 and Tgamping is very small, 7y and T, are very large. According to
Egs. (2.53) and (2.60), obtain

KKintegratorZTl |:(CI - Al +BI)§00 - l//Bl} Qv

Uy =

2Kmomeaneleclric curremTimegralorT22
3 ) . ) ) NI " N2
X [("Tamplify +2¢Ty) <‘/’0 - ‘/’) — TonTampiity <(/’0 - W) } + [1 e ((/’0 - ‘//) }
(3.151)

2
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Ly :g + arctan {Tdamping ((bo — l//)} + arctan {Tl (('po — w)}
26 egaon s (00— )

-T2 ((po - {p)z (3.152)
_(nTamplify +2¢Tp) (‘Po - lﬂ) — T3nTamplity (Qbo - lﬁ)3

=73 (0 ¥)

— arctan

— arctan

Because nTymplisy is very small, from Egs. (3.151) and (3.152) obtain

KKintegratorZTl |:(C1 _Al +Bl)q)0 - l//BI:| Q"

Ul/, =
2KmomeniKetecic cumT%\/ 270 (90— )]+ [1 73 (¢ - ‘/'1)1 2
(3.153)
Ly = g + arctan [Tdamping ((,7)0 — 1//)} + arctan {Tl (qbo — lp)]
2eimegraor T2 (90— ) 26To(90—1) | (3154
— arctan

=73 (0 —¥) =73 ()

— arctan

Obviously, the relationship curves with Uy, are related not only to the circum-

ferential vibration frequency l// but also to the velocity instability A¢, of the
aircraft around the longitudinal axis, and this relationship can be represented in the
resonant state. At resonance, Uy, and yy can be obtained as

KKintegratorZTlBl (2(P0 - l//) Q
U, = (3.155)

2 i \1? % ?
2KmomemKelectric currentT2 {25(1 - (P_o):| + |:1 — (1 — <P_o) :|
{1 ) . . .
Ly = 5 + arctan {Tdamping <(p0 — tp)} + arctan [Tl (goo — lp)}
2éintegrat0rT2 ((/)0 - l//) 25/1(1 — %) (3156)
2 —arctan | ——————
1_T22(¢0_'//) ,Uz—(l—%)

— arctan




132 3 Performances of Non-driven Mechanical Gyroscope ...

When the circumferential vibration frequency tﬁ =0

Kintegralor 2 Tl B 1 Q v

. 2
KmomentKelectnc current Tz

Uy = (3.157)

It is in accord with the constant angular velocity (2.12) acting on the instrument.
By using the dynamic coefficients in Eq. (3.153), there is

KKimegratorZTl [(Cl - Al +B1)§b0 - l'pBl ;"l//Ql//
Uy, =

5 (3.158)
2I(momentl( electric current Tintegrator T2

With the correlation value, how the circumferential vibration frequency affects
the output signal can be studied. Thus introduce the coefficient 7 = % and when

using the detuning coefficient there holds

Uy @+ —=hdy Ay hhy k. )
Ulp({p:o)* W+0Di 2 (u2+1)2/1(1 11 (3.159)

or

U, V2 = 2+ e ( h

v (b =0) V= =w] e~y e

Figure 3.22 gives the relationship curves of Eq. (3.160) with different detuning
coefficients and different attenuation coefficients.

According to the curve characteristic given by Fig. 3.22, it can be seen that the
scale factor of the instrument is varied and it is strongly dependent on the

> (3.160)

(a) Vi (b) i Yo
i U (v=0)
=05 Ul (v=0) =09
12 12
|| L e, . 1
u=0.8 //
08 05 0.8 &=l
l 07
06 i 0.6
=05
0.4 ) 0.4
04 -02 0 02 04 i ~04 -0.2 0 02 04 h
. N Uy .
Fig. 3.22 Relationship curve between m and (i, &, h). a When ¢ is constant, the
(V=

Relationship curves between the magnitude ratio, & and p when ¢ is constant; b Relationship
curves between the magnitude ratio, 4 and ¢ when p is constant
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Fig. 3.23 Impact of the circumferential vibration on the amplitude of the output signal of a
non-driven mechanical gyroscope. a Different detuning coefficients; b Different attenuation
coefficients

circumferential vibration frequency. In fact, the shapes of the curves in Fig. 3.22
can be interpreted in the following way. According to the variation characteristics
the curves in Fig. 3.22 are in accord with the straight line of the A function whose
specular reflection is perpendicular to the symmetry axis and 7 = 0. With an
increase of the circumferential vibration frequency, the working point in Fig. 1.10
moves leftward and upward until the resonance point. Over the resonance point, it
moves leftward and downward, or in other words increases first and then decreases.
With the increase of the attenuation coefficient the resonance peak is reduced and
the curve is flat. Similarly, with the increase of the detuning coefficient and the
decrease of the attenuation coefficient, the resonant peak is close to the value 4 = 0.
So the working point moves along the 4 curve in Fig. 1.10, and the situation can be
explained through the above situation.

In Chap. 1, the circumferential vibration frequency is limited by the possible

ideal value. As has been pointed out, according to Eq. (1.15), ¥ = 0.05¢,, then
considering the reserve margin, the circumferential vibration frequency is limited
by h =0.1.

That is, under the ideal condition of aircraft motion, the amplitude error of the
output signal due to the influence of the circumferential vibration is limited by the
numbers in Fig. 3.23.

Different from the situation of the angular vibration that the aircraft is rotating
around the horizontal axis, the symbol of the circumferential vibration frequency
affects the sign and magnitude of the scale factor error.

Like the angular oscillation of the aircraft, it is more reasonable and feasible that
the scale factor of the instrument is not analyzed but the relationship between the
output signal and the input signal is analyzed, and in the circumferential vibration
case from Eq. (3.148) the input signal has the following form
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Mintertia = (H - l/./Bl)Ql/' Sin{((bo - ‘//)f - ”/v} (3.161)

The amplitude ratio of the output signal and the input signal is expressed in the
following form:

Ul// KK; integrator 2 Tl /lw

2
M, inertia 2Km0mentKelectric current Tz

_ KKintegrator2T1 H (3 162)
> .

2K momentKelectric currentT22 \/[2(:”(1 _ h)]2 + |:'u2 _ (1 _ h)z

The obtained expression belongs to the condition that the circumferential
vibration frequency is zero:

Uy/Uy («/} - 0) - Ve + (e —1)? (3.163)

Minertia/ Minertia (l// = 0) - \/[26;1(1 _ h)]2 n {Mz - hﬂ

Thus, the amplitude ratio of the output signal and the input signal is determined
by the dynamic coefficient. The difference between Eqs. (3.163) and (3.160) is that
in Eq. (3.160), there is a cofactor, an added entry which is determined by the
circumferential vibration frequency. Comparing these two expressions an important
conclusion can be drawn about the circular frequency of the aircraft. This con-
clusion can be obtained from the comparison of the relationship curves corre-
sponding to Eq. (3.160) in Fig. 3.23 and the relationship curves corresponding to
Eq. (3.163) in Fig. 3.24.

U U (§=0) U JU (i=0)
ME/MB(jr=0) MM (§=0)

1.2

(a)

(b)

0.9

0.8 0.8
—=0.05 0 0.05 -0.05 0 0.05

h h

Fig. 3.24 Amplitude ratio of the output signal and the input signal in the case of circular vibration
of the aircraft. a Different detuning coefficients; b Different attenuation coefficients
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Fig. 3.25 Impact of circumferential vibration on the phase of the output signal of a non-driven
mechanical gyroscope. a Different detuning coefficients; b Different attenuation coefficients

The circular vibration brings a large phase shift into the indicator value of the
instrument (Fig. 3.25). Figure 3.25 shows that the phase characteristic curves
corresponding to Eq. (3.164), compensate the constant phase shift caused by

turning the instrument shell and eliminate y,, (1// = O) , hamely,

T . .
=7 + arctan [Tdampinggoo(l - h)} + arctan[T; ¢y (1 — h)]

2éintegramrT2(.pO(1 - h) _ arctan M (3164)
1= T33(1 = h)* 12— (1—hy

— arctan [

Obviously, similar to the impact of A¢g, determining the correct Tgymping Will
greatly reduce the impact of x// on the phase of the output signal.

In the range of the circumferential vibration frequency, the impact of the
detuning coefficients on the phase of the output signal is much smaller than that of
the vibration attenuation coefficients on the phase of the output signal. In
Fig. 3.25b, with the decrease of the attenuation coefficient, the slope of the phase
characteristics increases. This phenomenon can be explained by the fact that across
the point of the natural non-damped vibration frequency, the phase change of the
oscillation element is very sharp and the natural non-damping vibration frequency,
in this case, with u = 0.9 approaches the point with /# = 0.

The above data show that in the case of the circumferential vibration of the
aircraft, increasing the damping in the instrument and improving the accuracy of
tuning can reduce the error of the instrument.



Chapter 4
The Operating Errors of a Non-driven
Mechanical Gyroscope

The operating error of a rotating aircraft with a rotor vibrating gyroscope can be
divided into two categories.

The first category includes three errors, the error in a non-driven mechanical
gyroscope; the error due to the residual imbalance of the sensitive element; in the
condition of the aircraft with the angular oscillation and circumferential vibration,
the double frequency error with the self-rotating of the aircraft.

The second category includes the error due to the installation accuracy of the
instrument installed on the aircraft and the error due to the temperature instability,
which is limited by the application characteristics of a non-driven mechanical
gyroscope on a rotating aircraft and the structural characteristics of the instrument.

4.1 Error Caused by Static Unbalance of the Framework

As shown in Fig. 4.1, the mass center of the sensitive element is not coincident with
the axis OY while the axis is oscillating around the axis OY and in the condition of
the constant and vibration overload, a harmful moment can be caused, which is
called the unbalanced torque. The center of mass of the sensitive element has some
deviation, xy # 0; zg # 0 makes the center of mass of the sensitive element deviate
relative to the crossing point of the rotation axis. Assume that n; is an overload
along the flying direction of the aircraft and n, is a lateral overload of the aircraft.
The research work is limited to the constant overload and the vibration overload,
whose overload frequencies are equal to the twice frequency and the one times the
frequency around the longitudinal axis of the aircraft respectively.

Ny = Ny, + Ny, Sin ((b()t"" 56711) + ngy, sin (2¢0H‘ 5§nz>

o i (4.1)
ne = ng, +ng, sin(@ot + 8¢, ) + ng, sin(2¢gt + 8¢, )
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Fig. 4.1 Error from an unbalanced force

The unbalance torque is
M unbalance = Migensitive mass (ZOnx - xOnz)

where Mgensitive mass 1S the mass of the sensitive element; n, and n, are the projections
of the longitudinal overload and the transverse overload on the axes OX and OZ
which are connected with the sensitive element respectively, or in other words

Nz = Ny COS oL — Ngy cos( Pyt +7) sina
ny = —ng sin o — ney cos( Pyt +7) cos o

Each component of the overload is determined by 7. It is necessary to consider
Eq. (4.1), and assume that « is very small:

nz = ng = ng, + ng, sin(@of + d¢, ) + ng, sin(2¢,t + 8¢, )
ny = —ngy cos(got +7) = —ngy, cos(Pot +70) — ngy, sin(ot + ey, )
cos(Pot +71) — ney, sin(2pgt + ¢y, ) cos( ot +7,)
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The unbalanced torque is

Munbalance = Msensitive mass Z0M én0 COS(¢Ot + ’)}O)
~+ Msensitive massZ0Mén1 Sin(%t + 5@71) COS((bOt + yl)
+ Mgensitive mass20M&y2 sin (2§b0t + 5cfn2) COS((.b()t + Vz) + Mgensitive massX071¢,,

+ Mgensitive massX0M( 1 SIH(QDOI + 5@'1) + Migensitive mass X072 Sln(2€00t + 5§2)

The unbalanced torque component of the effective signal frequency is isolated
and other frequency signals can be filtered in the narrow band circuit such that the
accuracy of the instrument is not affected. The unbalanced torque can also be
written as

M nbalance = Msensitive mass [ZOnénO COS(d’of + 70) + Xong Sin((])of + 5{1)

1 ..
+ Ezongﬂz sin ((pot +0ap — yz)

That is to say, the unbalanced force of the sensitive element along the rotating
axis, under the action of constant acceleration and acceleration with the frequency
2¢, will generate harmful torque, and under the action of the acceleration of the
effective signal frequency, the unbalanced force along the vertical direction will
also generate harmful torque.

According to Eq. (2.4), the unbalanced force is substituted into the motion
equation of the sensitive element in Eq. (1.46) and the following equation is
obtained

Aljout = ¢(]w) Mgensitive mass0H&y, COS Q.DOt + Yo + arctan[@(jw)]
0=, W=,

0= =

+ ¢Ow) Msensitive massX072¢, Sil‘l{qb()l + 5(1 + arctan[di(jw)}}

1 . . . .
+ B (D(]w) Migensitive mass20M e, SINS Qo + Oy — 72 + arctan[di(](p)]
0=, 0=,

(4.2)

The maximum value of the error occurs when the phase shifts of three com-
ponents coincide.
Without considering the phase shift in Eq. (4.2), the form is
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1
Aljout = @(](D) <msensitive mass<072¢én, + Mgensitive massX07{; + Emsensitive mass20/¢n,
W=,

sin{ (ot + arctan[P(jo)] }

W=Py

(4.3)

The impact of the unbalanced force only affects the amplitude of the output
signal because the unbalanced torque has nothing to do with the measured angular
velocity, so with the increase of the measured angular velocity the impact of the
unbalanced force on the amplitude of the output signal is reduced by the form of the
relative value.

It should be pointed out that the torque caused by the unbalanced force of the
sensitive element is generated not only under the action of the various accelerations
outside but also under the action of the centrifugal acceleration which act on the
center of mass and when the center of mass moves along the axis OZ and the axis
0X, the torque is

)
Mnbatance = AcentrifugalMZ0 = MPX020 (44)

The torque at this moment is constant so when the aircraft rotates around the
longitudinal axis the frequency does not produce an alternating and false signal.
The sensitive element acts on this torque and will be slightly deflected by the
constant angle o:

_ Munbalance _ mxpZo (4 5)
By 2B, '

It should be noted that unlike with the unbalanced torque, the angle has nothing
to do with the instability of the rotating velocity around the longitudinal axis of the
aircraft. In the design of the structure of the instrument, the problem of Eq. (4.5)
should be noted to ensure the design margin of the deflection angle of the sensitive
element. However, the angle o described by Eq. (4.5) is very small under the
condition of good balance. In order to eliminate it, some measures are required to be
taken in advance.

In a similar way that the amplitude of the output signal is affected, the dynamic
unbalance of the sensitive element is also affected. That is to say, the inertia
centrifugal torque of the sensitive element is not zero when the three axes of the
coordinate system connected to the sensitive element are selected as a reference. At
this time, the constant unbalanced torque Mynbalance = sz(p(z) can make the sensitive
element deflect by a fixed angle.
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4.2 Error Caused by Angular Vibration
and Circumferential Vibration

Chapter 3 shows that the instrument is capable of measuring the angular velocity of
the aircraft when the aircraft has angular oscillation and circumferential vibration,
even if the frequencies of the angular oscillation and the circumferential vibration
are less than 1/2 of the rotation frequency of the aircraft.

Obviously, continually increasing the angular oscillation frequency and the
circumferential vibration frequency of the aircraft will lead to the result that the
component of the self-rotation frequency of the aircraft is not in the input signal and
the output signal of the instrument and the error of the instrument will rise.

The input signal of the aircraft rudder can correctly process the angular velocity
and must modulate the angular oscillation frequency and the circumferential
vibration frequency by the self-rotating frequency of the aircraft. These frequencies
produce the harmonic signal of the self-rotating frequency of the aircraft at the end
of the output signal.

The instrument’s harmonic signal of the self-rotating frequency of the aircraft
will be explained and occurs in the case that the angular vibration frequency and the
circumferential vibration frequency are twice the self-rotating frequency of the
aircraft.

For any rotating object in fact, there is such a vibration and the rotating element
of a non-driven mechanical gyroscope is no different.

The impact of the angular vibration of the aircraft on the instrument’s output
signal has been analyzed previously and this angular vibration rotates around a
horizontal axis when this frequency is equal to twice the self-rotating frequency of
the aircraft around a longitudinal axis. In this case, the angular velocity of the
aircraft in Eq. (3.2) can be described by the following expression:

Q: = Q" sin d, cos y, cos 2¢t (4.6)
Q, = Q"sin d, siny, cos 2¢yt '

Select 6, = 3, and the output signal component of the effective frequency in the
form of (3.41) is:

Uout(t) =-U_ Sin((pot‘i’ Vv — X,) (47)

where &, = 0, the constant Ty,mping is very small, and the constants T; and 7T, are
very large.
KKimegratorZTl (Cl - Al - Bl)(.POQV
2 2 -3 sy o 12 2 -2\2
2fI(momemI(electric curreanz \/[T() nTamplify Py — (nTamplify + 2CT0)§00] + (1 - T() (/7())
(4.8)

U_ =
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2 integr: rT 7
=t arctan(Tgamping @) — arctan (T} ¢,) + arctan M
2 |- T207
. . . 9
— arctan [”Tamp'ify — 2To(&o + é)] @ + TonTampiity 5 (49)
1 — (T3 4 2&TonTumpiity ) 93

The phase relation of the error indicates that the change of the error occurs in the
case of the opposite of the effective signal phase. The maximum value of the error is
analyzed, namely the amplitude value. Assume that nT,mpisy is very small, then

KKintegrator2Tl (Cl —A; — B )(pO‘QV

2Kmomeanelectric currenth2 \/(25T0(p0)2 + (1 - 7%(/)(2))2

U_ = (4.10)

It is obvious that Eq. (4.10) is zero in the resonance condition, that is, in the
condition of the angular vibration with twice the self-rotating frequency of the
aircraft the instrument has no error.

Because

1 2
= e =) (411)

A2, =
V@ET0go)* + (1= T368)°  \/(2ew’ + (2 — 1)

Then, by using the detuning coefficient, Eq. (4.10) can be simplified as

_ ;LBIKKintegratoﬂTl (HZ - 1)(/)0‘9“

2
2Km0mentKelectriccurrent T2

(4.12)

The maximum error is

_ lKKinlegratorZTl (HZ - 1)(2)09\/ _ )vBlKKinlegratorZTl(l - #2)(})09\/

Unax = -U- = 2 2
2B 1 K momemKelectric current T2 2K, momentKelectric current T2

Assume that y?> <1, and the amplitude U,y > 0. Because there is the angular
vibration of the aircraft whose frequency is twice the self-rotating frequency the
amplitude of the effective output signal of the instrument is reduced. The vibration
frequency of the circumferential vibration is equal to the self-rotating frequency of
the aircraft but the signs are opposite.

In this case, the angular velocity of the aircraft in Eq. (3.3) can be described by
the following expressions:

Q: = Y sin dy cos (W - Vl//)

4.13
Q, = —Q" sin oy sin (Yt + 7y) "
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Select 6, = 3, and the output signal component of the effective frequency in the
form of (3.150) is:

Uout(t) = _Ul// sin ((pot + Yy — Xlﬁ) (414)

Because Egs. (4.7) and (4.14) are the same, it is certain that in the condition that
the frequency of the circumferential vibration is twice the self-rotating frequency,
the effective frequency of the output signal is generated and the phase and the
amplitude are equal to twice the self-rotating frequency.

It is obvious that when the resonant point is more precisely tuned, the error with
the vibration whose frequency is twice the self-rotating frequency of the aircraft
will be greatly reduced.

4.3 Error Caused by Imprecise Installation

The deflection angles of the self-rotating axis of the aircraft and the vertical axis of
the sensitive surface of the instrument’s sensitive element are investigated in this
book. When the circumferential vibration frequency is equal to the self-rotating
frequency of the aircraft, it can be regarded as the partial circumferential vibration.

In this case, apart from rotating around the longitudinal structure axis OZ;, the
aircraft rotates around the horizontal axes OX; and OY; as shown in Fig. 4.2. At the
same time the rotating velocity around the horizontal axes OX; and OY; of
the aircraft is constant in the coordinate system connected to the aircraft. Because
the angle ¢ is very small, the rotating velocity around the longitudinal axis OZ; of

Fig. 4.2 Determination of
the angle by which the
rotation axis of the aircraft
deviates from the longitudinal
axis
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the aircraft, is in fact equal to the rotating velocity around the axis OZ' of the aircraft
and is equal to ¢, cos .

The projections of the angular velocity of the aircraft on the three axes of the
coordinate system OXYZ:

QX = QX[ COSOC—‘y—QZl sino = QX[ — QZIOC = _()bOX — quZOC
Qy = —a+Qy, = =0+ ¢oy (4.15)
Q7 = Qx, sina+ Qz cosa = Qx, 0+ Qz, = —Poxa+ @z

Substitute Eq. (4.15) into Eq. (1.30) and obtain
—B1% — (C1 — A1) (= Qox %+ @oz) (= Poz® — Pox) — Dys =0 (4.16)
—By8 — Dysi+ (C1 — A1) (95, — dox) % = (C1 — A1) (o — 1) oy oz

When the angle o is very small and o is compared with 1, «* can be ignored.
Then

—Bi& — Dy8+ (C1 — A1) (57 — 9oy ) = —(C1 — A1) Pox Poz
Because

Pox = (o sino siny
Qoy = Qo Sind cosy (4.17)

Poz = (o €08
After some replacement:

B+ Dys — (C — Al)(bg(cos2 & — sin? & sin? y)oc =(C) — Al)q'og sin d siny cos §
(4.18)

Because the angle ¢ is very small, the sine squared of this angle can be ignored.
The solution for the motion Eq. (4.18) of the sensitive element has the following

form:

(Ci —Ay)@jsind siny cosd

- _ = —tand si 4.19
(C1 — Ay) @3 cos? d ane sy (4.19)

While ¢ is very small, there holds
o= —0Jsiny (4.20)

Equation (4.20) shows that in this case the deflection of the sensitive element is a
constant angle o and this angle is determined by the ratio of the projection of the
rotation velocity ¢, on the axis OX; and ¢.
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Fig. 4.3 Illustration diagram 7
of physical meaning

a Centrifugal

a Centrifugal

It should be noted that when y = 90°, the angle o will have a maximum value
(o0 = 8). Because, in the ideal movement condition of the aircraft,  may be quite
large, it should be guaranteed that the swing angle of the sensitive element of the
instrument is more than a few times J. 0 can reach 5°, therefore, a margin of a
reasonable multiple such as 10° should be added to the swing angle of the sensitive
element.

Equation (4.20) can be physically explained in the following way.

As shown in Fig. 4.3, when there is the angle 0, the centrifugal acceleration
acting on the sensitive element should make its plane perpendicular to the rotation
vector.

The above description is related to the component ¢yyx. The impact of the
component @,y on the instrument is determined by making the angle o = 0.

According to Eq. (4.20), the angle o = 0, because the component ¢,y is directed
along the vibration axis of the sensitive element, but due to ¢y, the resulting
gyroscope torque is balanced on the base of the sensitive element. When the aircraft
or the base of the instrument has the velocity ¢,y, the relative velocity of the
sensitive element with respect to the base of the instrument occurs. At this time, the
constant output signal of the instrument is generated and together with this signal
the damping torque is also generated. This torque is proportional to the relative
velocity of the sensitive element with respect to the base of the instrument and this
torque enables the sensitive element to rotate along with the base.
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4.4 Error Caused by Change of Environmental
Temperature

The normal working temperature range of the instrument is —40 to +75 °C. The
effect of the temperature on the output value of the instrument is related to the
temperature characteristics of the magnetic induction of the magnet. The magnetic
induction of different magnetic materials in different temperature ranges can reduce
or increase with an increase of temperature. Thus, the magnetic induction of the
magnet in a general form is as follows:

B = B°(1+ BAr) (4.21)

where B is the magnetic induction, which does not change with the change of the
temperature; f3 is the temperature coefficient (1/°C) (f can be positive or negative);
and At is a change of the temperature (°C).

The temperature on the magnetic induction in the working gap of the mag-
netic system affects the output value of the instrument twice: the first time is to
measure the coefficient of the winding and the second time is to measure the
coefficient of the torque winding. If the measurement of the change of the winding
coefficient leads to a change of the damping effect [Eq. (1.179), then the winding
coefficient change of the torque affects not only the damping coefficient expression
(1.179), but also the amplitude of the instrument output signal (Eq. 2.12)]. Firstly,
the impact of the temperature on the damping of the instrument is analyzed and then
the impact of the temperature on the amplitude and the phase of the output signal is
analyzed:

2 R2
Dreedvack = (BO) WmeasureWmomenlazc2 R.R (1+ ﬁAt>2 = D(f)eedback(l + ﬁAf)2
187

(4.22)

where D(f)eedback is the damping effect that does not change with temperature.
The attenuation coefficient of vibration is

Dieedvack  Dedback 2 0 2
= = 1Ak (] At)” = 1 At 4.23

where ¢ is the attenuation coefficient that is not related to temperature.

Because f is very small (the temperature coefficient of a good magnetic material
does not exceed 10%/°C), the temperature characteristics in Eqs. (4.22) and (4.23)
can be regarded as linear and as reaching the maximum value at the edge of the
temperature range. The relation curves between the ratio of the maximum error and
DY, iback» and the temperature coefficient § are shown in Fig. 4.4.

Therefore, the temperature change causes the damping change, which leads to
the change of amplitude and phase of the output signal.
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Fig. 4.4 Impact of D Feedback
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In order to reduce the influence of temperature, small temperature coefficients of
the magnetic material must be selected as shown in Fig. 4.4. For example, the
temperature coefficient of (NdjsFe7;Bg)ff = —0.000151/°C, and in this case the
change of the variation of the damping coefficient and the attenuation coefficient
within the range of the whole operating temperature is 3.5% (or a relative value
D(f)eedback = i175%)

The impacts of temperature on the amplitude and phase of the output signal are
analyzed. According to Eq. (2.11) and the impact of the tuning coefficient, the
amplitude of the output signal has the following form:

ZéKimegratoﬁ Tl 2

X . (4.24)
momentXelectric current T22 \/(#2 _ 1)2 + (25#)2

Uamplitude = (,u2 + I)BIQ

Using the expressions of the torque winding coefficient and the current amplifier
coefficient (Eqs. 1.176 and 1.178), and the expressions of the integrator parameters
(Egs. 2.74 and 2.76) obtains

28Ry u(1 +1)BQ
Bwmoment@cR4C) \/(’uz _ 1)2 + (25/1)2

Uamplitude = (4 25 )

Substitute Egs. (4.21), (4.22) and (4.23) and obtain

BowmeasureaCR2R7Bl (.uz + I)Q(l + ﬂAt)

Uamplitude = >
R4Cl \/[¢OBIR1R7(.“2 - 1)]2 + (BO)2wmeasurewmomentazczRZ(1 + ﬂAt)z]

(4.26)
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Fig. 4.5 Impact of temperature on the amplitude of the output signal

In the case of resonance (¢ = 1), Eq. (4.26) can be simplified as

R;2B Q2
(Bo)wmomentaCthC] (1 + ﬁAt)

Uamplilude = (4 . 27)

From Eq. (4.27) it can be seen that for the stability of the amplitude of the output
signal the parameters of the mechanical and electronic elements of the instrument
must be stable.

When the temperature changes, the ratio of the amplitude of the output signal to
the amplitude at room temperature is analyzed. Therefore, using Eq. (4.26) and &°
obtains

Usmplae (L4 BAN (2 = 1 + (22

i \/ (2 =1+ [%"u(l + ﬁAt)2]2

(4.28)

Uamplitude(At = 0) B

The relationship between Eq. (4.28) and the temperature 7 is shown in Fig. 4.5.
In order to establish Fig. 4.5, the temperature coefficient and the vibration attenu-
ation coefficient fo = 0 of (NdsFe7;Bg) are used. Because the amplitude error is
small and the impact of the attenuation coefficient is very small, it is not necessary
to analyze the errors with different £°. When the tuning coefficient is 0.9, the error in
the range of the whole operating temperature is 1.6%.

It should be noted that due to the error caused by the environmental temperature,
the electronic part of the instrument must be chosen from circuit elements with
good temperature stability.
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Fig. 4.6 Impact of 2(O=x(1=20"C)/(°)
temperature on the phase 0.2
of the output signal
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The impact of temperature on the phase of the output signal is demonstrated by
the damping. As a result, the temperature only affects the phase component of the
output signal of the oscillating element. According to Eq. (2.23) and the tuning
coefficient

o
¥ = — arctan (,uf—ﬂl) (4.29)

Substitute Eq. (4.23) into Eq. (4.29) and obtain

0 2
y = — arctan (K(jl;r—_ﬁlm)#) (4.30)

The phase of the output signal in Eq. (4.30) is described graphically and the
phase of the output signal at room temperature is deducted as shown in Fig. 4.6.
The precondition of establishing this figure is to use (Nd,sFe7;Bs) and assume that
1= 0.9 and & = 0.5 in Eq. (4.30). In this way, in the range of the whole operating
frequency, the maximum error of the phase is 0.4°.
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Fig. 4.7 Relationship curve between y(7) — y(t =20 °C) and ¢ and u a Relationship curve
between the maximum error and the attenuation coefficient. b Relationship curve between the
maximum error and the detuning coefficient

The shape of Fig. 4.6 is actually linear and at the end of the operating tem-
perature range the maximum phase error is obtained, and the relationship between
the maximum error, the attenuation coefficient and the tuning factor can be found
(Fig. 4.7).

Figure 4.7a shows that with an increase of the attenuation coefficient, the phase
of the output signal is reduced. When the tuning coefficient increases, the phase of
the output signal decreases (Fig. 4.7b), and in the case of an accurate tuning the
relation curve between the phase of the output signal and temperature does not
exist.

Therefore, the scheme that is independent of temperature can guarantee stability
of damping and reduce the temperature error to an insignificant level.
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Chapter 5
The Micromechanical Accelerometer
and the Micromechanical Gyroscope

The micromechanical inertial sensors in the fabrication of micromechanical tech-
nology mainly include the micromechanical accelerometer and the micromechan-
ical gyroscope.

5.1 The Micromechanical Accelerometer

5.1.1 Basic Principle, Technology Type and Applications
of a Micromechanical Accelerometer

The micromechanical accelerometer is usually composed of the masses that meet
the standards and hang in the benchmark framework with the aid of elastic elements
(such as cantilever beams, etc.). Due to the action of acceleration, displacement of
the standard mass occurs and is proportional to the acceleration. The movement of
the mass can be measured by many methods, for example by measuring the
capacitance change between the mass and the auxiliary electrode, or by measuring
the change of the pressure-sensitive resistance through the strain gauge that is
integrated with the elastic element. The basic principles of these two kinds of
measurement methods are shown in Fig. 5.1.

In order to achieve a high sensitivity and low noise it is necessary to use a large
mass, which is suitable for the bulk micromachining process. It is easy to integrate
the surface micromachining process together with electronic circuit, which can
avoid a wafer bonding process in the bulk micromachining process. Now consider
the combination of a bulk micromachining process with a surface micromachining
process, and only one process is needed to achieve a micromechanical
accelerometer with a large mass on a wafer. Micromechanical accelerometers with a
protection function for damping and overload, and the property of self-detection are
produced by surface micromachining technology in large quantities.

© National Defense Industry Press and Springer-Verlag GmbH Germany 2018 153
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Fig. 5.1 Basic types and basic principles of a micromechanical accelerometer, a Capacitor;
b Pressure-sensitive resistance

Table 5.1 Micromechanical accelerometers in the United States automotive market (unit:
millions Euros)

Years/Year 1991 | 1992 | 1993 | 1994 | 1995 [1996 |1997 | 1998 |1999 |2000
Airbag system 21 55 89 88 151 127 129 131 133 135
ABS 0 8 8 16 24 31 50 52 54 56
Suspension system | 0 6 13 18 26 19 19 20 21 22
Total 21 69 110 122|201 177 198 203 [208 213

The main application market for micromechanical accelerometers is the auto-
mobile industry, for use in anti-lock braking systems (ABS), suspension systems
(0-2 g) and airbag systems (up to 50 g). Table 5.1 details the automotive appli-
cations of the micromechanical accelerometer in the United States over the ten
years between 1991 and 2000. Only in the United States has the market sales of a
micromechanical accelerometer exceeded two billion Euros. It must be noted that in
this period the price of each micromechanical accelerometer reduced from 100
Euros to 9 Euros, but the sales volume has continued to grow.

In addition to the automotive industry, the micromechanical accelerometer is
widely used in other fields especially in those application fields with a lower fitting
cost or a need for miniaturization such as the active monitoring devices in the fields
of biological medicine and medical equipment. In addition, it also has a wide range
of applications in consumer electronics such as the active anti-shake system in
video cameras. The parameter comparisons of some commercially available
micromechanical accelerometers are brought together in Table 5.2.

The ADXL 250 micromechanical accelerometer is a flexible folding structure
with good linearity and can perform a biaxial measurement. Figure 5.2 shows a
product photo of the CSEM MS 6100, which is a precise low-power capacitive
micromechanical accelerometer (170 pA, 3 V) with a high dynamic stability (at
2 g, the stability is 2 mg), but poor low temperature stability (the typical error is
200 pg/°C).

The variable stress of the mechanical structure is used to change the resonant
frequency of the structure and can produce a resonant micromechanical
accelerometer with high resolution and high stability (Sect. 5.1.6). By enhancing
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Table 5.2 Parameter comparison of commercial micromechanical accelerometers

Model XMMAS SMBO050 | SMB060 | ADXLS50JH ADXL.250JQC

(Manufacturer) | 401GID (Bosch) (Bosch) (Analog (Analog Devices)

Parameter (Motorola) Devices)

Axis number 1 1 2 1 2

Full scale +40 g +35¢g +35¢g +50 g +lg

range

Drift error as |- - - 15¢g 03¢g

g=0

Temperature —40-105 - - - —40-85

range/°C

Direct current/ |5 7 12 10 3.5

mA

3dB 400 400 400 1 300 1 000

bandwidth/Hz

Nonlinearity/ 0.5 0.5 0.5 0.2 0.2

%FS

Axis N/A N/A 1 N/A 0.1

alignment/(°)

Noise density/ | 7.8 - - 6.6 2

(mg/Hz)

Encapsulation | 16 foot, 28 foot, 28 foot, 10 foot, TO-100 | 14 foot, Cerpak
DIP, SIP PLCC PLCC

Fig. 5.2 CSEM MS 6100
capacitive micromechanical
accelerometer (assembled
with the corresponding circuit
on the mixed circuit board)

the damping capacity and the rigidity of the micro-resonator, their dynamic ranges
can be further expanded. In the military industry, the micromechanical
accelerometer has also been used in a many ways such as in the rotating flight
control system and so on.
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5.1.2 The Working Principle of a Micromechanical
Accelerometer

There is a standard mass in the basic structure of a silicon micromechanical
accelerometer, which is connected to a relatively fixed frame by one or several
elastic elements. Assuming that the effective elastic coefficient of the elastic com-
ponent is K and the damping coefficient is D, then according to the Newton’s
second law of motion

Fex = —=ma (5.1)

where Fey is the force acting on the mass; p is the momentum; and a is the
acceleration of the mass m.

The deformation of the elastic element is caused by the force acting on the elastic
element, which leads to the displacement of the mass, that is,

Fex
e (5.2)
K K

dst =

The subscript st of the displacement d represents static, that is, Eq. (5.2) is only
applicable to acceleration with a slow change.

Figure 5.3 shows the simplified structure and integrated component composition
model. The dynamic behavior of the system can be analyzed by the following
differential equation:

F1 = Kx
F2:DU
Ex & g (5.3)
m—s- — +Kx = Fopy = ma )
dr dr ext

where F,, is the external force acting on the reference frame, Kx = Fy, D‘cjl—’t‘ =F
and a mass is fixed on the frame.

Fig. 5.3 Integrated Elastic element
component structure model of ;’{ =Kx
a micromechanical Y VY
accelerometer i Mass
_IJ_| Fo.—=ma
E =Dv f—
Damper 2

Displacement
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By using a Laplace transform, the second order transfer function can be obtained
from the mass displacement due to acceleration:

Xts) 11
A(s) 24D K24 Gsto;

m m

(5.4)

where o, is the resonant frequency, w, = \/K/m; Q is the quality factor and
0 = wm/D.
According to these relationships, Eq. (5.2) can be rewritten as

dy = a/o? (5.5)

The above equation marks the break point between the resonant bandwidth (the
resonant frequency range) and sensitivity. In order to achieve a higher DC sensi-
tivity, the resonant frequency of the system should be lower. The impact of feed-
back on this equation will be discussed later.

The thermal motion of the standard mass is one of the main factors limiting the
performance of the micromechanical accelerometer. According to the theory of
thermal dynamics, for any form of energy storage the thermal energy of a system
with an equilibrium state is equal to k5T /2, where kg is the Boltzmann constant and
T is the temperature. Therefore, for a smaller mass, its thermal motion is also larger
and is called “the acceleration which is equivalent to the total noise (TNEA)”. It can
be calculated by

2 / /
Af m Om

From Egq. (5.6) it can be seen that in order to measure smaller acceleration a
larger mass and a higher quality factor are needed.

5.1.3 The Micromechanical Accelerometer Manufactured
by a Bulk Micromachining Process

The micromechanical accelerometer manufactured by bulk micromachining can
produce a mass block with a wafer thickness, which is especially suitable for a
micromechanical accelerometer with high sensitivity and low noise. Figure 5.4
gives the section structure of a micromechanical accelerometer manufactured by
bulk micromachining, whose middle part is made up of a mass and a cantilever
beam, and whose upper and lower sides are glued with a piece of glass that protects
the structure and offers a limiting shock amplitude and a damping for the mass
vibration. The voltage sensitive resistor is integrated in the cantilever beam. When
the mass moves, the resistance of voltage sensitive resistor will produce a corre-
sponding change.
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Fig. 5.4 Structure of a pressure-sensitive resistance micromechanical accelerometer

One of the most important characteristics that a micromechanical accelerometer
must possess is off-axis sensitivity. This requires that the device is only sensitive to
the acceleration in a certain direction and is insensitive to other directions. From
Fig. 5.5a it is easy to understand that in the case of a simple cantilever support, the
width of the arm beam is key. A y axial acceleration can cause the mass to rotate
around the x axis so that the cantilever beam is twisted. Figure 5.5 also shows a
variety of beam connection structures for a micromechanical accelerometer which
can be used for bulk micromachining. The double arm structure shown in Fig. 5.5b
has very low sensitivity to the y axial acceleration. However, the x axial acceleration
will make two cantilever beams bend because the gravity center of the mass is
lower than the position of the cantilever plane, and this bending displacement
cannot be distinguished from the amount of the bending caused by the z axial
acceleration. This problem can only be solved by use of a multi-beam structure as
shown in Fig. 5.5¢—f. In the structures shown in Fig. 5.5¢—f, the z axial acceleration
causes the mass to rotate. The effect of these structures can be detected separately,
so their off-axis sensitivities can be reduced to a very low level. The main problem
of a multi-beam structure is the influence of the residual stress in every cantilever
beam. In addition, when the displacement is large, the tension force in the cantilever
will change the linear characteristic between the acceleration and the displacement.

(a) (c) (e)

Fig. 5.5 A variety of beam connection structures for a micromechanical accelerometer which can
be used for bulk micromachining
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The symmetrical structure shown in Fig. 5.5e does not have the above effect. If a
certain stress occurs in the cantilever, the mass will make a small rotation around
the shaft to make the stress effect disappear.

It is easy to make the pressure-sensitive resistance type of micromechanical
accelerometer and electronic circuit for measuring the change of resistance.
However, compared with the capacitance, it is affected by the temperature change
and the sensitivity is low. The advantages of a capacitance type of micromechanical
accelerometer include high sensitivity, good performance in terms of low frequency
response, low noise, little drift, less sensitivity to temperature changes and a low
energy consumption.

Furthermore, the capacitor structure of the capacitive micromechanical
accelerometer can be integrated in production and a closed-loop feedback circuit
with an electrostatic force rebalance can be formed for the automatic detection
system. The automatic detection system is especially important for safety equip-
ment in the monitoring field such as automobile safety air bag systems. The main
drawbacks of a capacitive micromechanical accelerometer include: higher
requirement for the detection circuit; and the fact that in order to reduce the parasitic
capacitance, the interface of the electronic circuit should be as close to the sensor as
possible and in order to prevent the interference of the electromagnetic field, it is
necessary to have good shielding.

The structure of a capacitive micromechanical accelerometer for bulk microma-
chining is shown in Fig. 5.6. The mass can be connected to one or two cantilevers
(or more cantilevers) and its aim is to improve the suspension symmetry of the
sensor and reduce the off-axis sensitivity of the system. On the other hand, the
asymmetry suspension structure can be achieved by measuring three axial accel-
erations with a mass. One example is shown in Fig. 5.7, where the mass has four
electrodes with a shape similar to a four-leaf clover and is suspended on four
cantilever beams. The structure and the shape of the mass block allows for a longer
arm beam and a larger capacitance area in a smaller space. In the z axial acceler-
ation, the mass also moves along the z axis such that all the capacitive reactance of
the four capacitances will be changed (Fig. 5.7b). If the acceleration is on the x axis
or the y axis, then they will make the mass tilt (Fig. 5.7c) and the capacitive
reactance of two capacitances will increase, while the two other capacitances will

Electrode Heat resistant glass

/

¥

- cage
Silicon

i
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\

Fig. 5.6 Structure of a capacitive micromechanical accelerometer for bulk micromachining
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Fig. 5.7 Three axis capacitive micromechanical accelerometers for bulk micromachining, a Rest
position; b Vertical displacement due to z axial acceleration; ¢ Tilt due to x axial acceleration;
d Top view of the mass and suspension structure

decrease. Under the condition of a first order approximation, by changing the
magnitude of four capacitances the three axial components of an arbitrary input
acceleration vector can be measured independently.

The sensitive axes of most single axis micromechanical accelerometers with
bulk machining are perpendicular to the surface of the wafer and hence the
accelerometers are called z axis micromechanical accelerometers. One of the rea-
sons for this design is that it is easier to make this structure by wet etching. The
structure of a micromechanical accelerometer whose sensitive axis is perpendicular
to the crystal sphere surface is shown in Fig. 5.8a. This requires that the elastic
element has a high rigidity in the vertical direction, or in other words the thickness
of the cantilever should be much larger than its width. The main advantage of this
structure is that the off-axis sensitivity is very low since it is highly symmetrical.
The usual method of making a cantilever beam with a large aspect ratio was to use
reaction ion deep dry etching, but in 1997 a lower cost method was developed
where a standard KOH wet etching process is used to vertically etch the (100) plane
on the wafer (100). The etching process is shown in Fig. 5.8b. It should be noted
that the amount of wet etching under the oxide mask layer should not be less than 1/
2 the thickness of the wafer so the wet etching time must be carefully designed and
strictly controlled.
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Fig. 5.8 Fabrication process of the z axial micromechanical accelerometer and cantilever beam,
a Micromechanical accelerometers with bulk machining whose sensitive axis is parallel to the
crystal sphere surface; b A large aspect ratio cantilever beam manufactured by a standard wet
etching process

5.1.4 The Micromechanical Accelerometer Manufactured
by a Surface Micromachining Process

A bulk micromachining process for manufacturing a micromechanical accelerom-
eter also has many disadvantages and one of the most important disadvantages is
that there must be a process where the glass is bonded to both sides of the silicon
wafer with the aim of creating a suitable and mobile air gap for the mass, and to
control its damping capacity and provide a capacitive interface. Because the thermal
compatibility between the silicon and the glass is very poor, their adhesion may
exacerbate the impact of the external temperature on the device and the long-term
stability of the device becomes worse due to the slow self-release of the residual
mechanical force. Therefore, high precision devices can only be manufactured with
a silicon wafer. When a capacitive micromechanical accelerometer is manufactured,
there is a compromise method with a large capacity and a low damping. This
reducing of the air gap can effectively increase the capacitance, and can increase the
damping so the micromechanical accelerometer for bulk micromachining is pack-
aged in the condition of the designed pressure, which can control the damping
performance of the product. The surface micromachining process can integrate the
product in a wafer and it is very easy to integrate with the interface of the electronic
circuit. Also, because it is a thin film structure, the method for making a
through-hole array can be used to control the damping.

Micromechanical accelerometers manufactured by a bulk micromachining pro-
cess and micromechanical accelerometers manufactured by a surface microma-
chining process can also be distinguished by their sensitive axes. In the vertical
structure, the mass is perpendicular to the movement of the wafer surface axial, and
the mass itself constitutes one of the electrodes of the flat capacitor. In the planar
structure, the sensitive axis is parallel to the surface of a wafer, the mass is attached
to a comb structure, and the other group of the fixed comb structure is deposited on
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the base. These two groups of the comb finger structure are crossed and overlapped
to constitute a comb capacitor. When the mass senses the acceleration and moves,
the comb electrode on the mass will move, that is, the acceleration can be measured
by the change of the capacitances between the two groups of comb electrodes. The
advantage of the vertical structure is that it has a much larger capacity than the
parallel structure, and this can be as high as 1 pF, while the capacity of the plane
structure is less than 200 pF. However, the electrostatic force generated by the
asymmetry of the vertical structure and the capacitance between the capacitor
electrodes will push the mass to the surface of the wafer.

Figure 5.9 shows an example of a micromechanical accelerometer with a vertical
structure, where the area of the mass is 400 um x 400 pum and the mass is sus-
pended on the base by four supporting beams. The mass is one of the electrodes of
the capacitor and the other electrode is made on the surface of the substrate. Firstly,
the through-hole array on the mass completely etches the oxide sacrificial layer
between the mass and the surface of the substrate. Because there is some air
between the mass and the substrate these holes will reduce the damping effect
caused by air compression. In order to optimize the sensitivity of a microme-
chanical accelerometer, the inertial mass must be as large as possible while the
elasticity coefficient in the z axial of the suspension system should be as small as
possible. The upper limit of the dimension of a mechanical structure is dependent
on the smoothness of the polysilicon layer, and also affects the size of the mass. For
micromechanical accelerometers with a micromachined silicon surface, the typical
weight of the mass is about 0.5 pg.

Because the mass is very small, in order to achieve certain sensitivity a soft
elastic element must be selected. However, this must not be too soft otherwise the
mass will droop due to gravity or self-vibrate and even adhere with the substrate. In
Fig. 5.9, the vertical elastic coefficient of the supporting cantilever beam is
designed as 1.1 N/m, thus the 10 mg acceleration can only cause 0.05 nm dis-
placement and also requires a sensor circuit that is very sensitive to position.

Fig. 5.9 Z axial E:ﬁrj
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Fig. 5.10 Microphoto of a comb electrostatic drive actuator and the schematic diagram of the
floating effect caused by an asymmetric electrostatic field force, a Comb electrostatic drive
actuator; b Schematic diagram of a floating effect

As has been mentioned previously, there is a critical defect in the vertical
structure such that the voltage of measuring the change of capacitance can generate
an electrostatic force that pulls downward. In order to solve this problem, in the
design of Fig. 5.9, a circle of a comb structure is added to the periphery of the mass.
A force that is opposite to the electrostatic force is generated by the comb structure
enabling the mass to stay in the normal position as shown in Fig. 5.10. The silicon
substrate surface plays the role of a grounding electrode and can cause an asym-
metric electric field, that is, an asymmetrical electric field distribution around the
active finger electrode is formed and generates a pure pulling force, and if the
displacement is small this force is approximately proportional to the square of the
bias voltage. There is another solution where an auxiliary electrode is added to the
mass but the whole manufacturing process becomes more complex.

Figure 5.11 shows a micromechanical accelerometer with a plane structure—a
product developed by Devices Analog Inc. in 1995. The mass of this microme-
chanical accelerometer is suspended on the substrate through a U-shaped spring
piece and two fixed points, and the mass also has a large number of through holes.
These through holes are also used for etching the oxide sacrificial layer under the
mass as it is difficult to completely remove the sacrificial layer without these
through holes. However, unlike the vertical structure, for the planar structure these
through holes are no longer needed to control the damping properties of the z axial
movement of the mass. A comb structure is assembled onto the sensitive position of
both sides of the mass and the electrostatic field force is applied onto the mass. The
electrostatic field force can also be used for force feedback (Sect. 5.1.5) and
self-detection.

Obviously, as long as one micromechanical accelerometer with a vertical
structure and two micromechanical accelerometers with a plane structure are made
simultaneously on a chip, a three axis micromechanical accelerometer can be
achieved. Figure 5.12 gives the chip photo of this device—a micromechanical
accelerometer with a surface micromachining with three axial accelerations
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Fig. 5.11 Top view of a micromechanical accelerometer made by a surface micromachining
process and with a sensitive axis parallel to the wafer plane

Fig. 5.12 A
micromechanical
accelerometer made by a three
axial polysilicon surface
micromachining process
(middle part), the Z-A
readout circuit and control
circuit (a peripheral part of the
chip), and a master clock in
the lower right part integrated
in the chip
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completely integrated in the middle part of the chip. The control circuit (labeled as
Circuitry) and the readout circuit Z-A (labeled as £A) of every axial accelerometer
are simultaneously integrated in the chip by the process of 2 pum CMOS.
Compared with a bulk micromachined device, a micromechanical accelerometer
with surface micromachining has many advantages, but its mass is too small and the
noise is too large and these are critical defects. Because the bulk micromachined
accelerometer is very large, the whole bandwidth from DC to 100 Hz can achieve
an equivalent noise level that is less than 1 pg/v/Hz Eq. (5.6) of a high sensitivity
device, the noise level of a micromechanical accelerometer with surface micro-
machining is 100 times higher than that of a bulk micromachined accelerometer.
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Fig. 5.13 Structure of a micromechanical accelerometer made by the combination of a bulk
micromachining process and a surface micromachining process (simplified)

For many commercial applications (such as in the automotive industry), the
micromechanical accelerometer with surface micromachining is not suitable and is
unable to satisfy many systems that require precision measurement such as an
inertial navigation and head mounted display tracking system. One of the solutions
is that as shown in Fig. 5.13, the bulk micromachining process and the surface
micromachining process are combined to create a micromechanical accelerometer.
In this device, when the polysilicon of the two layers is used to make the large mass
and the top cantilever beam, a process of adhering the wafer is not required. The first
layer (bottom) of a polysilicon structure layer is used to fabricate the fixed electrode
between the mass and the top (the electrode on top of the polysilicon is movable),
the fixed polysilicon middle electrode is reinforced by the polysilicon vertical
reinforcing bar which is made by using the method of a thin film deposition and a
backfill aspect ratio trench on the mass. The reinforcement of the upper electrode is
designed to be wider and shorter and some pillars of the electrical insulation are
made on the mass to support the upper electrode. These pillars are made on the first
layer of a polysilicon layer and an insulating layer is formed on the bottom and the
top surface of these pillars. The oxide sacrificial layers between the mass and the
first layer of polysilicon, and between the two electrodes is sealed in the polysilicon
layer, and fixed to enable them to achieve and maintain a necessary height.
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5.1.5 Force Feedback

From Egq. (5.5) it can be seen that the sensitivity of the micromechanical
accelerometer can be improved effectively by reducing the resonant frequency of
the mass. As long as an appropriate force gives a feedback to the device, the
sensitivity of the micromechanical accelerometer and the mutual restriction relation
between the vibration frequencies can be significantly changed. The feedback
makes the useful bandwidth of the micromechanical accelerometer increase, the
gain in the feedback loop becomes much larger and the bandwidth is increased. In
fact, because the auxiliary circuit can be added, a larger gain can be obtained. Thus
the bandwidth of the integrated micromechanical accelerometer cannot be consid-
ered and the mechanical bandwidth of the micromechanical accelerometer structure
can be used to optimize the sensitivity. In addition, a force feedback cannot improve
the dynamic range, linearity and drift of the device. For a micromechanical
accelerometer with a low resistance and a high Q value, a force feedback is one of
the main measures that prevents the mass from moving resonantly. This large
movement will deteriorate the linearity of this device and the vibration amplitude
also very easily exceeds the electrode spacing of a capacitive micromechanical
accelerometer.

Figure 5.14 gives the block diagram of a micromechanical accelerometer with a
feedback loop. The sensor part of the circuit is composed of a mass and a position
measuring circuit, and a compensator and a force feedback transmitter are added.
The feedback force is exactly opposite to the normal displacement of the mass so it
is necessary to maintain the stability of the system. No compensator system is
unstable because the micromechanical accelerometer is introduced beyond a force
whose phase shift, is 180° and whose frequency is beyond the resonance point.

An electrostatic excitation is generally used to generate the feedback force. As is
well known, there is an electrostatic attraction between the electrodes of the parallel
plate capacitors, i.e.,

lebl

Fel = 3 x—2 v (5 7)
Mass Position measuring circuit Compensator
\ Xy H (s)—v -
v—=F

Force feedback transmitter

Fig. 5.14 Block diagram of a micromechanical accelerometer with a feedback loop
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where b and [ are the sizes of the capacitor plates; x is the distance between the
electrodes; and v is the voltage between the electrodes.

It is can be seen that there is a quadratic relationship between the force and x and
v. If the plate distance is less than a critical value, the system is unstable and the
capacitor may fail. Thus it is necessary to anticipate and prevent the occurrence of
this process.

Because there is a quadratic relationship between the electrostatic attraction and
the voltage, the electrostatic actuator cannot be directly used. It is necessary to
linearize the electrostatic actuator as shown in Fig. 5.11. It is very easy to linearize
the symmetric micromechanical accelerometer. Each finger electrode of the mass is
configured with two fixed finger-shape electrodes to form a capacitance unit and the
voltages vy + Av and vy — Av are loaded. So, if the active finger-shaped electrode is
in the middle position of two fixed electrodes, there is a linear relationship between
the effective force Fgi and Av, i.e.,

1 ¢ebl
Fer = 2

(vo + Av)* — %i—l;l (vp — Av)? = %DoAU (5.8)
This is of course, not possible, so there will be some nonlinear relationships.

This technique cannot be used for an asymmetrical structure such as the

micromechanical accelerometer with a vertical structure in Fig. 5.9.

The common method and technology used to improve the linearity is to use a
pulse modulated feedback signal, which quantifies the feedback signal into two
electrical levels, and to use a comparator to select the feedback force signal.
Figure 5.15 gives a block diagram of a micromechanical accelerometer with a
digital force feedback loop where the comparator is only opened within a prescribed
time period specified by the sample frequency f;. In this method, the widths of all
feedback pulses are the same so when the unbalance occurs it will only cause
unbalance or increase the error but will not cause a distortion. This system is
equivalent to a modulator that converts A/D into X—A, and the mechanical sensor is
replaced by the noise wave filter. Through a low pass filter, the 1bit digital output
pulse-density tracking input acceleration is selected from 10 pulse-density codes
and outputs.

Fig. 5.15 Block diagram of a micromechanical accelerometer with digital force feedback loop
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5.1.6 The Resonant Micromechanical Accelerometer

Since the emergence of silicon sensors, one of the key research directions has been
to develop a sensor with a high resolution and a high stability, one of which is the
resonant micromechanical accelerometer. The basic working principle of the res-
onant micromechanical accelerometer is that the variable stress of the mechanical
structure can be used to change the resonant frequency of the structure and its
outstanding advantages include high stability, high resolution and quasi-digital
output.

Now, there are many varieties of resonant micromechanical accelerometers and
many successful commercial products have been developed since the 1990s.
However, it is not fast enough to be commercialized and there are not a lot of the
large scale mass products. The reason may be higher manufacturing costs, the fact
that its corresponding electronic circuit is more complex or the fact that its vacuum
packaging technology is more complex and has some specialized requirements.

The development of the resonant micromechanical accelerometer is based on the
resonant pressure transmitter and the difference is that the sensitive element of the
resonant micromechanical accelerometer is installed at a suitable position of the
cantilever beam in the cantilever—mass structure. Generally speaking, the design
and manufacture of a resonant micromechanical accelerometer is much more dif-
ficult than that of the pressure transmitter. The main reason is that the cantilever—
mass structure of the resonant micromechanical accelerometer must have the
appropriate damping characteristics, i.e., characteristics that come close to the
critical damping state, while the damping of the cantilever resonator should be as
small as possible so the sensitive element must be mounted in a sealed vacuum
chamber.

For a resonant micromechanical accelerometer, most common structures of the
sensitive elements is that the strain change of a dual retention cantilever and other
programs are used such as the stiffness change. The structure of a resonant
micromechanical accelerometer based on the stiffness change is shown in Fig. 5.16.
The structure of this sensor is made with a single crystal silicon layer on SOI

Detection

Mass

Drive
Connection point

Fig. 5.16 Structure of a resonant micromechanical accelerometer based on the stiffness change
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(Silicon on Insulator) wafer. Its thickness is about 10 pm and includes the mass, the
resonator and the retainer connected by both ends of two parallel beams, two nodes
connected to the beam and the mass, and the retainer. There is a comb-shaped
electrode at both ends of the beam resonator, and these are used for capacitance
detection of the resonant state and beam vibration of the electrostatic drive
resonator.

As described in Sect. 5.1.2, the resonant frequency of the cantilever mass is

o, = /K /m, where the elastic coefficient K is
K = Ebh® /P (5.9)

where b is the width of the beam (i.e., the width of SOI); # is the thickness of the
beam; and [ is the length of the beam.

For the prototype shown in Fig. 5.16, b = 10 um, h = 1 pm, [/ = 500 pm, thus
K = 1.36 x 1072 N/m. In this example m is 6 X 1072 %8, thus w, = 1 505 rad/s or
f; = 240 Hz can be obtained with this device.

In the mode of a fundamental frequency vibration, the resonant frequency of the
beam resonator can be expressed as

3EI,

wp = 4 [— (5.10)
mllsz

where I, is the inertia moment of the parallel beam structure; m’ is the mass of the
beam; and /. is the effective length of the beam, which is different from the length /
of the realistic beam because the driving mechanism is at the end of the parallel
beam.

For the bending motion of the parallel beam structure, the inertia moment will be

q
4

d
5
_ 2 2
I, = / bydy+/bydy

_d d_
2 5—h

where d is the width of the beam (Fig. 5.16). After integration

o (Sc) —

If the above-mentioned structural parameters are still selected, and for the beam
structure, d = 20 um, the initial inertia moment of the beam structure can be
calculated.
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Lo =181 x 102! m*

Assume the mass of the end of the parallel beam structure m’ = 2 x 10~ kg, the
effective length of one side of the beam structure /.y = 650 um, and by using the
above equation the initial vibration frequency of a beam structure can be obtained:
Wpo = 41000 rad/s or fi, = 6.52 kHz.

Equations (5.10) and (5.11) show that the resonant frequency is a function of the
parameter d. According to Eq. (5.2), d can be changed by the displacement of the
mass and the vibration frequency of the beam is changed due to the acceleration.

The average width of the beam structure is

d=dy 5 (5.12)

After taking the first order approximation
1 -
I %Ebhd (5.13)

Substitute Eqgs. (5.12) and (5.13) into (5.10) and obtain

3Ebh ma
= |—=|dy—— 5.14
@ 2mz§ff( 0= 3%) (5.14)
Thus
Awy, ma
= 5.15
Wpo ZKdO ( )

If the acceleration is 1 g, for this example, there is

Awy 6x107° x 9.8
Ore 2% 1.36 x 1072 x 2 x 105

= 10.8%

The basic design scheme of Fig. 5.16 can also be modified into the design
scheme of Fig. 5.17. In this structure, a pair of resonators is hung at two ends of the
mass respectively. The obvious advantage is that the orthogonal axial sensitivity
can be reduced and the temperature coefficient of the temperature effect is also
small.
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Fig. 5.17 Schematic diagram
of a differential design for the
resonant accelerometer

Resonator _—
Mass Acceleration

5.2 The Micromechanical Gyroscope

5.2.1 The Structural Basis of a Micromechanical Gyroscope

The structure of a gyroscope made by the process of silicon micromachining is
based on the mutual coupling resonator with two vibration modes. The first
vibration mode is used to drive the structure and the second vibration mode is
induced by the structure input angular velocity under the action of Coriolis force
and its frequency is the same as that of the first vibration mode. The amplitude of
the secondary vibration is proportional to the angular velocity. Because the
amplitude of the second vibration mode is much smaller than that of the first
vibration mode, it is important to match the induced oscillation frequency with each
other and increase the induced amplitude. The electronic regulator with an adjus-
table elastic constant or the design of a high symmetry structure can be used.

The first silicon coupled resonator gyroscope appeared in the early 1990s and its
structural layout is shown in Fig. 5.18. The device is made by the micromachining
process and is supported on the torsion beam. It has a micro mass made by doped
(p*™) single crystal silicon. Its peripheral universal support is driven by the static
electricity with a uniform amplitude, and the inner universal support moves due to
the induction. The rate resolution of this gyroscope is very low at only 4 (°)/s, and
the bandwidth is only 1 Hz.
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Input rotation speed 0

Gyroscope element

Universal support

0.33mm x0.6mm

Vibration output shaft

Electrode

Fig. 5.18 Coupled resonator gyroscope made with early silicon material

Table 5.3 Properties of the Parameters Values

MARS-RRI coupled Tilt stability 0018 (°)/s

resonator gyroscope
Noise 0.27 (°)/h
Sensitivity 10 mV/((°)/s)
Nonlinearity <0.2%
Source voltage 15V
Current (Separation Device circuit) 20 mA
Impact resistance 1000 g

By the end of the 1990s, micro gyroscopes made by the polysilicon surface
micromachining process were much more advanced numerous models were
available. The properties of the MARS-RR1 coupled resonator gyroscope are
shown in Table 5.3.

There are a number of other types of gyroscope that can measure the precise rate
such as IDT MEMS (Ion Doping Technology), and ring gyroscopes, etc. The ring
gyroscope also uses Coriolis force to transfer the energy from one mode to another
mode with 45°. In particular, the basic manufacturing process does not require the
use of deep etching technology for the manufacture of the vibrating parts.
Figure 5.19 shows prototype photos of two ring gyroscopes.

The national defense industry is very interested in silicon micromechanical
gyroscopes for applications such as the control of the rotating flight carrier, but with
the decrease in price of commercially available products there are rapidly expanding
civilian industries such as the automobile industry and mobile robot technology.
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Fig. 5.19 Ring gyroscopes, a University of Michigan, USA; b British DERA

5.2.2 The Basic Principle of a Micromechanical Gyroscope

Almost all the micromechanical angular velocity sensors are used to sense the
rotational motion of the vibrational element. The speed and rotational motion of the
vibrational element are combined together to generate a Coriolis acceleration that is
perpendicular to the vibrational direction and forces the vibrational element vibrate
according to the second mode. This mode is perpendicular to the first mode and its
amplitude is proportional to its rotational speed.

The Coriolis effect can be easily explained using Fig. 5.20a. Assume that there is
a ball that linearly moves on the rotating disk. Although the ball moves linearly
from the disk center to the disk side, the ball follows an arc trajectory on the disk
and the size of the arc is proportional to the rotating speed of the disk. The Coriolis
force is generated under the action of the acceleration. This Coriolis acceleration is
generated by the combination of the disk’s angular velocity vector Q and the
velocity vector v of the ball motion, i.e.,

(a} Center of rotation (b}
Ball
.
B o
F, - [
The motion dircetion d d
of the ball g
e
The ball’s motion ©
trajectory on the disk
[
Rotating disk /< The rotation dircction 0

Fig. 5.20 Coriolis effect, a Motion trajectory of the small ball shows the Coriolis effect on the
rotating disk; b Tuning fork angular velocity sensor with the principle of the Coriolis effect
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Fig. 5.21 Simplified
equivalent model of a
vibrating gyroscope

i K,
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atas {-I Z
ac=2vxQ (5.16)

A good example of Coriolis acceleration is the tuning fork angular velocity
sensor in Fig. 5.20b. The fork finger of the tuning fork is the differential drive but
its amplitude remains unchanged. The rotational movement with the fork handle as
the axis produces a Coriolis acceleration that is vertical to the driving force. This
Coriolis force can be detected by the fork finger bending or the torsional vibration
of the fork handle.

So far, almost all vibration gyroscopes are micromechanical gyroscopes. The
simplified equivalent model of the vibration gyroscope is shown in Fig. 5.21. This
equivalent model is a vibrational system with two orthogonal modes: the mass
along the x axis of driving vibration mode, the vibration frequency is w,, the mass
along the y axis of the induced vibrational mode, the vibrational frequency is w,,.
When working, the mass is excited to vibrate along the axis x. The driving
vibrational frequency of the excitation is ®, and the amplitude is A, thus

x = Agsinwgt (5.17)
If the system rotates around the z axis (a vertical paper) and its angular velocity
is Q, there will be a Coriolis force that acts on the mass along the direction of the
y axis:
F. =2mxQ (5.18)
Substitute Eq. (5.7) into Eq. (5.18) and obtain
F. = 2mA 0,Qc0s w4t (5.19)

The differential equation for the y axis motion of the mass is
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my+ 3+ Kyy = 2mA Qg sin (wdt n g) (5.20)

where c is the damping coefficient, K is the elastic coefficient, and their subscripts
indicate the motion direction.
The displacement in the y axis direction is

y =A,sin (wdt + g - (p) = A, cos(wgt — @) (5.21)

where A, is the amplitude of the induced vibration (the y axis vibration).
Assume that {, = ¢,/(2mw, ), thus

ZAdwdQ

UJE ( ) + Cy (:)2
ZC},wdwy
= arctan ————— 5.23
¢ = arctan 7~ (5.23)

From Eq. (5.22), the amplitude of the induced vibration A, is proportional to the
angular velocity Q. A, can be measured by a variety of methods and the angular
velocity can be calculated. If the damping ratio {, is smaller, Eq. (5.22) can be
rewritten as

24400402
Ay = d®d (5.24)

(1) + g

where Q, is the quality factor of the induced vibration mode, Q, =

2‘>v
If the vibration frequency induction w, is equal to the driving frequency wy,
Eq. (5.24) can be changed into

24,0
A, = dTQV (5.25)
y

Since Q is much smaller than w,, and in order to obtain a larger output signal,
the drive amplitude A; and the sensing pattern Q should be as large as possible,
while w, should be small.

For the gyroscope, the driver can use the electrostatic method, the piezoelectric
method, the electromagnetic method and the electric heating method and the
sensing mode can use the capacitance method, the pressure sensitive resistance
method or the piezoelectric effect method.
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5.2.3 Frequency Bandwidth

Equation (5.25) gives the gyroscope’s sensitivity, but it only has maximum sen-
sitivity in the condition of resonance with w,; = w,. Therefore, it is only applicable
to the condition when the angular velocity is constant and the bandwidth is equal to
zero. Generally speaking, the rate signal is dependent on time so it contains a series
of frequency components. Therefore, when the frequency component is non-zero,
the above discussion is insufficient. Two methods are often used to establish a clear
frequency range (bandwidth), which is then used to regulate the frequency com-
ponent of the signal that cannot be avoided:

(1) wg is separated from w,. This method can make the system’s bandwidth large,
but the sensitivity is decreased.

(2) To broaden the bandwidth of the system by using electromechanical feedback
technology, which includes the maximum sensitivity with w; = w,, but it must
be equipped with sophisticated electronic circuits.

Only the first method is discussed here. Assuming that the angular velocity
signal of the radial frequency o is

Q(t) = Qocoswyt (5.26)

According to Eq. (5.20), the differential equation of the mass along the y axis
motion should be

my + cyy + Kyy = 2mA 1Q0w4c08mqtcoswst

where the right part of the Coriolis force can be divided into two parts (one part
being the high end and the other part being the low end), the equation can be written
as

y+ &j} + wiy = AQow,[cos(wy + wy)t + cos(wg — )t (5.27)
Y

The solution of this equation is
y(t) = Bycos[(wq + wy)t + ¢, ] + Bi[cos(wq — wy)t + ¢)] (5.28)

where the parameters of the subscript u and 1 represent the high-end frequency
(wg + wy) and the low-end frequency (w; — @) respectively. The parameters in
this equation are

A4Q
B, = 4200 (5.29)

2
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wq(wg + wy)

¢, = arctan 5 (5.30)
{wf — (®a + ) }Qy

. s 2 (5.31)

¢, = arctan — 24P~ @) (5.32)

(0%~ (0u = 0|0,

According to Eq. (5.23), the frequency differences between ¢, and w, and w,
(i.e., Aw = wy — wy) are dependent, and if the difference between w, and w, is not
much, then

Wy
20,Aw

(p =~ arctan

For example, if w, = 1 kHz, Q = 1000, Aw = 180 rad/s (29 Hz), then ¢ ~ 1°.

In general, wy is usually smaller than w, by a few percent and when w; is a fixed
value, ¢, is also very small, and it can be approximately taken that with ¢»; = 0, the
amplitude of the sensing mode is expanded as

¥(t) = B,cos ®,cos w,tcos gt — B,cos ¢, sinwgtsin gt — B,sin ¢,sin wgtcos w,t
— B,sin ¢,,cos w tsin wgt + B1cos w,tcos wgt + Bysin wgtsin wgt
(5.33)

The signal is synchronously demodulated with cosmgyt, and the output will be
yo(t) = (Bycos ¢, + By)cos wst — Bysin ¢, sin oyt (5.34)

This equation can also be rewritten as

30(t) = Alw,)eosloyt — 0(0)] (5.35)

where
Alwy) = \/(Bucos ¢, +B1)* + (Bysin ¢,) (5.36)
0(w;) = arctan < %) (5.37)

Substitute Egs. (5.29), (5.30) and (5.31) into Eq. (5.36) and obtain
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0.\ 2 )

Alwy) = AaQowy - (1-2) +@+ 4(1— )
| CUyAw\/‘W&})szé (1+L"—JJ)2+@ 41+ 2+ &
(5.38)

where Q; is defined as
Qi = _Qy (539)

Equation (5.38) shows that the function A(cwy) is equivalent to the amplitude of
the resonant vibrational system with the effective quality factor Q;. From Eq. (5.39)
it can be seen that Q; is dependent on Aw and is usually much smaller than Q,. For
example, if Q, = 1000, f; = 900 Hz and f, = 1000 Hz, then Q; = 100.

The relationship curve between A(w;) and w; is shown in Fig. 5.22. From
Eq. (5.38), in the case that o, =0, A(0) =~ A;Qy/Aw, ie., the amplitude is
inversely proportional to Aw. When w; = Ao, its peak value can be Q; times higher
than A(0), i.e., A(0) : A(Aw) ~ Q:A(0).

The bandwidth of the gyroscope can be calculated using Eq. (5.38). If the signal
frequency is smaller than Aw and their difference is very large, 1/Q? in Eq. (5.38)
can be ignored and Eq. (5.38) can be approximated by

Alwy) = M (5.40)

wyAw (1 - Aoﬁz)

The gain bandwidth Aw; whose gain is 3 dB can be determined by:

Aw? 1
100}
;_:: 10k
=
0 100 ¥
f/Hz

Fig. 5.22 Relationship curve between Aw, and wy, (Qy = 1000, f; =900 Hz, f, = 1000 Hz)
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Thus Aw; = 0.54Aw. This means that if the increase of the 1 Hz bandwidth is
needed (Awy), Aw must be increased by at least 1.85 Hz.

5.2.4 Thermal Mechanical Noise

The intrinsic thermal mechanical noise of the mechanical structure, in the process of
a small signal detection, often plays a key role in the restrictive function. The noise
level and the inertial force of a micromechanical accelerometer may be very small,
but for the gyroscope the Coriolis force is even smaller than the inertial force so the
influence of the thermal mechanical noise may be very serious.

For the induced vibration, as in Egs. (5.18) and (5.19),
my+c,y + Kyy = Fo = 2mQwqA,. If the bandwidth of the system is Af, the fluc-
tuating force which is caused by the thermal mechanical noise and is dependent on
the system is determined by

FN =V 4kBTCAf

where c is the damping coefficient; and kg is the Boltzmann constant.

Therefore, the angular velocity signal €,,, which is determined by the thermal
mechanical noise and is equivalent to the thermal mechanical noise can be calcu-
lated by the following conditions:

2anwdAd =1 4kBTcAf

kT, A
Q, = [kl (5.42)
mw3A;0,

where O, is the quality factor for the y axis; and w, is usually very close to .

According to Eq. (5.42), in order to decrease the angular velocity signal which is
equivalent to the mechanical thermal noise, some measures must be taken to make
the mass of the vibratory gyroscope, the working frequency w,, and the driving
amplitude A, as large as possible, and the system bandwidth Af limited to a small
value. One of the most effective ways is to seal the device in a vacuum such that the
value Q of the system can be significantly improved.

For example, the parameters of the gyroscope working at room temperature
(T =300 K) are as follows: Ay =10 um, m = 1.2 X 1079 kg; f; = 1000 Hz,
Af =100 Hz, 0 = 1000. Q, = 7.4 x 1074 rad/s is calculated, or 153° per hour.
Obviously, this is not a small amount and cannot be ignored in many applications.

Then
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If you want to extend the bandwidth but do not want to increase the impact of the
thermal mechanical noise on the equivalent angular velocity signal, then advanced
mechanical and electrical technology can be used but the signal processing circuit
must be applied.

5.2.5 Types of Micromechanical Gyroscope

The realization of a vibration gyroscope has many methods but the most commonly
used design method is still the tuning fork gyroscope. However, its structure is
completely unlike the traditional tuning fork shape and only their principles are
similar. The tuning fork gyroscope in Fig. 5.23 has a movable mass plate which is
similar to a tuning fork finger, but is driven by the comb potential driver. These two
movable mass plates can axially vibrate along two mutually perpendicular axes, and
in the structure shown in this figure the x axis has the same plane as the movable
mass plate and the y axis is perpendicular to the movable mass plate. The two axial
intrinsic vibration frequencies are w, and w,, respectively.

When working, two movable mass plates are driven into the different phases of
the vibration mode. When the device rotates around the axis z, the Coriolis force
begins to work on the two movable mass plates. The two forces are perpendicular to
the movable mass plate, but their directions are opposite. As a result, the oscilla-
tions of the two movable mass plates caused by the Coriolis force are in a different
phase. At the same time, such oscillations can be detected by the capacitance
change of the movable mass plate.

It is assumed that the structure in Fig. 5.23 is made of the polysilicon and the
movable mass plate is hung on the substrate and the space is 2 um. The geometric
parameters of this structure are also assumed as follows: the area of the movable
mass plate is 500 pm x 500 pm, the length of the cantilever beam is 500 um, and
the width of the cantilever beam is 2.5 pum. From these parameters, the following
results can be calculated: m=1.165 x 10~° kg, K, =0.17 N/m,

Detection electrode

Dirive electrode Drive electrode

-
-

Movable mass plate

Drive electrode
Cantilever

Fig. 5.23 Schematic structure of a tuning fork gyroscope
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o, = 12080 rad/s, K, = 0.109 N/m, w, = 9664 rad/s, and the initial capacitance
Co = 1.11 pF between the mass plate and the substrate.

If the amplitude of the driving vibration is 1 pm, the value of Q is 1000, and for
an angular velocity signal of 1 (°)/s, the amplitude of the induced vibration is
Ay =3.61 x 107 m.

As a result, the relative change of the capacitance is

AC A,

~—2=181x10"3 5.43
C (5.43)

that is, if the change of the capacitance range reaches about 20% of the capacitance
of the sensor, the operating range of the device will be about 100 (°)/s.

The biggest problem with an angular velocity sensor based on the Coriolis effect
is that the amplitude of the induced vibration is too small. For example, if the
vibration driving structure of the sine wave x(z) = Aysin(wyt), the Coriolis accel-
eration in Eq. (5.19) is

a. = 20A,0,4c08(wg4t) (5.44)

Therefore, when the driving amplitude Ay is 1 pum, the driving frequency w, is
20 kHz, and the angular velocity Q is 1 (°)/s, then the amplitude of the Coriolis
acceleration is only 4.4 mm/s®. If it is assumed that the value Q of the induced mass
system is 1 and the resonant frequency is similar to the driving frequency, then from
Eq. (5.5) the displacement is only 0.0003 nm.

In order to increase the amplitude of the induced vibration, two kinds of tech-
nique are usually adopted.

(1) Increase the amplitude of the driving vibration. From Eq. (5.44), the system
sensitivity can be improved by increasing the amplitude of the driving vibra-
tion. The electromagnetic excitation technique can be used to raise the vibration
amplitude to 50 pm, but although this method can greatly improve the output
signal level, it increases the total energy consumption of the system and in the
long-term working process the problem of fatigue damage may occur.

(2) Match the high quality factor, the driving frequency, and the resonant fre-
quency of the induction mode. From Eq. (5.44) it is known that the Coriolis
acceleration is essentially a signal of an amplitude modulation with a carrier
frequency wy. In order to match the resonant frequency of the induction mode
with wy, the gain of the structure can be increased by Q times, but at the same
time the bandwidth will be limited to the level of w,/Q. Therefore, the typical
value of Q in a vacuum is 10,000 and the bandwidth will be reduced to only a
few Hz. As has been mentioned before, in order to achieve an acceptable
bandwidth and improve sensitivity, it should disturb the resonant frequency and
the driving frequency moderately (mildly).

In order to obtain a larger driving amplitude the logical choice is to use elec-
tromagnetic excitation technology. Figure 5.24 shows a diagram of two kinds of
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(i]) ) I'»|~i<||: shaft (b) li-'\

Fig. 5.24 Tuning fork gyroscope a Double torsion shaft suspension structure; b Single torsion
shaft suspension structure

tuning fork gyroscope manufactured with a micromachining process using an
electromagnetic drive. A permanent magnet is assembled in the package tube to
form a static magnetic field which is necessary and is perpendicular to the surface of
the wafer. The alternating current is input through the finger of a tuning fork and
interacts with the magnetic field to produce a driving Lorenz force. The silicon
structure is bonded between two pieces of glass sheet and the vibration caused by
the Coriolis acceleration is sent through the capacitance, and the capacitance of the
electrode is made on the glass sheet. With the aid of finite element method
(FEM) analysis, the match of the driving and the resonant frequency of the
induction mode is very good. If the single torsion shaft suspension structure is used
as shown in Fig. 5.24b, then the metallization pattern should be deposited on the
tuning fork to conduct the excitation current. The production process of a single
torsion shaft is slightly more complex, but compared with a double torsion shaft it
has many advantages. Firstly, the loss caused by the suspension point is reduced
and the value Q of the single torsion shaft is much higher than that of the double
torsion shaft. In addition, the influence of the package stress and the temperature
fluctuation on the single torsion shaft is small for similar reasons.

In the tuning fork structure shown in Fig. 5.24, two masses undergo linear
acceleration. The effects of linear acceleration on the two masses are the same so the
position difference of the sensor can be used to eliminate the effect of a linear
acceleration. This is also the reason that two blocks of masses are used.

Figure 5.25 Top view of a double shaft angular velocity sensor with four masses

Four masses of a similar motor rotor structure can be chosen (Fig. 5.25) to
replace the above double mass structure. By using this method, the double axis
angular velocity sensor can be realized and the rotation around any input shaft will
force the structure to tilt, whose inclination can be detected by the electrode
capacitance of the structure and the substrate under the structure. Like the structure
in Fig. 5.24b, there is only one fixed point between the double axis angular velocity
sensor and the substrate. Thus the sensitivities of the structure to the mechanical
stress and the thermal stress of the substrate and the packaging can obviously be
reduced.
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Cantilever beam

The main vibration

Fixed point
Comb vibration

Fig. 5.25 Top view of a double shaft angular velocity sensor with four masses

(a) (b)

(c) (d) (e)

Fig. 5.26 Main manufacturing processes of a double axis angular velocity sensor, a Constituting
an insulating layer; b Forming a grounding solder joint; ¢ Making a capacitor electrode;
d Depositing a buffering layer; e Etching a pattern

Figure 5.26 shows the main manufacturing process of a double axis angular
velocity sensor. Firstly, an oxide layer is generated by thermal oxidation, a silicon
nitride layer is deposited and they constitute the insulation layer on the silicon
substrate. The pattern and the window should be made on the insulation layer to
form a grounding solder joint with the substrate. The polysilicon layer of 300 nm is
deposited and the pattern is etched as the capacitor electrode before a layer of 10%
PSG (phosphor silicate glass) is deposited as a sacrificial layer. Next, a polysilicon
layer of 7 um thickness is deposited and the second layer of PSG is deposited on
the structure layer. When there is PSG on the structure layer and under the structure
layer, the relatively balanced low impedance layer can be guaranteed to be formed
by the polysilicon during the annealing process. The polysilicon layer is then etched
to form the structure pattern by a rapid ion etching (RIE) process. The comb
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structure part needs doping by the POCI; diffusion process to further improve
electrical conductivity and finally the sacrificial layer (PSG) is completely removed
in the buffer solution of HF.

The main problem of a double axis angular velocity sensor is the mutual
crosstalk between two induction modes. As has been mentioned previously, in
order to enhance the amplitude of the sensor signal the resonant frequency of the
induced vibration should be close to the driving frequency. But it is clear that if the
resonant frequencies of two induction modes are selected as the driving frequency,
coupling between them is inevitable. The developers of the double axis angular
velocity sensor proposed a solution in which one resonant frequency of the
induction mode is tuned at the upper end of the driving frequency and the other is
tuned at the lower end of the driving frequency. In this way, the resonant fre-
quencies of two modes are very close to the driving frequency, but there is an
optimized isolation between them. The tuning of the induction mode is imple-
mented by controlling the bias voltage of the capacitor electrode.

This scheme also uses force feedback technology in order to better detect the
induction mode vibration as shown in Fig. 5.27. The feedback scheme imitates the
feedback system for an acceleration sensor in Sect. 5.1.5, with the difference being
that this scheme cannot increase the bandwidth because the resonance peak of the
induction mode is usually used to increase the sensitivity with the cost of reducing
bandwidth. The main advantage of this closed-loop system is to enlarge the dynamic
working range and improve linearity. Figure 5.27 shows that differential induction
and the driving process are applied to this structure and like Eq. (5.8) there is a
linear function relationship between the feedback force and the voltage AV.

Figure 5.28 shows another angular velocity sensor based on rotational vibration.
A good performance is obtained through the coupling between the drive and the
mode. There is a ring component in the center of this structure and a square
component around the ring component. These two components are connected to
each other through two torsion springs and the comb driver is made into the spoke
of the inner turntable. The whole structure rotates with an oscillation around the z-
axial rotating oscillation under the electrostatic driving of the comb electrode. Four

Fig. 5.27 Feedback system T T——— —— e —
of a double axis angular i T
velocity sensor V+AV 1 s —— ‘ V,— Av
0 —_—
i = LIl = 4
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Fig. 5.28 MARS-RR angular velocity sensor, a Sectional drawing; b Top view

comb drivers are used as the actuators of an initial vibration, while another four
comb drivers are used as a vibration detector. When the device is adjusted to its
sensitive axis (here the x axis), the Coriolis force will cause a rotation with oscil-
lation along the y axis. In this direction, the cantilever beam is very rigid and
completely curbs the vibration of the inner disk. Only the square structure can
respond to the motion of the Coriolis force because it connects the inner disk with a
torsion spring. As mentioned above, the secondary vibration (an induced vibration)
can be detected by the capacitance change of the electrode on the substrate.

There is an angular velocity sensor which is a kind of ring vibrational gyroscope
and its structure is shown in Fig. 5.29. The gyroscope loop is supported at the
center of the circle through eight semicircular leaf springs and a large number of the
driving and detecting electrodes are placed at the surrounding of the structure. The
ring is driven by the electrostatic force and vibrates with an elliptic curve (from the
circle to the ellipse) of the constant amplitude on the plane. When the structure
rotates around the z axis, the Coriolis force will result in the transfer of energy from
the first drive mode to the secondary flexural vibration mode with an angle of 45°.
The variation of the orientation of the long axis of the ellipse and the amplitude of
the secondary vibration are proportional to the angular velocity and can be detected
by the capacitance. The ring vibrating structure has some important characteristics:
due to the inherent symmetry of the structure, the system is less sensitive to par-
asitic and noise vibration and secondly, because the driver and the induction mode
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Fig. 5.29 Structure of a ring
vibrating gyroscope

are the same, the matching degree of their resonant frequencies is very good and a
very high sensitivity can be achieved. Because of the asymmetry of the quality of
the mass or the elasticity of the spring sheet caused by the production process,
appropriate bias can be applied to the electrode and the electronic circuit is used to

compensate.



Chapter 6
The Working Principle of a Non—-Driven
Micromechanical Gyroscope

In 1990s, with the development of microelectronic technology there was a variety
of silicon micromechanical gyroscopes available and they used the Coriolis force
generated by the vibration mass that is driven to rotate by the base, to be sensitive to
the rotating angular velocity of the carrier. Because the micromechanical gyroscope
must be driven and the established initial vibration can be sensitive to the rotating
angular velocity of the carrier, the design and the production of this gyroscope is
problematic.

In order to avoid the difficulties that are brought to the design and the production
of a silicon micromechanical gyroscope by the driving component, this chapter uses
the rotation of the rotating carrier as a driver and uses the Coriolis force generated
through the transverse angular velocity that is perpendicular to the self-rotation
angular velocity of the carrier (the pitch or yaw angular velocity) to be sensitive to
the transverse angular velocity of the carrier (the pitch or yaw angular velocity).
This gyroscope has no drive component so its structure is simple and easy to
process.

6.1 The Structure Principle

Figure 6.1 shows the structure principle of a silicon micromechanical gyroscope
which is sensitive to the transverse angular velocity of the rotating carrier (the pitch
or yaw angular velocity) and is driven by the self-angular velocity of the rotating
carrier. Four capacitors are formed between four electrodes and the silicon mass.
The coordinate system oxyz is fixed on the silicon mass of the gyroscope, & is the
angular velocity that swings around the oy axis of the silicon mass, ¢ is the rotating
angular velocity of the carrier, and Q2 is the pitch or yaw angular velocity of the
carrier. The gyroscope is fixed on the rotating carrier and with the rotation of the
carrier, so when the gyroscope rotates with the angular velocity ¢ and pitches or
yaws with the angular velocity €, the silicon mass is subjected to a Coriolis force
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Fig. 6.1 Structure principle of a silicon micromechanical gyroscope

with a periodic change (the frequency of the Coriolis force is the rotating frequency
of the carrier), and the swing along the axis oy is generated, which causes the
capacitance change of four capacitors (C;, Cy, C3, C4) consisting of the silicon
mass and four electrodes. As shown in Fig. 6.2, the capacitance change signal is
converted into a voltage change signal and amplified. The voltage signal which is
proportional to the measured angular velocity € is obtained.

Figure 6.3 shows the structure of the silicon mass for the sensitive element of the
gyroscope, where ag, aj, ay, as are the sizes of the x axis, by, b», bs are the sizes of
the y axis and £ is the thickness of the silicon mass.

6.2 The Dynamic Model
6.2.1 The Mass Vibrational Model

The angular velocity of the rotating carrier is used to drive the mass vibration of the
silicon micromechanical gyroscope, which can be described through the coordinate
transformation in Fig. 6.4. In this figure, o&y( is an inertial coordinate system (a
fixed coordinate system); ox;y;z; is the pitch or yaw coordinate system; 0x,y,2, is
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the spin coordinate system of the carrier; and oxyz is the coordinate system con-
nected to the silicon mass.

In the inertial coordinate system oy({, from the momentum moment theorem of
the fixed point rotation of a rigid body, the following result can be obtained:
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Fig. 6.4 Coordinate system

z, 2 ¢

%y
%
n
q [ G M
P G, | =1| M, (6.1)
Ge My
G
where | G, | is the momentum moment of the silicon mass of the gyroscope in
Gy
G ¢ M:
the coordinate system oén(, ie., | G, | =J| o, |; | M, | is the moment of
Gy oy M

the silicon mass of the gyroscope in the coordinate system o&n(.
When the coordinate system oxyz is selected as the inertial principal coordinate
system of the silicon gyroscope mass, the inertia moment matrix J is constant.

(1) In the inertial principal coordinate system o&y(, the coordinate system ox;y;z;
can be reached by rotating around the o¢ axis with the angular velocity € and
the included angle Q,, then

Gi le Mf Mxl
Gy | =A"Gu |- | M | =4"" My (6.2)
Gg Gzl MC le
1 0 0
where A is the transformation matrix, A= | 0 cosQ¢t sinQr |, which is a
0 —sinQt cosQt

function of the time.
Substitute Eq. (6.2) into Eq. (6.1) and obtain



6.2 The Dynamic Model 191

d le 0 0 0 le Mxl
d— Gyl +(10 0 —-Q Gyl = ]V[yl (63)
"\ G, 0 Q 0 G., M.,

(2) In the coordinate system ox;y;z;, the coordinate system ox,y,z, can be reached
by rotating around the oz; axis with the angular velocity ¢ and the included
angle ¢, then

le Gx2 Mxl Mx2
Gy | =B ' Gp |- | My | =B"| My (6.4)
Gzl GzZ le Mz2
cosp sing 0
where B is the transformation matrix, B= | —sin¢ cos ¢ 0 |, which is a function
0 0 1

of the time.
Substitute Eq. (6.4) into Eq. (6.3) and obtain

0 —¢ 0\ /G G 00 0
¢ 0 0| Go|+4|Ge|+B[0 0O —@
0 0 0/\G, G 0 Q 0 65)
Go My
B Go|=|Mp
Gp My

(3) In the coordinate system ox,y,z», the coordinate system oxyz can be reached by
rotating around the oy, axis with the angular velocity & and the included angle

o, then
ze Gx Mx2 Mx
Gp | = c! Gy |, | My | = c! M, (6-6)
Gz G, My M,
cosue 0O —sina
where C is the transformation matrix, C = 0 1 0 , which is a

sine. 0 cosa
function of the time.
Substitute Eq. (6.6) into Eq. (6.5) and obtain
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0 —¢ O G, G,
@ 0 0|c'|g, +% c'| G
0O 0 O G, G,
0 0 O G, M,
+Bl0 0 -Q|B'Cc'|G |=C"|Mm,
0 Q 0 G, M,
(6.7)
Simplify Eq. (6.7) and obtain
0 —Qcos @sina — ¢ cos o —Qsing+4 G,
Qsinocos @ + ¢ cos o 0 @sino—Qcosgpcosa | X | G,
Qsing — o Qcospcosa — ¢psina 0 G,
G M,
e | =|m
G, M,
(6.8)

In the coordinate system oxyz, the momentum moment of the silicon block of the
gyroscope is

G, vy Jx ¥y
G |=s{v,|=(2v (6.9)
GZ "pz JZ lpz

where J,, J, and J, are the inertia moment of the silicon block of the gyroscope on
the axes x, y and z respectively; and y,, \, and , are the components that are the
projections of the angular velocity vector of the gyroscope silicon block on the
coordinate system oxyz, i.e.,

v, Q cos ¢ cosa — ¢ sina
Yy | = —Q sin g+ (6.10)
v, —Q cos @ sino+ ¢ cosa
Thus
G, /. Je ¥, J(Q cos ¢ coso — ¢ sina)
G |=s|v | =1 ]= T,(—Q sin @ + &) (6.11)
G, v, A J,(—Q cos ¢ sina+ ¢ cos o)

Substitute Eq. (6.11) into Eq. (6.8) and obtain three dynamic equations, where
the dynamic equation on the oy axis is
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(J¢ + J.) Q% cos g sina cosa + (J, — Jy)p?sina cosa + J, 2 ¢ cosp cos2o

. dQ (6.12)
—J.Q¢cosp+Jy0 — J,Q2 pcosp — stm(p M,

The external moment on the oy axis is
M, = —Kroa — Da

Because Q2 < ¢, Qs ignored. Because o ~ 0, there holds sino ~ o and
cos o = cos 20 &2 1. Set dQ/dt = 0, then

S+ Do+ [(J, — Jo) @ + Kr]o = (J; +Jy — J)Q ¢ cos(t) (6.13)

where Jy, J, and J; are the inertia moments of the silicon mass on the axes ox, oy
and oz; Kr is the torsion stiffness coefficient; and D is the damping coefficient.

Je=13 {a3b3h(b2 +h?) — asbsh(b5 + h?) — ay (bs — by).

3
xh[z (b3 = bi) + 1>+ Z<b3 +b1)2] }
Iy = asbsh(@ + 1) — axboh(a3 +17) (6.14)
—ay (b — by)h(aj +1*)]

—

azbsh( b2 +a3 — azbzh(b +a2)

5\’@

—ar(bs — by) X {(1% b1)2+a§+§(b3+b1)2]}

Assume  ag = 1.0 mm, a; = 3.2 mm, a, = 8.0 mm, az = 10.6 mm;
by =68 mm, b, =32mm, b3=9.6 mm, h=0335mm; p=233x 10_3g/
mm?>. Substitute these values into Eq. (6.14) and obtain J,=0475¢g mm?;
Jy = 0.632 gmm?; J, = 1.105 g-mm>.

6.2.2 The Solution of the Angular Vibrational Equation

Simplify Eq. (6.13) and obtain

5+ 2Ewos + wja = fo cos(r) (6.15)
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where
1 .
Wl = - [(J. — J.)¢* + K7 ] (6.16)
y
D D
f=m = : (6.17)
2(UOJy 2\/[(]2 —]x)@2+KT]]v
1 .
fo —J—(JZ—&-Jy —J)Qdp (6.18)
y

Its solution is
o= Ae"’cos(\/w% —n?r+ 5> + B cos(¢pt — f)

2
tan ff = PO
where A and § are the integral constants and are determined by the initial motion
conditions; B is the amplitude of the stable vibration; f§ is the phase difference, i.e.,
the angular vibration phase lag behind the exciting force with a phase angle f; and
n is the damping factor, n = Ewy.

With the increase of the vibrational time, the first part of this equation is failing
fast. The second part is determined by the forcing force and its frequency is the
exciting frequency of the forced force (i.e. the spin angular velocity of the carrier),
whose vibration amplitude is determined not only by the exciting force but also by
the exciting frequency and the parameters of the vibrational system J,, J,, J;, Kt
and D. The steady state solution of this equation is

focos(¢pt — f)
V(@3 — 02) +dn2?

o= B cos(¢pt — ) = (6.19)

Substituting the parameters and simplifying the result, obtains

ety = J)Qpcos(¢t — ) (6.20)

V10— de = 0)07 + K1) + (D)

The amplitude of the angular vibration is

(Jz +J>' — JX)¢
VIV = = 1)¢2 + Kr]” + (D¢)?

Q (6.21)

Oy =
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In the denominator of this expression there is an elastic torsion coefficient K.
Therefore, the impact of the unstable parameters (the spin angular velocity ¢ of the
aircraft) on the output signal cannot be excluded even if it is in the resonant mode.
At the same time, the dynamic viscosity is

According to the proposed measurement precision, the silicon micromechanical
gyroscope uses other strategies to choose the parameters. Firstly, the physical
properties and the existing processing technology of the silicon should be noted. In
the design, the relationship between the inertia moment and the elastic torsion
interaction coefficient is

(Jz - Jx - Jy)ﬁbz < KT (622)

It should be noted that when the parameters in Eq. (6.21) are selected such that
the parameters in the denominator do not satisfy the following relationship:

the stability of the damping coefficient D is lower than the elastic torsion coefficient
Kr. In addition, it is difficult to achieve the parameter relationship because
increasing the damping coefficient D needs a reducing of the space between the
sensitive components (the silicon mass) and the plate, thereby the maximum
deflection angle of the silicon and the tangent of the corresponding output curve
will be reduced. Therefore, in the parameter design there holds

Kr > D (6.24)

Thus the value of the denominator in Eq. (6.21) is determined by the stable
elastic coefficients of the gyroscope’s sensitive element (the silicon block).

However, in this case, the output signal of the silicon micromechanical gyro-
scope is directly proportional to the rotating angular velocity of the aircraft, and the
output signal is very unstable. In the actual research, in order to eliminate this
drawback the output signal is obtained by measuring the differential angular
velocity in order to calculate the constant ¢, which can be obtained by adding a
microprocessor to the gyroscope (or by using the aircraft’s computer). Therefore, in
the silicon micromechanical gyroscope the resonant mode may not be used but in
order to avoid the dynamic error, the lead non-resonant mode should be selected.
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6.3 Analysis and Calculation of Kinetic Parameters

6.3.1 Torsion Stiffness of the Elastic Supporting Beam

The structure of the elastic supporting beam of the gyroscope is shown in Fig. 6.5.
The length, width and thickness of the beam are, respectively, L, w and ¢. In order to
obtain the torsion stiffness of the supporting beam, the following assumptions are
satisfied:

(1) The torsion angle is proportional to the length of the supporting beam.

(2) The distortions of all the cross—sections for the supporting beam are the same.

(3) The torsion moments for two sides of the supporting beam torque are the same
and their directions are opposite.

In the above conditions, from elastic mechanics the torsion stiffness of the
supporting beam with a rectangular cross—section can be obtained

512Ga’h & 1 2a nnb
K=—7———+— —(1- h— 6.25
G w(es) e

where a and b are the width and length of the rectangular cross—section; and G is
the shear modulus for the material of the supporting beam.
From Eq. (6.25), the total stiffness for the supporting beam is obtained by

0.657Gr’w 657Gt3 - R 2Grw
K l——tanh—— | == 6.26
r= e 123:5 n* < nmw tan 2t ) 3 L ( )

Substitute w = 0.8 mm, L =0.8mm,t =0.025mm and G = 5.1 x 1010N/m2
into Eq. (6.26), there holds K7 = 5.313 X 107*N - m.

Fig. 6.5 Structure of the ¥ y
supporting beam
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6.3.2 Parameter Calculation of the Flexible Joints

The size calculation of the elastic joint section is shown in Fig. 6.6.
The function for the torsion rigidity of the section has the following form:

1 1
hz) { zeoto +x)° — ) (@ + heotor) ] {(zcotoc —x)? - ) (a + heota)?

1
=A ——h
Goc( 1 )

) zcotoc +x)*(zcotor — x)*

1
(zeoter 4 x)? (zeotor — x)* — (zcotor + x)* 1 (a+ heota)*

1
— (a + heota)*

(a+ heota)* (zcotor — x)* + T

I|
/_\
—_

(a+ heotor)? [ zcotar)? } 6 (a + hcotoc)4}
2

2
= AGoc( 1 zcotoc 2]
! (a+ hcota) [(zcotoc) +x } +— ! (a+ heotar)*
2 16

1
= AGu (zz — th) [z4cot o — 2Z22x%cot? o + x*

- % (a+ heota)*(Zcot’a+x%) + 1176 (a+ hcota)ﬂ
(6.27)

zcota—x—0.5(a+hcota )=0 2 - 0.5h=0 =t a+x—0.5(a+hcota)=0

zcota+x+0.5(a+hcota )=0 \ +0.5h=0 \ 2¢Ot a—x+0.5(at+hcota )=0

Fig. 6.6 Size of the elastic joint section
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0P(x, 1
éx 2 = AGo (22 - th) [7422)( cot? oo+ 4x® — x(a+h cot a)z}
X

[
9 éx, 2 AGa{6z cot* a—82°x% cot® o 4 2zx* — [hz cot? a4 2(a+h cot a)z} cot? o
4

1
+ 2 [hz cot? o — (a+h cot ac)z] + 3% [th cot? o+ (a+h cot a)z] (a+h cot oc)z}

(6.28)

According to the minimum integral condition of the section, the coefficient A is

determined as
<aq> x, z)) <a<p(x, z)>2
+
0z

= I3

Substitute Eqgs. (6.27) and (6.28) into Eq. (6.29) and obtain

1 1,\’ 2
g= Gza2// {§A2 [(z2 - th) [—4zzxcot2 a+4x —x(a+h cotoc)ﬂ
s

{61 cot* o — 823x% cot? o+ 22x* — 7 [h2c0t2a+(a+h cota)z] cot? o

—2Ga D(x, z)}dxdz (6.29)

1 2
+ 2 [hz cot? o — (a+h cota)z} + gz{th cot? o+ (a+h cota)z] (a+h cota)z} }
1
—2A (22 - 1h2> [z“ cot* & — 222x* cot’
1 1
+x*t - §(a+hc0toc)2(z2 cot? o+ %) + E(ath cotoc)‘ﬂ }dxdz

- G2 / RS

—la (x+Ya+h cota)) tan o la 1
= G%? / dz / {0(x,2)}dz + / dx / {0(x,z)}dz
~Ha+heotr)  —(x+4a+hcotn))tan ~la
Ha+heota)  (—x+3{a+h cotx))tana

+ / dx / {0(x,2)}dz

fa (xfé(a +h cot x)) tan o
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1 1 2 2
Ox,z) = EA2 [(zz - Zh2> {—4z2x cot? o+ 4x*> — x(a+ hcot a)z}

+ {6z5 cot* a — 82°x% cot? o+ 22x* — 2 {hz cot® o+ (a + hcot “)2} - cot® o

+ 2 {hz cot> o — (a+ hcot oc)z}
| 2
+ gz{th cot® o+ (a+hcotoc)2} (a+hcota)2} ]
1
—2A <z2 -1 h2> [2* cot* o0 — 227 cot® o0 + x*

1 1
f§(a+hcota)2(z2 cot” o+ x?) + E(aJrhcot oc)q }

o= Il | (5 + (””)2
LY e

oo (s o >}dxdzzA//@oxzdxdz}zz

2{A 8<I>0xz)) (aqb%(;,z)”dxdz_z //S%(x’z)dxdz}_o

jfsqbo x,2)dxdz
e

)’ 4 (202 }dxdz

—2Gad(x,z7) }dxdz

6.3.3 The Damping Coefficient of Angular Vibration
for the Vibrating Element

A rectangular plane whose length is A and whose width is B moves with respect to
the bottom surface with the gap /, and the damping coefficient of the film resistance
is produced as

Fuamy AB 1928 1 A
_ Ddamp 25 H g 3 nr (6.30)

= = — —t R
dhjdi 3 A Lo 55 "o

where p is the viscosity coefficient of gas.
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Fig. 6.7 Sketch map of the

v .
. . = Region | Region 2
dampmg regions

Region 3

Because the infinite series converges quickly, only the first item is selected, i.e.,

AB3 1923 tA] 96 x u 2B TA
D~ h3 AT[ h—:| ~ h31'[4 B°A 1—%Ztanh EE (631)

Due to the structural complexity for the silicon mass of the gyroscope vibration,
it is difficult to calculate the damping coefficient. In order to simplify the calcula-
tion, the silicon mass of the gyroscope vibration is divided into three regions with
different colors, as shown in Fig. 6.7. Then the overall damping of the gyroscope
vibration can be approximated to the accumulation of three regional dampings
(Fig. 6.3), from Eq. (6.31). The damping coefficients of the angular vibration for
the three regions can be obtained respectively, where r; = (az+a;)/4;
ry = (a3 +a2)/4; r3 = (al)/4

4x96 — a—a o3—a
Di(d,a) = =+ {(d+1r1a)3 + (dfi.af} (b32b2) 7 {1 B n%ai —% gtanh Eb% blﬂ i

Dy(d, o) = ZX%H[ L ) +( L )3] (“3 ‘12) x by { - (“3_“2>tanh "bz}r%

m (d+rya)’ d—ryo az—ay
4x96u 1 1 3 bi—by 2 a (b1 —by)
Ds(d,2) =g [(d+r3a)3+(d*r3“)3](2) X7 [1 "B, nh =5 }@

(6.32)

The overall damping coefficient of the angular vibration is
D(d,o) = Dy(d, o) + Dy(d, o) + D3(d,o). When the gaps are d = 0.017 mm,
0.020 mm and 0.023 mm respectively, and the three relation curves between the
damping coefficients D and the vibration a; swing angles « are shown in Fig. 6.8.
From Fig. 6.8, when d=0.020mm and a=0, D(2x107°,0)=
1.231 x 105N -m - s.



6.3 Analysis and Calculation of Kinetic Parameters 201

Fig. 6.8 Relationship
between the damping
coefficients D and vibrational
swing angles ol
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6.3.4 Relationship Between the Angular Vibration Natural
Frequency, the Angular Vibration Amplitude
and the Measured Angular Velocity

From the calculation of the dynamics parameters, the angular vibration natural
frequency of the gyroscope can be obtained as

K
Wy = J—T = 917rad/s = 146Hz (6.33)
y

Substitute the dynamics parameters into Eq. (6.21), the relationship between a,,
and the measured angular velocity Q (Fig. 6.9) and the relationship between k(¢)
and ¢ (Fig. 6.10).

Fig. 6.9 Relationship
between a,, and the measured
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Fig. 6.10 Relationship
between the scale factor k(¢) 5.85r
and the rotating angular -
velocity ¢ of the carrier 5.14F
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When ¢ = 17Hz, Q= 0.0lrad/s and a, = 9.505 x 10~ 7rad, the vibration
amplitude of the outer edge of the silicon vibrating mass of the gyroscope is

A, = am% —5.03756 x 10°m

6.4 Signal Detection

The signal detection circuit of the silicon micromechanical gyroscope is shown in
Fig. 6.2. The pendulous reed of the monocrystalline silicon mass rotates with an
angular velocity ¢, and the change of the deflection angle o will lead to changes in
the four capacitors C, C,, C3 and C4 which are composed of the pendulous reed of
the monocrystalline silicon mass and a ceramic electrode plate. The varying signal
of the capacitance is changed into that of the voltage and is amplified, or in other
words the voltage signal change corresponding to the amplitude and the measured
angular velocity € can be obtained. The capacitance change rate of a rotating carrier
with a silicon micromechanical gyroscope is low and is susceptible to influence by
the distributed capacitor. As a result the signal is processed by the transform circuit
which uses the AC capacitance bridge as the interface and the capacitive sensitive
element as the working arm of the bridge. The bridge power supply is an AC
voltage with uniform amplitude, high frequency and stability. When the working
capacitance changes, the signal output of the amplitude modulated wave which is
modulated by the working capacitance change at the output end of the bridge can be
obtained. After the signal of the amplitude modulated wave is amplified and
demodulated, the low frequency signal output can be obtained.
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6.4.1 The Relationship Between the Output Voltage
and The Swing Angle

From Fig. 6.2, when the monocrystalline silicon pendulum has no deflection
(o0 = 0), there holds Ci=C,=C3=C4=Cy, but

ay — ap
2d

)+ (bs — ba) (2

Co = & (b1 = ba) D+ h(E )]

>d + bs( 2d (6.34)

When the monocrystalline silicon pendulum has a deflection (x # 0), there holds
C1=C4 and C,=C3, and the capacitance change is

I eAb

d = d =
¢ d+ ar S d+ ar

dr (6.35)

where d is the gap between the silicon mass and the ceramic electrode; « is the
deflection angle of a silicon mass angular vibration; and ¢ is a dielectric constant.
By integrating Eq. (6.35), the following result can be obtained

r
Ab Ab o=n
c:/ 0 =214+ —2 g (6.36)
d+or o 1+ 2a
r
e !llz—dflo a22—dul
=— — In{ 1 — In{ 1
C(d,O() OC|:(b] bz) H( +l+g_?la06>+(b3 bz)X n( +1—|—Z—HIIO(OC>
az—day
byIn( 1 2
+ b3 Il( + 1+g(21a06):|
(6.37)
e alz—dag u227da1
Ci=—-|(by —by)In|1 bs; — b In{ 1
1 (x|:(1 2)n(+1+§;aa>+(3 2)Xn<+l+g&aa>
e (6.38)
bzIn| 1
eon(1 5|
e a1 —ap a@—a
szg[(bl—bz)ln<l— fﬂg_oaa>+(b3—b2)x1n(1— " a)
2d 2d (639)
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— 2
2d
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From Fig. 6.2, the AC resistance is

1
R =
G 2ja)eC1
1
R =
@ 2jweC2
where o, is the AC angular frequency.
Thus
Vi= ! V.
14 2jw.CiR, Y
1
V,

-y
1+2jw,CoR, °

where Vg is the AC voltage on the bridge. Because C; and C, are very small, there
holds

Vi — Vo = 2jw,(C2Ry — C1R1)Vs (6.40)

Assume that Ry = R, = R, there holds

V1 — V2 = 2(()ER(C2 — Cl)VS (641)
(alfao)ot
2 o 1 + apol
Cr—C =2 (b, — by)In|— 2Lrax
z |~
o 42
e T I
+aju +axu
+(bs —by)In _ (@m—a)a +bsln ] _ (w=a)
2d7a1cx 2(17(123{
(a1—ap)«
4 eRVS l + a
Vi — Vs _ FE0W Vs (by — by) In |— 2+ @z
a =
s 4
1+ (a2—ay)« 1+ (a3—ar)u (6 3)
+ (b3 — by) In | —2LF4Z | 4 ppo I | — 24t
1— (gz:a])x 1— (;13:(12)0(
apo d—ayo

where Vg is the AC voltage on the bridge; w, is the AC angular frequency; and R is
the bridge resistance.

Substitute & = 8.85 x 107 12F/m, w, = 3.7 x 10°rad/s, R = 75kQ, Vs =5V
and the size of the mass (mm) into Eq. (6.43), and the relationship between the
voltage and the swing angle can be obtained (Fig. 6.11).
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Fig. 6.11 Relationship between voltage and swing angle a o o (0,0.005); b o x (0,0.002)

From Fig. 6.11a, it can be seen that when the values of d are 0.017, 0.020 and
0.023 mm respectively, three curves appear at infinity when o equals 0.00325,
0.00327 and 0.00437 rad. This means that the vibrating silicon mass contacts with
the upper and lower electrode plates. In order to maintain that when the silicon mass
vibrates it does not contact the upper and lower electrode plates, the structure size of
the sensitive element should make the vibration angle o o< (0, 0.002). From
Fig. 6.11b it can be seen that with the decrease of d, the changing rate of the output
voltage with respect to the swing angle becomes larger, therefore the value of d
should be reduced. But due to the decrease of d the processing difficulty is also
increased, thus d = 0.020mm. In Fig. 6.11b, when d = 0.020mm, and « lies in the
range of 0~ 0.002rad, the amplitude change of the output voltage is

Uout = (7.875 — 6.75)mV = 1.125mV

6.4.2 Signal Processing Circuit

1. Circuit Composition

The signal processing circuit is shown in Fig. 6.12. The power regulator pro-
vides a stable voltage for the pulse generator such that the pulse generator generates
a stable pulse signal.

The principle of the pulse generator is that when the input voltage reaches a
certain value, the Schmitt trigger changes from the static state to the working state,
but when the input voltage is dropped to a certain value, it changes from the
working state to the static state and a feedback resistor and a capacitor with a charge
and a discharge are added, and the final output is a periodic rectangular wave Uge,
as shown in Fig. 6.13. In this figure, Uss is the voltage of the signal pick—up
capacitor.



206 6 The Working Principle of a Non—Driven ...

- ) . Output amplifier with
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Fig. 6.12 Diagram of a signal processing circuit

Fig. 6.13 Voltages of the A
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Figure 6.14a gives a capacitance—voltage conversion circuit, i.e., a capacitance—
voltage conversion bridge, which obtains the capacitors Cs; and Cy, by a variable
spacing signal and is charged and discharged by diodes VD,, VD, and R, R,. The
voltage Ugen Which is generated by the pulse generator is added to the voltage input
end of the bridge and the charging and the discharging of the diode adjusts the
performance of the bridge. Inside the differential amplifier, there is an instrument
amplifier composed of three operational amplifiers whose amplification factor is
determined by Rs, as shown in Fig. 6.14b. The first part of the dual operational
amplifier is the band—pass filtering and the second part is used to correct the phase
and the output amplification as shown in Fig. 6.14c, d.

2. Circuit Analysis
(1) A capacitance—voltage converter

A pulse generator generates a rectangular pulse voltage Ugen, Whose high voltage
is +5 V and whose low voltage is 0 V. This voltage is added to the bridge. The
electric current charges the capacitors Cy; and Cy, through R; and R,, and also
charges Cy; and Cy, through the reverse diode. But the current through the diode is
small and can be ignored in the actual situation.

When t = 0~ T (Ugen = 5 V), the value of the voltage Usens Which is picked up
by the capacitor pickup depends on the value of the capacitors when
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Fig. 6.14 Diagram of a signal processing principle a Bridge; b Amplifier circuit; ¢ Band pass
filter; d Phase correction and output circuit

t =T ~T(Ugn = 0). The voltage is determined by the characteristic of the diode
and can be regarded as O.

(1) In the process of charging, i.e.,

KT <t<kT+T, k=0,%£1,£2,...
there holds
Uy = Un (1~ e 4) (6.44)
Uy, = Um(l - e‘ﬁ) (6.45)

where Uy, is the amplitude of the exciting signal Ugep.

(2) In the process of discharging, i.e.,

KT+T <t<(k+1)T k=0+1,42 ...

Because the positive conductive resistance of the diode is very small, the charge
of the capacitor Cy; is abruptly released to zero through the diode VD, thus U, = 0.
In the process of charging and discharging (t = 0 ~ T), the DC component at the a
end of the output voltage is
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1 U, =N
Ua - ?/ Uadt - T |:T1 - Rlel (1 - eR]C“):| (646)

Consider the actual structure of the sensitive element and assume that Cy; =
Cy— AC and Cy, = Cyp+ AC where Cj is the intrinsic capacitance between the
electrode plates when the sensitive element is not subject to the Coriolis force, and
AC is the capacitance variation after the sensitive element is subject to the force.
Because AC < Cy, there exists Cy; = Cy — AC =~ Cy, and

Un T
U [Tl ~Ri(Co— AC) (1 - eRICIO)] (6.47)
Similarly
Un =
Uy~ [Tl — R(Co+AC) (1 - eRthJ)} (6.48)

Assume that Ry = R,, there holds

2UnRy (1 il

U ~ Uy — Uy = - em) AC (6.49)

The voltage of the bridge output is simplified as

Ust = GUyp (6.50)

where G is a magnification factor and G = 49.4kQ/Rs + 1.
Equation (6.50) can be expressed as

Uouw = KAC (6.51)
where
T
K= ZU;‘R‘ G(l - e—f) (6.52)

Because R;, R, and R;s are selected, G is not changed, T and T; are two fixed
values which are determined by the pulse generator and the connected resistor and
capacitance, and the amplitude of the exciting signal Uge, is Uy, and thus K is a
constant. The output signal is proportional to the size of the capacitance change.
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(2) The transfer function of the circuit

In Fig. 6.14b, the low pass filter is composed of R3, C; and R4, C, respectively.
After the signal is amplified the transfer function of the circuit is

G 494 x10*+Rs

H = =
) = RCs 1 ReRaCrs TR

(6.53)

where R3; = Ry4; C) = Cy; and s = jo (o is the angular frequency of the voltage
signal).

In Fig. 6.14c, the amplifier can be regarded as an ideal operational amplifier so
the input current of the operational amplifier is zero, Isy = —I5 and I = 0. From
Kirchhoff’s law, there holds

Lh+L=05L+1L

U, —U, U, - U, U U U.
Il: ! A712: 2 A7]3:_A7I4:_A515:—2
R; Z Z Ry Rg
where
1 1
Z =

= Zy=——
sCs : $(Cs+ C7+ Cy)

Thus the transfer function of the circuit in Fig. 6.14c is

1
k)
H2 (S) = = R7C (654)
i (S) s+ (gng:)s+ Rxflfcs (R% + Rl@)

where C = Cg + C7 + Cs.

By adjusting the values of C, Cs, R7, Rg and Ry in Eq. (6.54), improved fre-
quency characteristics can be obtained in the range of the spin cycle of the mea-
sured carrier.

In Fig. 6.14d, the amplifier can be regarded as an ideal operational amplifier, the
input current of the operational amplifier is 0, I;7 = —Ig, so from Kirchhoff’s law,
there holds

U, Us
=22 =2
7 227 8 Za

where Z3 is the impedance after Cy, Ry, and R;; are mix-connected,
Z3 = Ri1 + R11R12Cos/[1 + (R11 + R12)Cos]; and Z, is the impedance after Cjo and
Ry3 are parallel-connected, Zy = R13/(1 + Ri3C1ps).
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Thus the transfer function of the circuit in Fig. 6.14d is

I (S) _ UB(S) :@ 1+(R11+R12)C9S (6 55)
’ Us(s) R (14+Ri3Ci08)(1 4+ Ri12Cos) '

By adjusting the values of Co, Cjg, Ri1, R1» and R;3 in Eq. (6.55), the phases lag.
This is generated by the pre-amplifier and can be corrected, and the pre-signal is
amplified again.

The transfer function of the whole circuit is

" g
H(s) = H(s)Ha(s)H3(s) = 4}?5‘;:C112++RI§5 2, C+C - Lo (1,1
$*+ R ST mca (R_7 + R_9>
EX 1+(R11 +R12)C9S
Rii (14+Ri3Ci08)(14+R12Co - 5)
(6.56)

By adjusting all the parameters in Eq. (6.56), the performance of the whole
circuit can be adjusted.

6.5 ANSYS Simulation and Analogy
6.5.1 Modal Analysis

The size of the structure and the corresponding material constants of the silicon
mass are imported and by solving and post-processing three modes can be obtained:

Fig. 6.15 Finite element ANSYS 5.6
modal analysis APR 20 2003
10:50:34
STEP=1
SUB=I1
FREQ=197.344
USUM(AVG)
RSYS=0
PowerGraphics
EFACET=I
AVRES=Hat
DMX=211.002
SMX=211.002
WO )3 445

46.889
70.334
93.779
117.224
140.668
164.113
187.558
211.002
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Fig. 6.16 Frequency
response curve
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the resonant frequency of the first mode is 197.34 Hz as shown in Fig. 6.15. The
frequencies of the second mode and the third mode are 1806 and 2292 Hz
respectively and can be ignored.

6.5.2 Frequency Response Analysis

From the dynamic parameters, the following result can be obtained

Kr > (J. — 1) ¢* (6.57)
Thus Eq. (6.13) is simplified as
Jyo+ Do+ Ky = (J,+Jy, — J,)Q ¢ cos(¢t) (6.58)

Equation (6.58) is a standard forced vibration equation with damping.

After the above modal analysis, the analysis type is selected as frequency
response analysis, the range of the load forced frequency is 10 ~ 50Hz, the load
amplitude is changed by the mean of Ramped, the load acts at two edges of the
vibrating silicon mass and forms the couple moment, the damping type is the
constant damping ratio, and finally the frequency analysis result can be solved when
the measured angular velocity rate is Q = 0.01rad/s, as shown in Fig. 6.16. This
frequency response analysis curve is the response of the silicon vibrational mass—
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displacement of the edge node—frequency (the rotating frequency of the carrier).
From this figure, it can be seen that when ¢ = 17Hz, the vibrational amplitude of
the outer edges of the silicon vibrating mass is

Al =436 x 10"m



Chapter 7
Error of a Non-driven Micromechanical
Gyroscope

7.1 Motion Equations of a Vibratory Gyroscope

The vibratory gyroscope is a sensor which is designed to measure the absolute
angular velocity of a non-rotating aircraft, and comprises a platform which is
suspended in a frame by two elastic axes (internal and external), an electrostatic
actuator and an angular pickup capacitor with two axes. Figure 7.1a gives the
principle diagram of the gyroscope. Introduce the following coordinates: x, y and
z is a coordinate system which is fixed with a silicon pendulum; x, yo and zq is a
coordinate system which is fixed with the frame; x, y, and z, is a coordinate system
which is fixed with the aircraft; the aircraft rotates with an absolute angular velocity
w{wyi, wy1, 0,1} in absolute space, and w;; is the angular velocity to be measured.

The position of the platform relative to the aircraft is determined by the angles «
and f. A, B and C are the inertia moments of the platform relative to the axes x, y,
and z; Ao, Bo and C are the inertia moments of the frame relative to the axes xg, yo
and zo; and the gravity centers for the silicon pendulum and the frame lie at the
midpoint O of the suspension support. On the basis of Fig. 7.1b, the projections of
the frame angular velocities w.g, @,o and @, on the axis and the projections of the
platform angular velocities w,, w, and w, on the axes x, y and z which is fixed to the
silicon pendulum can be obtained:

Wy = — ;1 SIN O+ Wy COS &
Wy0 :o'c—l—a)yl (71)
W50 = ;] COS O + Wy Sin o

W, = /3 — Wy SINA+ ) cOS A
wy = (6 + wy1) cos f+ (w1 cos o+ wy sin o) sin f§ (7.2)
w, = (w1 cos o+ wy sina)cos f — (&4 wy; ) sin f
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(a) 0 (b)
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Fig. 7.1 Principle diagram of a vibratory gyroscope a Principle diagram. b Coordinate
transformation diagram

From the small angles « and f, there holds
W) = — W10+ Wy
Wy = 0+ wy) (7.3)
W) = W] + Wy 0
Wy = ﬂ - wzl(x"'wxl
wy = 4+ 0y + o0+ ogaf (7.4)

W; = Wz + W10 — Oﬁﬁ - (Uylﬁ

The projections of the protagonist momentum @™ of the silicon pendulum on the

axes x, y, and z, and the projections of the protagonist momentum OF of the external
frame on the axes xq, yog and z are

@il = Aw, :A(B — w10+ Wyp)
@;I = Bw, = B(0.+ wy1 + w1+ 0 0f) (7.5)
@? = Cw, = C(wy + 0y — oy f — of)

O = Apw,y = Ag(—w 0+ )

05 = Bowyo = Bo(8+ wy1) (7.6)

0% = Cow, = Cow,1 + w4 0)
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Because the deflection angle of the silicon pendulum in the actual design is less
than 0.1-0.2', the terms including the angle product in Egs. (7.3)—(7.6) are elim-
inated and the following result can be obtained as

Wx) = Wyl — WU
@y = 0L+ Wy] (7.7)
Wz = Wy

Wy = BJra)xl — W7
oy, =4+ o, +o,f (7.8)
Wz = 7]

Due to the higher change frequency of « and f, the small variables w,jo and

w1 f in this expression are retained and in the following Euler equation the
derivatives of two time variables can be obtained as

@il = A(B—i— Wy — W51 %)

0, = B(6+ wy + w21 f) (7.9)
O = Coy,

@,1:() = AO(wxl - wzl“)
O} = Bo(&+ wy) (7.10)
0% = Cow,

By using the Euler dynamic equations, the dynamic equation of the platform
relative to the internal elastic torsion axis in the coordinate system xyz can be
obtained as

do"
T 0)w.+ 0w, = M, (7.11)

Replace Egs. (7.8) and (7.9) and obtain

A(ﬁ—l— Wy — AW, — O(C'Uzl) — B(d(+ Wy + wzlﬂ)wzl + Cw, (d(—|— Wy + a)zlﬁ)
=M,

(7.12)
Replace the x axis by

M, = MB+ MM — Dy — Kyp (7.13)
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where M is the external moment acting on the platform; MY is the torsion
moment; Dgf is the damping torque; Dy is the damping coefficient of the x axis;
Kgp is the elastic torque of the internal elastic supporting bar; and Kp is the stiffness

of the internal torsion supporting bar.
From Eq. (7.12) obtain

AB+Dgf+Ksf — (A+B— C)aw, = ME + MM + (B - C)w,i .
— Adoyy + Ay (7.14)

On the basis of the Euler dynamic equation, the motion equation of the platform
relative to the y axis in the coordinate system xyz can be obtained as

d@H
I 1T
d—l‘yi @wa+@xwz :My

Substitute Egs. (7.8) and (7.9) and obtain

B(3 4 @yt + Bt + Piry) — C(B+ wa — 0a0)wz +AB+ wn — wa0)0 = M,
(7.15)

The torque relative to the y axis is written as

My = M} — Dyé+ My (7.16)

where Mf is the external moment; D, is the damping torque acting on the plat-

form; D, is the damping coefficient of the axis y; and Mf is the restriction moment

(the bending stiffness of the internal torsion bar is infinite).
The dynamic equation of the framework around the y;(y,) axis in the coordinate
system of xo, yp and z can be obtained as

dey, , »
dr - @zoa)xo + @A{)wzo = Myl (717)

Substitute Eqs. (7.7) and (7.10) and obtain
Bo(&—f— (byl) — Cowy ((le — CL)Z1OC) +A0(a)x1 — CL)Z1OC)Q)Zl = My (718)
The external torque My, acting on the external torsion is
My = —Kyo+ M) — M} (7.19)
Because [ is small it can be thought that the restriction moments of the y axis

and the y,(yo) axis are equivalent on the basis of Eqgs. (7.15), (7.16), (7.18) and
(7.19) the following result can be obtained:
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(B+ By)i+ Do+ Kyo — (C — B— A)far,
=M + M) +(C+Co — A = Ag)wx1 01 — (B+Bo) oy (7.20)
— Biraf — (C+Co— A— Ag)oya

Equations (7.14) and (7.20) are the dynamics equations of the vibratory
gyroscope.

Assume that the gyroscope only measures a constant angular velocity m,; =
of the aircraft, and there holds

Wyl = Wy = Wy = Wy = 0y =0
From Egs. (7.14) and (7.20), there holds

AR+ Dy + Ky — (A+B — C)aQ
=MB 4+ MM(B+By)i+ Do+ Ko+ (A+B — C)pQ+ (C+ Co — A — Ag)a??
= M} + M)

(7.21)

It can be thought that the excitation of the main vibration is applied on the y,
axis and the output x axis. At this time, like the result of the preliminary calculation,
the vibration angular velocity & of the y, axis is greater than the angular velocity [3
of the output axis. Therefore, compared with the inertia moment (A + B — C)a€Q of

the y; axis, the output axis of the inertia moment (A + B — C) BQ can be ignored.
From Eq. (7.21) there holds

AB+DgP+KpB — (A+B — C)aQ = MP + MM (122)
(B+Bo)i+ Do+ Kyo = MY + M) '
The working mode of the gyroscope can be divided into two types: one is the
ahead non-resonant phase output and the other is the resonant amplitude output.
The two modes work perfectly well but each mode has its advantages and
disadvantages.
Assume that M;,V[ = MS sin(wt), then this harmonic torque can produce a steady
vibration on the y, axis, i.e.,
MO
o= 4 = sin(wt — p(w)) (7.23)
\/ (K. — K.) — (B+ Bo)w?]” + (Dy)’
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| M Torsion beam
H External frame

Electrode(2)

Electrode(1)

Fig. 7.2 Working principle of a vibratory gyroscope

where

D,w
o(w) = arctan((Kx “K) - (B—l—Bo)wz) (7.24)

where K, is the additional negative stiffness of the elastic suspension bar on the y,
axis, the negative stiffness is produced by the electrostatic torque generator on the
y1 axis and the constant voltage Up is applied to the torque generator, whose
principle is shown in Fig. 7.2.

In Fig. 7.2, when the same constant voltage U, is applied to the electrodes (D
and @), there is an electrostatic torque in the torsion bar, i.e.,

eSLUS eSLUS

M= (H—oL)® (H+oL)?

(7.25)

where ¢ is the dielectric constant; and S is the surface area of the capacitor plate.
If the spacing of the capacitor plate is much larger than the vibration amplitude
oL of the frame, the following result can be approximately obtained as

M- 4eSL*US .,

0 (7.26)
The additional negative stiffness K/, of the output y; axis is
46SL* U}
K =220 (7.27)

H3

The torque generator is used to produce consistent resonance on the inner and
outer frame axes. Therefore, according to the working principle the vibration of the
Y1 axis is

o = o sin(wpt — @()) (7.28)
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The resonant frequency at this time is

K,— K’ T
=\ (w) = 7.29
or =[G ple(@ =5 (7.29)

The torque of the torque generator is M'!. The system can automatically adjust
the vibration frequency and the vibration amplitude o, of the system is detected by
the capacitance extraction circuit and can automatically remain constant.

The input angular velocity € on the z; axis, the Coriolis force acting on the
framework generates the torque of the internal frame axis, and under the action of
the torque the internal framework begins moving with frequency wp.

The steady solution of Eq. (7.22) (for Mf =0 and M}(‘/I =0)is

(A+B — C)Qomw,

ﬁ -
V(Ks — A0?)? + (Dgooy)?

sinfot — y(w)] (7.30)

or

B = —Busin(wpt — z()) (7.31)

The negative stiffness coefficient K, is selected such that the resonant frequen-
cies on the vibration axes of the internal and external frames are the same and f,, is

maximized. There holds
K/; T
wp = ”_A x(wp) = 3 (7.32)

(A+B— C)Qouy

bo="""5 (7.33)

Therefore, the amplitude of the framework is proportional to the input angular
velocity Q. The accuracy of this method of measuring the angular velocity 2
depends on the total resonant precision, the stability of o, and the damping coef-
ficient Dy. To obtain the larger amplitudes of oy, and By, there must be a high
vacuum in the device. At this time, the damping of this device is no longer affected
by the gas dynamics, but is affected by the internal friction of the elastic torsion bar
material such that the damping coefficient Dy is relatively stable.

However, for the signal extraction circuit of the angle f, capacitance signal
detection electrodes need to be installed on the inner frame, which will result in an
additional error.

This defect can be solved using the method of adding the feedback system to the
vibratory angle £ in the axis of the internal frame. The capacitance pickup and the
electrostatic torque generator are arranged on the axis of the internal framework. If
the torque MM is generated holds MM = —Ky .
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From Eq. (7.22) (for MB = 0), the following equation can be obtained
AB+Dgf+ Ky + Kuf = (A+B — C)aQ
Substitute Egs. (7.28) and (7.29) and obtain
AR+ DB+ Kyf+ Knf = —(A+ B — C) Qi sin(wyr) (7.34)
Set
My = (A+B— C)wpom® (7.35)
For the steady vibration, from Eq. (7.34) obtain

My

p= = - sin [wpt — ae(wp)] (7.36)
V (Ky+ K — A})? + (Dyo)
where
D
a(wp) = arctan (,;—a)pz) (7.37)
Ky + Ky — A}

If the resonant frequencies on the input axis and the output axis are the same
(without additional negative feedback), there holds

K
wp = Iﬂ
then
M,

f=——V sin [wpt — ee(wp)] (7.38)

Kl%/l + (DB(UP)2

D
®(wp) = arctan <ﬁwp> (7.39)
Km

K is selected to reduce the impact of Dg on the precision of the device and then
there holds

Ky > Dﬁﬂ)p

Therefore, it is necessary to pump a vacuum and increase the spacing between
the torque generators of the output axes in order to greatly reduce the damping
coefficient. If these conditions are fully satisfied, K, Dgw, in Egs. (7.38) and
(7.39) can be ignored, i.e.,
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= %Sin(wpt), e(wp) — 0 (7.40)
Km

or

MM = KmpB = My sin(wpt) (7.41)

MM is the torque of the output axis generated by the electrostatic torque gen-
erator, which is formed by negative feedback of the angle f:
M)ICW = _KtorquegeneratorUl (742)

where U, is the voltage applied to the torque generator; and Kiorquegenerator 18 the
transmission coefficient of the torque generator.

If the voltage U, is regarded as the output parameter of the gyroscope, the
measurement accuracy of the torque M, will be increased because there is no
transmission coefficient of the capacitance signal extraction circuit on the x axis in
the expression of the voltage U;. In order to linearize the torque MM which is
directly related to the voltage U, the expression of this torque can be written as

eSL
MM = -2 (Ug+ Uy — (Uy — Uy ) (7.43)

X H2
where Uy is the constant feedback voltage, which is applied to the electrode plate on
both sides of the torque generator that is related to the x axis; ¢ is the dielectric
constant; and S, L and H are the structural parameters determined by Fig. 7.2 and
Eq. (7.26).
Transform Eq. (7.43) into the following form:

MM 48SLU()

x H2

U (7.44)

Compare Egs. (7.44) and (7.42) and obtain the transmission -coefficient
Kiorquegenerator Of the torque generator:

4eSLU
Ktorquegenerator = TO (745)
Substitute Eqgs. (7.41) and (7.42) and obtain
0 .
Ul = — msm(wpt) (746)
H?
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Substitute Eq. (7.35) and obtain the pickup voltage of the torque generator:

(A4 B — C)wyoumR
Ula = 4{;SLU0 L (747)
H?

The amplitude oy, of the input axis is expressed as

Un

Oy = ——
Krs

(7.48)

where Uy, is the steady voltage amplitude of the angle pick-up circuit on the input
axis; and Krts is the transmission coefficient of the angle pick-up circuit on the input
axis.

Substitute Eq. (7.48) into Eq. (7.47) and obtain

- (A+B - C)wpUmQ
42L UpKrs

(7.49)

Equation (7.49) determines the output characteristics of the device. From
Eq. (7.49), it can be seen that the stability of the output signal is determined by a
series of parameters and their influences are different.

It is noted that compared with the device the processing algorithm of the output
signal of the vibratory gyroscope has many advantages because in the expression of
the output characteristic, there are no unstable parameters such as the damping
coefficient and the transmission coefficient of the angle pick-up circuit on the output
axis.

In Eq. (7.49) the inertia moments A, B and C for the silicon pendulum are
unchanged and can be considered as constant. Similarly, it can also be considered
that the other constant structural parameters are as follows: S is the surface area of
the electrostatic torque generator; L is the space between the rotating axis and the
surface of the torque generator; H is the size of the gap between the electrostatic
oscillators; and ¢ is the dielectric constant.

The parameters are: wp is the resonant frequency, U, is the steady-state
amplitude of the angle pick-up capacitor on the input axis; Ktg is the transmission
coefficient of the angle pickup on the input axis; and Uj is the feedback voltage of
the electrostatic torque generator on the output axis.

The approximate expression for the error of the output signal U, is composed of
these parameters and is expanded by a Taylor series as

aUla aUla aUla aUla
AU, =——A —— AU, + —AK —— AU, 7.50
= B~ U, U T Ak S T g, AU (7:50)

Its partial derivative can be obtained as
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Ui, (A+B—C)Upy
660p o 4;1‘921‘ U()KTS
oU, . (A+B— C)COPQ

OUn LU Krs

Q

8U1a - (A+B— C)U)pUm

=- Q
OKrs 4;1_SZL UOK%S (7.51)
Wi (A+B—ClopUn '
oUy 3L UZKrs
The expression of the relative error is
AU, A AU, AK AU
la _ 20, Dom | OR1S | BP0 (7.52)

Ula N wp Um KTS U()

Through the expression for the relative error, when the vibratory gyroscope
measures the angular velocity Q under the setting state, the stability of the output
signal can be predicted and the feedback voltage of the auxiliary torque generator is
applied to the output axis.

The resonant frequencies wp on the input axis and the output axis are the same
and are determined by the inertia moment of the silicon pendulum and the stiffness
of the silicon elastic torsion bar, and these parameters can be considered as suffi-
ciently stable. The constant voltage Uy is applied to the torque generator of the
input axis to ensure that the resonant frequencies on the two axes are the same and
the voltage provides an additional negative stiffness. A similar but different voltage
is applied to the output axis of the torque generator. These two voltages provide the
auxiliary stiffness defined by Eq. (7.27) and this stiffness is determined by the
structural parameters and depends mainly on the voltage Uy. The stability of U is
determined by the electronic circuit but the stability of modern electronic circuits is
very high so the relative error due to the instability of Uy can be predicted to be
0.1% (without considering the specific principle of the voltage regulator). The error
caused by the instability of frequency wp which is caused by the instability of
voltage Uy can be predicted by the same method.

The stability of the angle readout voltage Uy, on the input axis depends on the
stability of the reference voltage source and the slope of the input vibration exciting
system. The voltage provided by the system at the output end of the angle pick-up
voltage is equal to the voltage of the reference voltage source. The relative insta-
bility of the system lies within 1% (taking into account the level of modern elec-
tronic technology).

The most unstable parameter is the transmission coefficient of the capacitance
angle readout circuit. In Eq. (7.52) the coefficient Ktg is determined only by the
stable amplitude o, of the input axis. According to the experimental work of the
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capacitance angle pick-up circuit, the relative error caused by the Krg instability is
expected to be not more than 1% (very close to the error caused by the electronic
circuit).

The calculation of the relative error of the vibratory gyroscope has been carried
out, but has not been fully confirmed experimentally so there some features are only
estimated as there are no experimental conditions for their validation. However, the
components of this device (the angle pickup, the torque generator and other parts)
have been tested in other devices. So, it can be deemed that the relative error of the
vibratory gyroscope manufactured on the basis of the previous principle can
achieve a level of 1%.

7.2 Error Principle of a Vibratory Gyroscope

The error of a vibratory gyroscope on a fixed platform will be analyzed. Assume
that in Egs. (7.14) and (7.20) wy; = 0, @, = 0, @x; = 0 and w,; = 0. In addition,
from the suspension of the internal framework, it can be seen that B >> By, thus the
latter part of Eq. (7.20) can be ignored. Generally speaking, the main vibration is
excited on the x axis, and its output lies on the y axis. The angular velocity on the
input x axis is far greater than the angular velocity & on the output y axis, and
compared with (B — C)&w,; in Eq. (7.20), the acceleration torque (C — A)fw,; can
be ignored. From Eqs. (7.14) and (7.20) the following result can be obtained

AB+Dgf+Kgfp = ME + MM s
Bi+ Do+ Ky — (C — A) By = MY + M) 733

When the input generates the vibration on coordinate f3, the output generates the
reversed-phase vibration with the same frequency on coordinate «. The output
vibration around the y axis (phase shift 7/2) will change the total oscillation phase
of the output axis, which is proportional to the measured angular velocity w,;. This
data detection method does not rely on the amplitude of the input x axis, and is
beneficial to the stability of the gyroscope. The drawback of this method is that for
the detection interface circuit of the angle «, it is difficult to detect the angular
velocity m,;, and the sensitivity of the device is reduced.

By using the method for studying the error of the vibratory gyroscope, the
vibration amplitude of the output axis w,; can be obtained. In Eq. (7.53), assume
that

X

MY =M)sinwt, M} =M, =0 (7.54)

For the stable mode and from Eq. (7.53) obtain
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MO

X

B= sinfor — (o)
V(Ky — A?)? + (Dgor)?

where

D[gw

w) = arctan ———

Select the frequency of the input torque as the resonant frequency, i.e.,

K T
W = wp = Xﬁ7 ([)(CO)ZE

From Eq. (7.55) obtain

e
= D_/; K_/;COS wpt = f,, cos wpt
where
Lo 4
" Dy \Kp

Substitute Eq. (7.58) into Eq. (7.53) and obtain
M;,Vl = C,o
Bo+ Dy + (K, — Cy)oo = —(C — A) B, 0p Sin wpt
or

(A-C)M°

Bi+ Dys+ (K, — Cy)o = D < ;1 sin wpt
B

Select the stable value and obtain the amplitude of the output axis:

A—C)M° 1
o= ( M, — sinf[wpt — y(wp)]

V(Ks — C — Bo}) + (Dyop)* P

225

(7.55)

(7.56)

(7.57)

(7.58)

(7.59)

(7.60)

(7.61)

(7.62)

(7.63)
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where

DawP

(K, — C,) — B} (7.64)

7(wp) = arctan

Based on the aim that the output axis generates the resonance, in the design K,
and B are selected and tuned and C, is selected to satisfy the resonance condition:

Ky~ Cy— B =0, y(wp) :g (7.65)

However, due to the instability of the parameters, the condition in Eq. (7.65)

cannot be satisfied. Therefore, to define the output data of the device, Eq. (7.63) can
be rewritten as

o= (A = Obnoron cos|wpt — A(wp)] (7.66)

\/(Ka — Cy — Bit)? + (Dyop)?

where A(wp) =5 — x(wp) and its value is very small.

The measured angular velocity w, = Q which is defined in a non-driven
micromechanical gyroscope and the output voltage which corresponds to the angles
o and f described by U, and Ug, are introduced. Then there holds

U, =Kjo, Ug=K;p (7.67)

o

where K and K; are the transmission coefficient of the associated angles. The
voltage amplitudes U;" and Uj' can be expressed as

Ul =Kyom, Up=Kip, (7.68)
Therefore, the amplitude of the harmonic voltage on the output axis o is

A—-C)Uw KT
Um = ( Ui 59 (7.69)
V(K = €y — Bo) + (Day)* K

Equation (7.69) can be used to define the principle error of the gyroscope.

From Eq. (7.69) it can be seen that the stability of the output voltage depends on
a series of parameters and the influence of each parameter is different. The inertia
moments A, B and C of the platform actually do not change and can be considered
as constant. The resonant tuning on the coordinate f§ can be accurately achieved by
changing the frequency of the driver. In addition, the resonant frequency w, can
keep stable accurately, because it is determined only by the inertia moment A and
the stiffness Kz of the internal torsion beam, while the latter only changes with the
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change of load g and temperature. For the silicon beam, these changes can be
neglected (see the parameter calculation of a non-driven micromechanical
gyroscope).

The amplitude f,, of the input axis changes with the change of the damping
coefficient Dg, so these parameters of the vibratory gyroscope can be stabilized by
adding the feedback to the voltage Uy at the end of the voltage pickup output. The
feedback is provided by the electrostatic torsion force. Thus the value Ug can be
obtained in the range of acceptable error, being less than 3 ~ 5%, and is subject to
the disturbance interference with less impact.

In addition, the transmission coefficients KI and K} are also affected by the
amplification coefficient of the electronic amplifier, the detection structure design
and the temperature. But if a detection signal which is produced by the same AC
voltage generator and added to these two detection structures, these two detection
structures can be similarly designed and use the same electronic structure such that
the transmission coefficient ratio K} / K; in the two coordinates is stable.

Because the coefficients K, and Kz which are determined by the torsion stiffness
are stable, for the resonant regulation of the output coordinate the stiffness of the
output axis needs to change and this can be achieved by applying the feedback to
the output axis angle o through the torsion torque generator. This additional stiff-
ness is determined by the coefficient C,, whose stability is secondary to the stability
of the coefficient K.

In the analysis of the preliminary theory, define D, as the damping coefficient of
the output axis,Up' as the detection voltage amplitude of the angle p, and C, as the
electric elastic stiffness of the output axis. By using these parameter variables, the
amplitude U} of the output signal can be written in the form of a Taylor series:

ou™ ou™ oum 192U™
AU™ = ——% AD LAYD LACy+ ~——2AC? + - - 7.7
Us oD, “JraU;;* Uﬁ+aca C‘+282C§ G+ (7.70)

From Eq. (7.69) obtain

f(Cy,Dy) = (K, — C, — Bi2)* + (Dyop)* (7.71)
oum (A—C)U/’g“mpl(yT (UFZ’D" 0
oD, — K} 2
U™ (A—C)wpK! Q
ouy — TPk}

m (7.72)

oum (A-C)UR 0Ky (K,—Cy—Bw?)
aC, = + K}fr f3/2 Q
Pum (A-C)Upw,K;
Fe =~ QP = 3K — G- Bap)p ]
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The relative error is

m 2 AUM _~ _p 2
_853 _ _wl}D“ AD, + U“‘ﬁ 4 K C; Boe) ac,
* ' B (7.73)
3 23K, — C, — Bwf,)zf} AC?

By selecting the electric elastic coefficient C,, the condition for realizing the
resonant tuning is

K, — C, —Bwp =0 (7.74)
The relative error is approximately expanded as

AU™ AD, AU 1 AC?
b et SR 2 (7.75)
U D, = UP 2(D,wp)

o

In order to estimate the error, the following method can be adopted to select the
parameters. The resonant frequency of the gyroscope needs to exceed the measured
maximum angular velocity frequency by one order of the magnitude. Select
wp = 1000 Hz, consider

and select
Ky =K,=100gcm, A =100 x 1076 gcm s?

Such torque can be achieved by installing a specific mass along the z axis. In this
case, there holds

C=0, 2A=20x10"%gcms?,

By using Eq. (7.66) to select the damping coefficient D, and substituting it into
Eq. (7.74), the amplitude of the output axis can be obtained as

(A_Dﬂg (7.76)

m
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where

D, = %Q (7.77)

According to the device design and the research experience, select

Pm = 20 rad min

By considering the angle pickup structure and the interference of the electronic
circuit, the resolution of the output axis is

a?in = 0.01 rad min

If the resolution of the vibratory gyroscope is equal to that of a non-driven
micromechanical gyroscope, there holds

QMM = 1.5(°)/s
Substitute the parameter into Eq. (7.77) and obtain the damping coefficient D,:

20" x (100 —20) x 1076 g cm s? .
D, = o < 1.5()/s

D,=42x103gcms

If Q =300 (°)/s, the maximum amplitude of the output amplitude on the output
axis is

o™ = 0.01 rad min x 300/1.5 = 2 rad min

By using the obtained data, on the basis of Eq. (7.75) the error of the vibratory
gyroscope can be pre-estimated.

The change of the damping coefficient D, of the output axis is determined by the
change of the dynamic viscosity coefficient u of the gas in the device box with the
temperature. For nitrogen, there holds

Ap = 29.3%/(100 °C)

In the given temperature range of —40 to +75 °C, the error caused by the change
of the damping coefficient is

AD,/D, = +17%

The error caused by the inaccurate operation of the exciting axis amplitude stable
system is determined by the repeat accuracy of the standard voltage and the slope of
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the feedback voltage Uy, with the latter determined by the angle pickup output
signal. As mentioned above, the predictive error is

AUR X
Uy =3%"5%

The change of the electrical elastic stiffness C, is caused by the angle pickup
component and the torque tester of the output axis along with the instability of the
electronic circuit. But the effect of C, on the whole gyroscope error is very small
because the emergence of the electrical elasticity is related to the accurate selection
and the manufacture of a gyroscope which has the same natural resonant frequency
on the input axis and the output axis. The resonant frequency can be adjusted by
introducing an electrical elastic C,(C,, O) (the relative elastic torsion stiffness K,).
By using a sufficient margin (on the basis of the possible calculation and manu-
facture), C, = 0.1K, and AC, = 0.1C,, there holds AC, = 0.1K,,.

Thus, by using the selected parameters D, and w,, the impact of C, on the whole
gyroscope error is calculated as

1 AC?
S5 =3%
2 (Dywp)

Therefore, it is concluded that the accuracy of the existing vibratory gyroscope
can be comparable to that of a non-driven micromechanical gyroscope. Both kinds
of gyroscope need error compensation and this is greatly affected by a change of
temperature. A temperature sensor is used in both kinds of the gyroscope and the
temperature is compensated in advance. The error compensation can be carried out
on the ALU of the aircraft.

7.3 Error Calculation of a Non-driven Micromechanical
Gyroscope

From Egq. (7.21) and when the measured angular velocity is €2, the oscillation
amplitude of a non-driven micromechanical sensitive element (the silicon wafer) is

(C+B—A)p

Q
VIC A= B)@? + K + (D)

OUm =

Assume that the inertia moment of the gyroscope’s sensitive element (chip) is a
constant in the process of calculation, the rotating velocity of the aircraft is ¢, the
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torsion rigidity is K, and the damping coefficient is D, then the error Aoy, of the
angle o, caused by the above unstable parameters is

0oy Ao+ 0oty AK + %

Ay = 20 A 4
=50 oK aD

AD (7.78)

Substitute the expression of oy, and the specific derived expressions, and con-
sider the relationship between the parameters of the silicon micromechanical
gyroscope:

K> (C—A—B)p* (7.79)
There holds
Adty - 1 $*D? Ad oK A
(C+B—-A)Q | \/K24+D2p? (K?+D2p?)*? (K2 + D2¢2)*/>
D¢?
___ ¢ Ap
(K? +D2(])2)3/2
(7.80)

The expression of the relative error can be written as

+\2
Aoy (C+B—A)Q -, . .. . s K>+ (D¢)
B _ ETF A 1k Ap — OKAK — DG’AD] Y— (7.
wm (ki1 Digy AP OKAK = DAt g (08D
or
A 1 [(K%)Ad — pKAK — Dp*AD] (7.82)

G QK2+ D2¢?)

Then, according to the acceptable technical index the damping coefficient D is
selected.

The error of the inertia moment of the gyroscope’s sensitive element (chip) is
small and the characteristic equation of Eq. (7.13) is

BS? +DS+Ko=0
§?+28wpS+ 0} =0

where @y is the undamped natural oscillation frequency of the gyroscope’s sensitive
element (chip); wo=+/K/B; and ¢ is the relative damping coefficient;

é __D _ D
~ 2Bwy ~ 2+/KB’
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Compare with a non-driven micromechanical gyroscope and assume
=05 (7.83)

Then select

D = VKB (7.84)
By simplifying Eq. (7.82) there holds
K? + ¢*D* = K* + 9*KB = K(K + Bp?) (7.85)
For the choice of the lead non-resonant mode, there is
P < (7.86)
Then
By® < Bwy =K

ie.,
K > B¢?

Compared with K2, »?D? in Eq. (7.85) can be ignored. Therefore, Eq. (7.82)
can be written as

KN?_Y_Fﬁ (7.87)
As mentioned above, there holds
K > D¢
Thus .
D;(fz <1 (7.88)

Therefore, it can be considered that for the given parameters the influence of the
damping coefficients on the instability has been greatly reduced. Then in the
experimental mode the parameters of the gyroscope are

K=533gcm
B=63x10"%gcms?
o =1005"
D _ KB _ By _ 63100 ZCMSXI0TS e 02

K~ K T K 533gcm
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At the same time the influence of the damping on the error can be ignored in the
pre-computation.

It is considered that the elastic torsion coefficient is the most stable parameter in
the gyroscope. In all the experiments, the change of the elastic torsion coefficient
(AK/K) is not more than 3.5%. The relative error Ao, /o, depends on the mea-
surement accuracy of the rotating frequency of the aircraft and the measurement
accuracy of the angle oy, but it does not contain in Eq. (7.87). The relative error
Ao, /o of the preliminary device will be estimated.

The measurement accuracy of the rotation velocity of the aircraft is determined
by the output signal of the gyroscope, in other words it is determined by the
measurement precision of the time interval between the zeros of the output signal,
which is mainly affected by the noise of the output signal. The experiment of the
silicon sensitive element shows that the error is 10-20%.

In addition, the measured angle error oy, is affected by the nonlinear influence of
the angle pickup signal, and the influence of the longitudinal acceleration on the
output signal curve. The latter influence needs the improved design to increase the
linear stiffness of the torsion beam. The nonlinearity of the angle pickup signal can
be improved by the method of compensating and optimizing the angle pickup
structure design. By adopting the above method, the relative error of the angle
pickup is not more than 10-20%.

The expected error of the prototype is estimated to be less than 20-40%, but the
error can be quite small by compensating the algorithm of the parameter value and
optimizing the parameters of the prototype. If the size of the device is smaller and
the silicon etching technology is improved, then under the same condition the
non-driven micromechanical gyroscope has more advantages.

The final parameter accuracy of this device is obtained only from the experi-
mental model of a non-driven micromechanical gyroscope and experiments with
the prototype. The experimental model of a non-driven micromechanical gyroscope
is tested under the laboratory conditions and the measurement range is £300 °/s
and the resolution is 1.5 °/s.

7.4 Error of a Non-driven Micromechanical Gyroscope

The balance of the gyroscopic torque can be measured by the stable elastic torque of
the silicon elastic torsion beam and its advantage is that the rotating velocity ¢ of
the aircraft can be obtained by measuring the frequency of the output signal of the
aircraft. But the damping torque of manufacturing and packaging the gyroscope
prototype caused by the attenuation is also needed because the impact of the filling
gas pressure on the damping coefficient should be small, and a high vacuum
(0.133 Pa or lower) is needed. In such a thin state, the electronic elements will
release gas molecules and affect the vacuum degree. It is not feasible to place the
electronic device in another package because it will then be greater than the size of
the device.
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Therefore, in order to make the gyroscope the nitrogen is pumped into the
gyroscope under standard atmospheric pressure to reduce the manufacturing cost
and reduce the size of the device.

By using the previous data, the amplitude of the output oscillation voltage of the
angle o is

K B—A)
Un = s(C+B-A)¢ Q (7.89)

VI(C—A—B)¢? + K+ (D)’

where Krtg is the angle pickup transmission coefficient; ¢ is the rotation velocity of
the aircraft; K is the torsion stiffness coefficient; and D is the damping coefficient.

When these parameters change the error can be expressed by the following
approximate form:

oUy . . oU, oU, oUy,
AU, = 2Ym A AK AD AKrs & -+ - 7.90
m=5p 20T o AT op AP T g MRS T (7.90)

In this expression, for the silicon micromechanical gyroscope there is
K> (C—A—B)¢?
For high damping devices there is
K < D¢? (7.91)

In this case, by using Eqgs. (7.78)—(7.87) the relative error of the output signal
can be obtained as

AU, K* Ap K> AK AD N AKrg

Un D*@* ¢ D@*K D Krs

(7.92)

Compared with (7.87) the coefficients are changed, and this determines the
damping and rotation velocity of the aircraft. These changes are very important and
from Eq. (7.91) the impact of the instability of ¢ and K on the gyroscope can be
ignored.
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From Egs. (7.91) and (7.92) the error of the output signal of a non-driven
micromechanical gyroscope is mainly affected by the instability of the damping
coefficient and the angle pickup. As mentioned before, the change of the damping
coefficient caused by a change of temperature can be up to +17%.

The measurement error of the angle o is determined by the parameters of the
electronic circuit (in fact the frequency characteristic of the electronic circuit) as
mentioned earlier, and can be up to 10-20%. The error of the output signal caused
by the design concept change of a non-driven micromechanical gyroscope does not
exceed the error caused by the instability of the parameter.



Chapter 8
Phase Shift of a Non-driven
Micromechanical Gyroscope

8.1 Phase Shift Calculation of a Non-driven
Micromechanical Gyroscope

Set the following coordinate systems: x,, y, and z, is the inertial coordinate system;
X0, Yo and zo is the coordinate system of a silicon pendulum; and x, y and z is the
frame coordinate system.

The absolute angular velocity of a silicon pendulum in its coordinate system is

(Uxa
g = | 0y (8.1)
Q

where w,, and w,, are the projection of measuring the angular velocity of the
aircraft; and Q is the rotating angular velocity of the aircraft around its symmetry
axis.

In the coordinate system xy, yo and zg, which is connected to the silicon pen-
dulum, there holds

cosp sing O Drq Wy COS P + Wy, SIN
o= | —sinp cosep O Oya | = | —0xsin @+ wy, cos ¢ (8.2)
0 0 1 Q Q

The absolute angular velocity of the framework is the sum of the relative angular

velocity of the silicon pendulum and the implicated angular velocity 0, of the
aircraft around the axis xp:
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1 0 0 0+ 0, w0 + 0,
w=|0 cosh, sin0, y0 = | wycosb,+Q sinb, (8.3)
0 —sinf, cos0, Q —my0 sin 0, + Q cos 0,

Because the deflection angular velocity of the framework is very small, the
matrix can be changed into

1 0 w0+ 0,
A=10 1 o, wy0 (8.4)
0 -0, 1 Q

The absolute angular velocity of the framework is

Wy + éx
o= wo+Q0, (8.5)
—Cl)yoex +Q

Therefore, each part of the absolute angular velocity can be written as

Wy = Wyq cO8(Q1) + wy, sin(Q1)

Wy = —Wy, SIN(Q1) 4 wy, cos(Qr) (8.6)
From Eq. (8.6) obtain
Wy = Qyo + Dy, COS(Q1) + @y, Sin(Q1) (8.7)
Wy = w0+ 0y 85)
Wy = wy + 20,
The equation of the framework is
Aoy + (C — B)Qw, = M, (8.9)
The torque of the framework is
M, = —C,0, — D,0, (8.10)

where C, is the torsion angle stiffness; and D, is the damping coefficient.
Eliminate M, from Eq. (8.10) and eliminate w, and w, from Egs. (8.8) and (8.9),
thus there holds
Ao+ 0,) + (C — B)Q(wy0 + Q0,) + C,0, + D0, = 0 (8.11)

Equation (8.11) can be changed into
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[Ap> + Dip+ (C — B)Q* + C,]0, = —(A+ C — B)Quyg
— Al cos(Q1) + oy, sin(Qr)]  (8.12)

where w,0 = @y, c08(2t) — wy, sin(Qr); and p is the differential operation. Assume
that

, (C-B)2+C, £ D _A+C-B
“a = A T ST 2w, 1T A
then Eq. (8.12) can be changed into
(P* 4+ 28wap + 02) 0 = —qQwy — (5, cOS(Q1) — oy, sin(Q) (8.13)

Assume that the aircraft vibrates along a vertical axis (e.g. the axis x,) and its
torque is

{ Wy = wocos(vi+ @) (8.14)

Wy =0
then

Wy = Wy, COS(Q1) — wy, sin(Q)

= —wq cos(vt + ) sin(Qr)
Wyq = —woV sin(vt + @)
Substitute Eq. (8.14) into (8.13) and obtain
(P* +2Ewap + 0%) 0, = qQuwo cos(vt + @) sin(Qt) + wov sin(vt + @) cos(Q)
= %quo{sin[(9+ v)i+ ]+ sin[(Q — v)r — o]}
4 Joov{sinl(@ )i+ ] — sinl(Q — V)i o]}
- %Qwo{ (a+ g sinl(@+v)r-+ 9] + (- 5) sinl(@ — v)r — 9]}
(8.15)

From Eq. (8.15) the steady state torque can be obtained as

0y = Ap{01sin[(1 + A)Qt+ ¢ — @]+ O2sin[(1 — A)Qt — ¢ — @,]}  (8.16)

[0} W,
where A, =3, A, =5, A, = 5.
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For &< 1, there holds

8 Phase Shift of a Non-driven Micromechanical Gyroscope

zfAc(l +A,)
Q= arctan
-1 +Av)
¢y = arctan 2£AL( —4)
-(1-A)
0 = (q+2A”) (8.17)
2\/|:A3 - (1 + Av)2:| + [zéAc(l + Av)}2
—A
0, — (9 : v)
/8- (- a] e - a7
From & > 1, there holds
(| = arctan 144, + arctan 1+4,
1 (c-vVE-T1)a. (c+v@-1)A
(¢, = arctan —4 + arctan -4
2 (6-vE-1)A (¢+vE-1)A.
0, qg+A,
2\/(5—\/52—1) +(1+A) \/(§+\/€2 )A2 +(1+A)
q—A
0. = 2 2
2\/(5— Vé - 1) A4+ (1—A )2\/(5+\/§2 - 1) A2+ (1-A)
(8.18)
Equation (8.16) can be changed into
0 = A sin(y + ¢,) (8.19)

where y = Qt; ¢, is the phase shift; and A is the fluctuation range of the frame-

work, which is equivalent to

A= Aw\/ﬂf + 03 420,05 cos(2A,Q1 + 20 + ¢, — ¢,)

@ = arctan

_ cos(A + @) (01 sin @y + 0 sin py) + sin(Ayy + @) (01 cos ¢, — 0 cos )

~ cos(A + @) (01 cos @ + 05 cos @) — sin(A, ) + @) (0, sin @, —

0, sin )
(8.20)
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Fig. 8.1 Phase shift curve caused by fluctuation of the frequency v of the aircraft when ¢ = 0’
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Fig. 8.2 Instability of the phase shift when ¢ = 0’

When ¢ = 0°, the curve of the phase shift caused by the fluctuation with the
frequency v of the aircraft (Eq. 8.20) is shown in Fig. 8.1.

When ¢ = 0°, the instability of the phase shift is shown in Fig. 8.2. From this
figure it can be seen that the phase shift is no more than 5°. In the range of large
frequencies, the phase shift has high stability and can be compensated by adjusting
the angle of the non-driven micromechanical gyroscope on the aircraft.

8.2 Phase Shift of a Non-driven Micromechanical
Gyroscope

Assume that ¢, is the rotation angle of a non-driven micromechanical gyroscope in
the direction of the rotation axis of the aircraft; (2 is the rotation angular velocity of
the aircraft; v is the vibration frequency of the input axis; ¥ = Qr is the rotation
angle of the framework around the axis x; ¢ is the vibration phase of the framework
with the frequency €; ¢, is the vibration phase of the framework with the fre-
quency Q + v; ¢, is the vibration phase of the framework with the frequency 2 — v;
0, is the vibration amplitude of the framework with the frequency Q4 v; 0, is the
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vibration amplitude of the framework with the frequency € — v; D is the damping
coefficient; ¢ is the relative damping coefficient; A is the angular momentum of the
framework on the y axis; B is the moment of inertia of the framework on the x axis
(the vibration axis of the framework); C is the moment of inertia of the framework
on the z axis; K is the elastic torsion stiffness on the axis y; w,g is the magnitude of
the input velocity, w, = wyy cos(vi+ @); and w, is the natural resonant frequency
of the framework when the aircraft rotates. The phase shift ¢, of the framework
vibration is determined by

(@ = arctan
cos(vt + @)(0; sin @, + 0, sin @,) + sin(ve + @) (6 cos @, — 0, cos @,)
cos(vt+ @) (0 cos ¢ + 0 cos ¢,) — sin(ve + ¢)(0; sin @, — 0, sin ,)
- @

When ¢t = 0 and ¢ = 0, there holds

o = arctan Oising; +0xsingy \ )
01 cos @, + 0, cos @,
where
¢, = arctan f oe(l +Av)2
we 1+ AV)
é wc(l - Av)
= arctan
& [ (zuc -1 AV)2
0.5A,c(g+A))
0, = -
\/ A% = (148 +2e8ue(1+4)]
0.5A0c(q — Ay)
0, = ;
\/ [Aic —(1- A‘,ﬂ + [28A0c(1 - A))
C-A D (C—A)Q* +K v W,
=1+——c= = A==, A =—, Ay
q + B ) é ZB(HC y We B s By .Q’ ¢ Q 0
Wx0

o
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8.3 Feasibility of Adjusting the Position to Compensate
the Phase Shift of the Output Signal

In order to explain the feasibility we compare the following two kinds of output
signal—without a phase shift and with a phase shift—but the non-driven
micromechanical gyroscope has been adjusted on the aircraft.

(1) Output signal without a phase shift. Compared with the elastic torque of the
elastic bar, the damping torque of a non-driven micromechanical gyroscope is
very small. When the harmonic angular velocity is measured the dynamic
equation of this device is

B+ Dé+ Ko = (C — A+ B)vQ cos(wr) sin(Qr) 4+ Bvw sin(wr) cos(Qt)

The parameters of this device are k= 5.3 x 10°*Nm; D=0.001 x
100*Nms and Q = 16 Hz.

When the rotation velocity of the aircraft is constant the phase of the output
signal is

DQ 0.001 x 16 x 2n o
¢ = —arctan| — | = —arctan( —— | = —1.08
K 5.3

The output signal of this device on a computer is shown in Fig. 8.3.
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0.04

0.02

= 0
-0.02
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Fig. 8.3 Phase of the output signal when the rotation velocity of the aircraft is constant
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Fig. 8.4 Phase of the output signal when the rotation velocity of the aircraft is constant

(2) The installation on an aircraft with angle ¢, is equivalent to the phase shift of
the output signal when the angular velocity is constant and the motion equation
of a non-driven micromechanical gyroscope is

B+ Dé+ Ko = (C — A+ B)vQ cos(wr) sin(Qt + ¢y) + Bvw sin(wt) cos(Qt + ¢;)

Thus the damping of the device is very large.
When the angular rotation velocity of the aircraft is constant the phase of the
output signal is

DQ 0.1 x 16 x 2= o
() arc an( ) arc an( 53 )

The output signal of this device on a computer is shown in Fig. 8.4.
Comparing the curves in Figs. 8.3 and 8.4, the phase shifts of these two output
signals are less than 10°.

(3) The experiment with a non-driven micromechanical gyroscope with a phase
shift ¢, is analyzed. At the time of installation, when the rotation angle of a
non-driven micromechanical gyroscope is ¢, and the constant angular velocity

Fig. 8.5 Phase shift experiments of a non-driven micromechanical gyroscope which rotates at P
angle ¢, a The output waveform when the initial position rotates with an angle for the first time.

b The output waveform when the initial position rotates with an angle for the second time. ¢ The
output waveform when the initial position rotates with an angle for the third time. d The output
waveform when the initial position rotates with an angle for the fourth time. e The output
waveform when the initial position rotates with an angle for the fifth time. f The output waveform
when the initial position rotates with an angle for the sixth time. g The output waveform when the
initial position rotates with an angle for the seventh time
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Fig. 8.5 (continued)



246 8 Phase Shift of a Non-driven Micromechanical Gyroscope

The output waveform/mV The output waveform/my

The output waveform/mV

\/E

00027231 00751813 01249263 01757073 022101 0.264264 03130806 0.636554 041001 04545201 05055723
ils



8.3 Feasibility of Adjusting the Position to Compensate ... 247

is measured, the phase shift can be eliminated. When the installed device rotates
at angle ¢, and the constant angular velocity is measured, the output signals are
shown in Fig. 8.5a-g.

When the harmonic angular velocity is measured and the installed device rotates
at the angle ¢, the signals are also shown in the same figures. Comparing the
curves in Fig. 8.5a—g, it can be seen that the phase shift is not more than 10°.
The phase is determined by the zeros of the output signal in the region that the
amplitude of the input angular velocity is close to the peak value.

8.4 Characteristic Calculation of a Non-driven
Micromechanical Gyroscope in the Angular Vibration
Table

Define

0=0,sin((Q+v)t+d+¢d;)+0:8in((Q —v)t — ¢+ ¢,)
A= \/09% +0§+20192 COS(2VI+2¢)+(]51 - (]52)

Assume that 7 is the number of the vibration period of the framework; N is the
number of vibration periods starting from 0;  is the phase angle of the framework;
v is the vibration frequency of the framework; ¢ is the time; A, = v/Q; Q is the
angular velocity of the angular vibration table; ¢ is the vibration phase of the
framework corresponding to the frequency 2; ¢, is the vibration phase of
the framework corresponding to the frequency Q + v; ¢, is the vibration phase of
the framework corresponding to the frequency Q — v; 0; is the vibration amplitude
corresponding to the frequency Q + v; 0, is the vibration amplitude corresponding
to the frequency Q — v; and A is the vibration amplitude of the framework. The
relationships between the amplitude, phase, and frequency are shown in Fig. 8.6a,
b, and the relationship between the phase and the frequency is shown in Fig. 8.6c.
The relationship between the phase and the angular vibration is shown in Fig. 8.7.

n=10; ¢=N-360(N=0,1,...,n); A,=0,0.1,...,1

0253+2A,+A2)

T

1+ A, 1
d1(A) = —arctan<1.248 o ) 80

1= A 180
A,) = —arctan [ 1248~ — 2 ) 180
$2(A) = —ar n( 0.253—2AV+A§> -
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«Fig. 8.6 Frequency characteristics of a non-driven micromechanical gyroscope a Relationship
between amplitude and phase. b Relationship between amplitude and frequency. ¢ Relationship
between phase and frequency
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Fig. 8.7 Relationship between the phase and the angular vibration of a non-driven microme-
chanical gyroscope a Relationship between phase ¢, and €,. b Relationship between ¢, and
change of angular vibration frequency

0.0 1747 + A,
1\Ay) =
/(0253 428, + A2 + 1.557(1 + A,)°
1747 — A,
0,(A,) =

/(0253 = 24, + A2)? 4+ 1.557(1 - A,)?

080 6.9) = 01(A,) sin{[(1+ A + ¢+ 1 (A)] 155}
+02(8) sin{[(1 = A = ¢+ $a(A)] 75}
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A(Dv o) = 1 [OH(A) + 63(A,) + 2601 (A,)02(A,) cos{ 2A +2¢ + b, (A)) — dy(A)] o
180

An(Ay, ¢.9) = sm[(A v+ ) 130] [9.(A\) cos((;)l(A\)%) — 0,(A) cos(d)z(A‘)%ﬂ
3,69 =00 +175] 0003 5 00 (0 )
Ax (A, ¢, ) = sin [(A l//+¢)io] {HI(A ) sin (¢1(A\)T§O> — 0(A,) sin ((j)z(A‘)%)]

_ AII(A\»¢alﬁ)+A12(A‘,¢ l/j)> @
Bo(Av, b, 1) = a tan (Am (o )+ A2 4]



Chapter 9
Static Performance Test of a Non-driven
Micromechanical Gyroscope

9.1 Performance of the Prototype of a Non-driven
Micromechanical Gyroscope

9.1.1 Temperature Performance of the Prototype

The prototype of non—driven micromechanical gyroscope with a circuit is tested.
The test is performed on a dynamic turntable controlled by a computer. The rota-
tional velocity of the gyroscope is set to be 12 ~ 22 Hz through the simulator and
the environment temperature is provided by a special incubator.

During the test, the following parameters are adjusted: the gyroscope’s resolu-
tion, zero bias signal and its dependence on the temperature, the scale factor and the
nonlinearity of the output signal and its dependence on the temperature and rotation
frequency of the simulator. The test results are shown in Tables 9.1, 9.2, 9.3, 9.4,
9.5, and 9.6.

(1) Resolution. The prototype of the micromechanical gyroscope is mounted on the
turntable, and the measured angular velocity is smoothly increased by the
turntable until the measured signal appears. The results are shown in Table 9.1.

(2) Zero bias. The micromechanical gyroscope is mounted on the turntable and the
output signal is measured in the absence of an angular velocity. The results are
shown in Table 9.2.

(3) The temperature performance test of the sensor. The relationships between the
output signal (V) of the prototype of the micromechanical gyroscope and the
temperature #, and between the rotating angular velocity ¢ of the simulator and
the measured angular velocity 2 are shown in Table 9.3.

(4) The scale factor and its stability. The scale factor for the prototype of the
micromechanical gyroscope is 27.7, and the stability of the scale factor with
respect to its average value is shown in Tables 9.4, 9.5 and 9.6.

(5) The relationships between the output signal and the temperature, and between
the measured angular velocity and the rotating velocity of the simulator.

© National Defense Industry Press and Springer-Verlag GmbH Germany 2018 251
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Table 9.1 Resolution of the prototype of a micromechanical gyroscope

9 Static Performance Test of a Non-driven Micromechanical Gyroscope

t/°C Resolution ((°)/s)

CwW CCW
+25 1.00 1.00
+50 1.09 1.12
+75 1.26 1.30

Table 9.2 Zero bias signal of the prototype of a micromechanical gyroscope

°C Zero bias (mV/(°)/s)

DC AC
+25 7.3 4.1
+50 75 35
+75 7.8 50

Table 9.3 Relationships between the output signal (V) of the prototype of the micromechanical
gyroscope and the temperature, and between the rotating angular velocity and the measured

angular velocity

Q (°/s) 50 100 150 200

t(°C) | @Mz |CW CCW | CW CCW |CW CCW | CW CCW

+25 12 1.247 1.254 | 2.461 2468 |3.808 |3.815 [5.032 |5.042
16 1.409 |[1416 [2.795 2798 |4.230 |4.290 |[5.700 |5.709
22 1.475 1478 2926 2930 [4.494 |4.500 |5985 [5.993

+50 12 1.304 | 1.31 2573|2577 |3979 3983 |5.258 |5.264
16 1.463 1468 |2914 2921 4471 |4479 5953 |5.961
22 1.598 1.606 |3.055 |3.059 |4.692 [4.698 |6.253 |6.257

+75 12 1.368 1.376  |2.7700 |2.708 |4.177 |4.185 |6.522 |6.531
16 1.546 | 1.553 |3.030 |3.070 [4.700 |4.706 |6.255 |6.263
22 1.618 1.621 3209 3214 |4.932 4937 |6.568 |6.575

Table 9.4 The scale factor for the gyroscope (in the ranges of the rotating angular velocity of the
simulator ¢ and the measured angular velocity ) under the condition of the room temperature

(+25 °C) (Unit:

mV/°/s)

Q ©fs)

50 100 150 200 Stability of
¢ (Hz) CW CCW |[CW |[CCW |[CW |CCW | CW CCW E(c;a)le factor
0
12 2494 |25.08 [24.61 |24.68 |25.39 |25.43 |25.16 |25.21 |£1.64
16 28.18 |28.32 |27.95 |27.98 [28.20 |[28.60 |28.50 |28.55 |£1.15
22 29.50 |29.56 [29.26 [29.30 |29.96 |30.00 |29.93 |29.97 |£1.25
Stability of +8.34 +8.47 +8.32 +8.68
scale factor
(%)
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Table 9.5 The scale factor of the gyroscope when the rotating frequency of the simulator is
16 Hz (in the ranges of the measured temperature ¢ and the measured angular velocity €) (Unit:

mV/°/s)

Q (°fs)

t (°C) 50 100 150 200 Stability of
CW |[CCW |[CW |CCW |[CW |CCW |CcW |ccw | scale factor

(%)

+25 28.18 |28.32 |27.95 [27.98 |28.20 |28.60 |28.50 |28.55 |+1.20

+50 20.26 [29.36 [29.14 |29.21 |29.81 [29.86 [29.77 |29.81 |£1.22

+75 30.92 [31.06 [30.30 |30.70 |31.33 [31.37 [31.28 |31.32 | £1.10

Stability of | 10.21 9.82 11.24 9.89

scale factor
(%)

Table 9.6 The scale factor of the gyroscope (in the ranges of the change of the temperature ¢ and
the rotating frequency ¢ of the simulator) when the measured angular velocity is 100°/s (Unit:

mV/°/s)
¢ (Hz)
t (°C) 12 16 22 Stability of scale
CW |CCW |[CW |CCW |cw |ccw | factor (%)

+25 24.61 |24.68 |27.95 |27.98 [29.26 |29.30 |+8.47
+50 25.73 |25.77 |29.14 |29.21 |30.55 |30.59 |+£9.71
+75 27.00 |27.08 |30.30 |30.70 |32.09 |32.14 |+£9.65
Stability of scale 10.00 9.82 9.83
factor (%)
Fig. 9.1 Relationship
between output signal and 6k
measured angular velocity at 22Hz KI( :
room temperature (when the 5k —
rotating frequencies of the s /. .7 _
simulator are different) { g 12z

= 7. -

= 3F -

-~ -

-
2F sl
-
] -
0 50 100 150 200
(" )s)

The output signals of the prototype of the micromechanical gyroscope with
different angular velocities and rotating frequencies of different simulators and
different temperatures are shown in Figs. 9.1, 9.2 and 9.3.
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Fig. 9.2 Influence of
temperature on output signal
when the measured angular
velocity is 100°/s (the rotating
frequencies of the simulator
are different)

Fig. 9.3 Influence of
temperature on output signal
when rotating frequency of
the simulator is 16 Hz (when
the measured angular
velocities are different)
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Tests of five prototypes are carried out on the dynamic turntable controlled by the
computer. The rotating velocity of the device is set at 12-22 Hz through the
simulator and a special temperature box is used to provide the temperature envi-
ronment. The performances of the prototype are as follows:

(1) The resolution is 1°/s.

(2) Zero bias: DC 6 mV and AC 5 mV (The simulator rotates at a certain

frequency).

(3) When the simulator rotates at different frequencies the relationship between the
output signal and the input angular velocity of the prototype is shown in

Table 9.7.

Table 9.7 The relationship between the output signal and the input angular velocity of the

prototype

Q (°/s)
¢ (Hz) 50 100 150

CW CCW CW CCW CW CCW
12 1.942 1.960 3.920 3.905 6.000 6.000
17 2.140 2.138 4315 4315 6.600 6.600
22 2.258 2.260 4.556 4.560 6.900 6.900
Stability (%) +7.38 +7.00 +7.37 +7.60 +6.82 +6.82
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Table 9.8 Relationship between the input angular velocity and the scale factor of the prototype

Q (°/s)
¢ (Hz) 50 100 150 Stability (%)
CW CCW CW CCW CwW CCW
12 38.84 39.20 39.20 39.05 40.00 40.00 2.94
17 42.80 42.76 43.15 43.15 44.00 44.00 2.86
22 45.16 45.20 45.56 45.60 46.00 46.00 1.84
Fig. 9.4 Relationship 8
between output signal and
input angular velocity of the 22Hz 17Hz
prototype ¢
- 12Hz
E4
2
0
0 50 100 150
QU Vs)
Fig. 9.5 Relationship 7 ——
between output signal of the ’///4”4
prototype and frequency of 150 ¥s
the simulator 5.5
100{" s
:2_3. Y| R i B
2
S0(° Vs
' 14.5 17 19.5 22
¢@/Hz

(4) The scale factor is 42.76 mV/°/s.
(5) The relationship between the input angular velocity and the scale factor of the

prototype is shown in Table 9.8.
(6) The relationship between the output signal and the input angular velocity of the

prototype is shown in Fig. 9.4.

(7) The relationship between the output signal of the prototype and the frequency
of the simulator is shown in Fig. 9.5.
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9.1.3 Temperature Stability of the Prototype

ey

©))

&)

“

(&)

When the ambient temperatures are +25 and +75 °C, the stability of the zero
position signal temperature is shown in Table 9.9.

When the ambient temperatures are +25 and +75 °C, the stability of the res-
olution and the temperature is shown in Table 9.10.

When the ambient temperatures are +25 and +75 °C, the relationships between
the amplitude of the output signal (mV) and the phase (°), and between the
input angular velocity and the rotating frequency of the simulator are shown in
Table 9.11.

When the ambient temperatures are +25 and +75 °C, and the rotating frequency
of the simulator is 17 Hz, the relationships between the relative mean value (%)
of the scale factor stability of the output signal and the phase shift of the output
signal, and the measured input angular velocity are shown in Table 9.12.
When the ambient temperatures are +25 and +75 °C, and the input angular
velocity is 100°/s, the relationships between the relative mean value (%) of the
scale factor stability of the output signal and the phase shift of the output signal,
and the rotating frequency of the simulator are shown in Table 9.13.

Table 9.9 Stability of the zero signal temperature

Temperature(°C) 25 |75
DC zero position signal(mV) -4 |-5
AC zero position signal (in the range of the rotating frequency of the simulator)(mV) (2 |5

Table 9.10 Stability of the resolution and the temperature

Temperature (°C) 25 75

Resolution (°/s) 1 1

Table 9.11 Relationships between the amplitude of the output signal (mV) and the phase (°), and
between the input angular velocity and the rotating frequency of the simulator

t (°C)
Q 50 100 150
()
¢ Hz | Amplitude Phase Amplitude Phase Amplitude Phase
(mV) @) (mV) @) (mV) )
+25 |12 1.820 —6.10 | 3.680 —6.120 |5.64 —6.48
17 2.015 —13.75 |4.100 —13.720 |6.26 —13.90
22 2.150 —18.15 |4.340 —18.100 |6.65 —18.00
+75 |12 1.730 =770 |3.490 —7.700 |5.36 -7.70
17 1.900 —15.50 |3.810 —15.600 |5.87 —-5.60
22 2.000 —20.00 |4.015 —20.000 |6.20 —19.90
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Table 9.12 Relationships between the scale factor and the phase shift, and the input angular

velocity
t (°C) Parameter Q (°/s) Stability
50 100 150
+25 Scale factor 40.30 41.00 41.73 3.5%
Phase shift -13.75 -13.72 -13.90 0.15°
+75 Scale factor 38.0 38.1 39.1 2.9%
Phase shift =77 -15.6 -5.6 0.1°

Table 9.13 Relationships between the relative mean value (%) of the scale factor stability and the
phase shift, and the rotating frequency of the simulator

t (°C) Parameter @ (Hz) Stability (%)
12 17 22
+25 Amplitude 3.68 4.10 4.34 +8
Phase shift —6.12 —13.72 —18.10 +6
+75 Amplitude 3.490 3.810 4.015 +6.900
Phase shift =7.70 —15.60 —20.00 +6.15

Table 9.14 Relationships between the amplitude (%) of the output signal and the relative phase
shift, and the input angular velocity and the rotating frequency of the simulator

t(° Q 50 100 150

) (°/s)
@ Amplitude | Phase Amplitude | Phase Amplitude | Phase
(Hz) shift shift shift

+75 12 -5.0 —1.60 -5.16 —1.58 -5.0 =7.7
17 =5.7 -1.75 —=7.00 —1.88 -6.2 -5.6
22 =7.0 -1.85 =7.50 - -6.7 -19.9

(6) When the ambient temperatures is +75 °C, the relationships between the rel-
ative amplitude (%) of the output signal and the relative phase shift, and the
different input angular velocity and the rotating frequency of the simulator are
shown in Table 9.14.

9.2 Performance of a CJS-DR-WB01 Type Silicon
Micromechanical Gyroscope

Tests of five CJS-DR-WBO1 type silicon micromechanical gyroscopes are carried
out on the dynamic turntable controlled by the computer. The velocity of the
gyroscope is set at 5-25 Hz through the simulator. The performance of the
CJS-DR-WBO01-0639 type prototype is as follows
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(1) The resolution is 0.1°/s.

(2) The zero bias is DC 1.8 mV.

(3) When the simulator rotates at different frequencies the relationship between the
output signal of the gyroscope and the input angular velocity is shown in
Table 9.15.

(4) The scale factor is 14.27 mV/°/s.

(5) The relationship between the input angular velocity and the scale factor is
shown in Table 9.16.

(6) The relationship between the output signal of the CJS-DR-WB01-0639 and the
input angular velocity is shown in Fig. 9.6.

(7) The relationship between the output signal of the CJS-DR-WB01-0639 and the
frequency of the simulator is shown in Fig. 9.7.

9.3 Performance of a CJS-DR-WB02 Type Silicon
Micromechanical Gyroscope

The performance tests of ten CJS-DR-WBO02 type micromechanical gyroscopes are
carried out and the performance of the CJIS-DR-WBO02 0701 prototype is as follows:

(1) The resolution is 0.05 °/s.

(2) The zero bias is AC 21.61 mV (the simulator rotates at 11 Hz).

(3) When the simulator rotates at different frequencies the relationship between
output signal of the gyroscope and the input angular velocity is shown in
Table 9.17.

(4) The scale factor is 16.79 mV/°/s.

(5) The relationship between the input angular velocity and the scale factor is
shown in Table 9.18.

(6) The relationship between the output signal of the CJS-DR-WBO01-0701-0506
and the input angular velocity is shown in Fig. 9.8.

(7) The relationship between the output signal of the CJS-DR-WB01-0701-0506
and the frequency of the simulator is shown in Fig. 9.9.

9.4 Performance Test of CJS-DR-WBO03 Type Silicon
Micromechanical Gyroscope

The performance test of the CJS-DR-WBO03 type silicon micromechanical gyro-
scope includes two parts: the performance parameter test and the environmental
adaptability test. The performance parameter test includes the scale factor of the
gyroscope, the nonlinearity of the scale factor, the repeatability of the scale factor,
the symmetry of the scale factor, the temperature coefficient of the scale factor, the
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threshold, the resolution, the range, the zero bias, the stability of the zero bias, the
repeatability of the zero bias, the acceleration sensitivity of the zero bias, the static
state noise, the temperature sensitivity of the zero bias, the start time and the
bandwidth. The environmental adaptability test includes the vibration function test
and the impact test. The rules of this test are as follows:

(1) The detailed specification of the CJS-DR-WBO03 type silicon micromechanical
gyroscope.

(2) IEEE Standard Specification Format Guide and Test Procedure for the Coriolis
Vibratory Gyroscope (IEEE Std 1431™-—2004).

The test results of the CJS-DR-WBO03 type silicon micromechanical gyroscope
CJS-DR-WBO3 are shown in Table 9.19.
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1. Scale factor
(1) Test equipment.

(D Three-axis angular rate turntable.

@ DC regulated power supply.

(® Number table (or data acquisition card).
@ Computer.

® Assembly test.
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Table 9.19 Main specifications of the CJIS-DR-WBO03 type silicon micromechanical gyroscope

Number | Entry name Coded number
0801-4003 | 0801-4005 | 0801-4031
01 Range (°/s) +500 +500 +500
02 Scale factor (mV/°/s) 15.7 19.0 19.0
03 Nonlinearity of the scale factor (%) 2.34 1.22 0.62
04 Symmetry of the scale factor (%) 0.039 0.022 0.048
05 Repeatability of the scale factor (x 107%) 14.36 15.86 105.08
06 Threshold (°/s) <0.001 <0.001 <0.001
07 Resolution (°/s) 0.007 0.003 0.007
08 Temperature coefficient of the scale factor | 1086.01 760.01 520.32
(107%°C)
09 Zero bias (°/s) —-0.011 —-0.019 —0.0002
10 Stability of the zero bias (°/h) 12.07 13.88 1.188
11 Repeatability of the zero bias (°/h) 102.35 44.28 0.054
12 Start time/min 30 5 20
13 Acceleration sensitivity of the zero bias (°/s | 0.00052 0.00063 0.00024
g
14 Noise (°/h-Hz-}) 13.72 11.58 6.46
15 Temperature coefficient of the zero bias (°/h- | 3.77 0.58 55.48
°och
16 Bandwidth (Hz)
17 Vibration/sine sweep 20-2000 Hz, 2 g
18 Impact (100 g, 6 ms)
19 Working temperature (°C) —40 to +85
20 Dimension (mm) (with circuit) 60 x 55 x 30 (Without circuit
22 x 22 X 5)
21 Weight (g) (with circuit) <85 (Without circuit 8)

(2) Test method.

(D The gyroscope is fixed on the rate table and its input reference axis is
oriented to the sky.

@ Checkthe cable connection, start the turntable and set the sampling period
of the computerto 1 s (if the sampling period of the tested data acquisition
instrument is not 1 s, the collected data are averaged to be 1 s).

When the gyroscope’s power supply is connected and the longest preheating
time is 30 min, the turntable is rotated at rates of +0.1, 0.2, 0.5, =1, £2,
+5, £10, £20, £50, £100, £200, £300, 400, £500 and 200°/s. When the
turntable is in the forward, stop and reverse steady states respectively, start the
sampling procedure of the computer and record the output voltage of the gyroscope.
If the sampling data of the rate points which are less than +100°/s is not less than
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30, the sampling data of +100 and 4200°/s are not less than 10, and the sampling
data of £300, £400 and £500°/s are not less than 5, the test is completed and the
gyroscope’s power supply is shut down.

@ The zero position data of 30 s are sampled before and after the angular
rates are tested.
@ After 30 min, repeat the above steps and repeat the test three times.

(3) The computing method. The formula of the scale factor is

o (5-)
m=1

F = (F+F))2 92)

FJ':FJ'_Fr (93)

where Fj,, is the mth output value of the gyroscope; N is the sampling number; F, is
the average value of the gyroscope’s output when the turntable is static; Fy and F,
are the average values of the gyroscope’s output before and after the test of the
angular rate; and F; is the gyroscope’s output corresponding to the jth input angular
rate €.

The relationship between the input and output of the gyroscope can be estab-
lished as the following linear model:

F]'ZK.Q,']*—FFO +v; (94)
where K is a scale factor (mV s™!/(°)); and Fyy and v; are the fitting zero position
and the fitting error respectively.

2. Nonlinearity of the scale factor

Based on the test data of (1), the nonlinearity of the scale factor is calculated as
follows:

F —F:
K, = — 9.5
" K|Qmax+ - Qmax7| max ( )
12
K = QZK; (9.6)
m=1

where IZ“] is the jth input angular velocity corresponding to the calculated values on
the fitting line; K/, is the nonlinearity of the scale factor in the mth test; K’ is the
nonlinearity of the scale factor; Q is the number of tests; and Q.+ and Q- are
the maximum input angular velocities corresponding to the forward rotation and the
reverse rotation.



9.4 Performance Test of CJS-DR-WBO03 Type Silicon Micromechanical Gyroscope 267

3. Symmetry of the scale factor

Based on the test data of (1), the scaling factor is calculated as follows:

K, —K_
Ky = g (9.7)
K
1 0
Ki=—=> K (9.8)
Qm:l

where K, is the asymmetry of the scale factor corresponding to the mth test; K | is
the scale factor obtained by fitting in the range of the forward input angular
velocity; K_ is the scale factor obtained by fitting in the range of the reverse input
angular rate; K, is the asymmetry of the scale factor; and K is the average value of
the scale factor.

4. Repeatability of the scale factor

Using the test data in (1), the repeatability of the scale factor can be calculated as
follows:

1 1 0 1/2
—=\ 2
== WE_ (Kw — K)

m=1

K, 9.9)

where K, is the scale factor measured in the mth time; and K, is the repeatability of
the scale factor.

5. Range

The test equipment and the test method are the same as 1.
The ranges in two directions should satisfy the nonlinear index of the nominal
scale factor.

6. Threshold
The test equipment is the same as 1.
(1) The test method.

(D After test in 1., the gyroscope is not cut off. First the output of the
gyroscope is measured when the input angular velocity is zero and
then a prescribed angular velocity input is applied to the gyroscope.
Assume that the sampling period of the computer is 1 s and the
sampling time is 10 s, the output of the gyroscope is recorded and
the output change of the gyroscope relative to the zero velocity input
should be larger than the output value of 50% relative to the scale
factor.
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(@ The above steps are repeated in the opposite direction of the angular
velocity input and the threshold data from the opposite direction are
obtained.

@ The tests are implemented three times in succession.

(2) Calculation method. The minimum angular velocity inputs in two directions are
averaged, i.e., the threshold of the gyroscope.

7. The resolution
The test equipment is the same as 1.
(1) The test method.

(D After test in 6., the gyroscope is not cut off. First the input angular
velocity which is 30 times as much as the threshold is applied on the
gyroscope and when the turntable runs smoothly a specified velocity
increment is added. The output increment of the gyroscope should
be larger than 50% of the output increment of the corresponding
scale factor, return to the original constant input velocity and then
decrease by a specified velocity again. The measured output change
of the gyroscope should be greater than 50% of the output change
corresponding to the scale factor.

@ The above steps are repeated in the opposite input direction and the
resolution data from the opposite direction are obtained.

@ The tests are implemented three times.

(2) Calculation method. The minimum velocity increments in two directions are
averaged to give the resolution of the gyroscope.

8. The temperature coefficient of the scale factor
(1) The test equipment.

(D Temperature controlled turntable velocity.

@ DC regulated power supply.

@ Digital pressure meter (or the data acquisition card).
@ Computer.

(B Assembly test.

(2) Test method.

(@ The gyroscope is fixed to the turntable and the sampling period of
the computer is set to 1 s.

@ The gyroscope is powered and the maximum allowable temperature
rise velocity of the temperature controlled turntable velocity is
increased to 60 °C and maintained for 1 h.

@ The turntable rotates with angular velocities £1°/s for 30 s respec-
tively and the data are recorded. The data of the scale factor at 60 °C
are obtained.
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@ The maximum allowable temperature drop velocity of the temper-
ature control turntable velocity is decreased to —40 °C, and main-
tained for 1 h.

(® The turntable rotates with angular velocities £1°/s for 30 s respec-
tively and the data are recorded. The data of the scale factor for
—40 °C are obtained.

(3) Calculation method. The temperature coefficient of the scale factor is obtained as

_Fraep —Faew

(9.10)

where F( 1)) — F(_1)s) 1s the output mean of the gyroscope with angular
velocities 1°/s. The temperature coefficient is obtained as

KT_Kn

T e
™= 1100 -k,

x10%(1076/°C) (9.11)

max

where K, is the scale factor of the gyroscope at room temperature.
9. Zero Bias
(1) Test equipment.

(D DC regulated power supply.

(@ Number table (or data acquisition card).
@ Computer.

® Assembly test.

(2) Test method.

(D The gyroscope is fixed to the test ground and the sampling period of the
computer is set to 1 s.

@ Check whether the cable connection is correct and the power supply of
the gyroscope is connected. And at the same time the sampling program
is started to count for 90 min and the effective data for 60 min are
obtained.

(@ The above steps are repeated seven times, and the interval of each test is
1 h.

(3) Calculation method. The zero bias is obtained as

f:%ZFi (9.12)

.F (9.13)
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1 0o
BO = QZBOm (914)
m=1

where F; is the voltage output of each sampling; F is the output average of N tests;
By, 1s the zero bias of the gyroscope for the mth test; and By is the zero bias of the
gyroscope.

10. Zero bias stability

By using the test data of (9), the zero bias stability is calculated as

| ' NP - 1/2
By = - WP 1);(1@_17) (9.15)
1 0

where Fj is the new data sample obtained by computing the average according to
the period P; P is the data average period, P = 10; By, is the zero bias stability of
the gyroscope obtained in the mth test; and B, is the zero bias stability of the
gyroscope.

11. Zero bias repeatability
By using the test data of (10), the zero bias repeatability is calculated as

| @ 1/2

B, — —IZ (Bow — Bo)’ (9.17)

m=1

where B, is zero bias repeatability; By is the zero bias average; and Q is the number
of tests.

12. Startup time

On the basis of the test data in (9) and the data from each measurement, the time
interval is recorded from the time that the micromechanical gyroscope is powered to
the time that the zero bias stability satisfies the nominal value and the average value
of the seven recorded time intervals is the startup time of the gyroscope.

13. Zero bias acceleration sensitivity
The test equipment is the same as 9.
(1) Test methods

(D The gyroscope is fixed to the test ground surface.
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@ The gyroscope is preheated for 30 min.

Q@ The gyroscope tool is turned over such that the positive directions of the
x, y and z axes are oriented to the sky. After the sampling procedure is
started zero bias sampling is performed and the sampling number of each
state is not less than 30.

(2) Calculation method. When the positive directions of the x, y and z axes are
oriented to the sky, the difference of the output averaged value is regarded as
the output difference of the positive and opposite 1 g of the corresponding axes.
This difference divided by 2 g is regarded as the zero bias acceleration sensi-
tivity of the axis. The maximum value of the zero bias acceleration sensitivity
of the x, y and z axes is regarded as the zero bias acceleration sensitivity of the
gyroscope.

14. Noise

The data from the test in 9 are processed using the Allan variance method:

(1) Assume that there are n output samples of the gyroscope. The corresponding
angular velocity is calculated and the initial sample of the angular velocity is
obtained as

Qi(to) = - Fi(to) (9.18)

| =

where i = 1~ n.

(2) The k data in the n data are regarded as an array with time length T = k#y. Take
T = ty, 21y, - - ., ktg (k<n/2)) and calculate the data average value for each time
length t. There are n — k+ 1 values:

1p+k

Qp(7) = % 2 Qi(1o) (9.19)

i=p

where p =1,2,...,n.

(3) Find the average differences of two adjacent arrays:

&ri1p = 2pr1(1) = Qp(7) (9.20)

and obtain the random variable set {pr’p =1,2,...n—k+ 1} having n — k
differences.
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(4) Obtain the variance of (3):
) = 3 [y 12(0) = 22, 1(1) + Ry (1)) (9.21)
p

(5) Take the different values of t and repeat the above process. A curve between
a(7) and 7 can be obtained in the double logarithmic coordinate system, namely
the Allan variance curve. By using the Allan variance model the least square
fitting method is used to obtain the noise:

(1) = 22: Apt" (9.22)

m=—2

where A, (i.e., A_»,A_1,Ap,A1,A,) are the coefficients of the associated polyno-
mials such as the gyroscope and the quantization noise, the random walk coeffi-
cient, the zero bias stability, the rate random walk and rate slope. The noise is

NC =/, (9.23)

15. Zero bias temperature coefficients
(1) Test equipment.

Temperature test box.

Level gauge.

DC regulated power supply.

Digital pressure gauge (or data acquisition card).
Computer.

Assembly test.

SIGICISICIS

(2) Test method.

(D The gyroscope is fixed to the working table and is connected to the
power line and the data line.

@ According to the maximum allowable rate of the instrument, the tem-
perature control box is set to =40 °C and maintains this temperature for
20 min. The measured gyroscope is powered for 30 min and the static
testing and sampling are performed (see (9)). The temperature control
box is raised to 60 °C at the rate of 1 °C/min and after the temperature of
the gyroscope has been maintained for 20 min, the sampling is over and
the gyroscope is turned off.
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Q@ According to the maximum allowable rate of the instrument, the tem-
perature control test box is set to —40 °C.
@ Repeat step @ and perform three tests continuously.

(3) Calculation method. Each zero bias temperature sensitivity is

Bi - Bm

B; = |——"
! 100

(9.24)

max

where B;; is the ith measured zero bias temperature sensitivity ((°) s ! °C_1); B; is
the ith measured zero bias data; and B,, is the zero bias at room temperature.

The averaged value of three zero bias temperature sensitivities is regarded as the
zero bias temperature sensitivity of the gyroscope.

16. Bandwidth
(1) Test equipment.

(D Angular vibration table.
@ Regulated power supply.
@ Data acquisition device.
@ Computer.
® Test tool.

(2) Test method.

(D The gyroscope is fixed to the angular vibration table using the tool so
that its IRA (input reference axis) is parallel to the power line and the
data line of the connecting device.

@ The gyroscope is turned on. After 30 min the angular vibration table is
started. When the frequency is tuned to the nominal bandwidth, the
angular vibration table begins to vibrate and the frequency and amplitude
of the angular vibration table are recorded at the same time.

@ The output amplitude of the gyroscope is divided by the amplitude of the
angular vibration table to obtain the scale factor of the test frequency.
Compared with the static scale factor, when the scale factor of the test
frequency is decreased to be more than 3 dB, the test frequency is
decreased and the test is continued. Otherwise, the test frequency is
increased and the test is continued.

(3) Calculation method. The curve fitting is performed when the frequency is
regarded as the horizontal coordinate and the scale factor of the gyroscope is
regarded as the vertical coordinate. The curve is reduced from the static scale
factor to the frequency point of 3 dB, which is the working bandwidth of the
gyroscope.
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17. Vibration function test
(1) Test equipment.

(@ Vibration table.

@ DC regulated power supply.

(@ Digital pressure gauge (or a data acquisition card).
@ Computer.

® Test tool.

(2) Test condition. Sine sweep vibration, 2 g, 20 ~ 2000 Hz.
Each unit can be chosen as the vibration test with a higher amplitude.
(3) Test method.

(D The gyroscope is installed on the vibration table using the tool and is
turned on. When the output of the gyroscope is stable the test is started.
@ The vibration table is opened and the static test of the gyroscope is
performed for 10 min. According to the requirements of the vibration
function test the vibration stress is applied to the product. In the process
of the vibration the gyroscope is turned on. After the vibration is over,
the static test is maintained for 10 min and the gyroscope is powered off.

Note: one test is performed in three directions x, y and z respectively.

(4) Output comparison. After the vibration is over the appearance of the gyroscope
is checked and the structure should have no residual deformation and no cracks
or other mechanical damage. In the process of vibration the gyroscope should
work normally. The average values of the zero bias for the gyroscope are
compared before, during, and after vibration.

18. Mechanical impact test
(1) Test equipment.

(D Shocking platform.

@ DC regulated power supply.

(@ Digital pressure gauge (or data acquisition card).
@ Computer.

® Test tool.

(2) Test condition.
Test directions: x, y, z.

@D Waveform: half sine wave.
@ Peak acceleration: 100 g (100 g is the measured peak value. Every unit
can increase the value of peak acceleration).
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@ Duration: 6 ms.
@ Impact times: three times in three directions.

Test method. The gyroscope is firmly installed on the shocking platform and
the gyroscope is turned on and tested for 10 min. The power state of the
gyroscope is kept and the shocking platform is started. According to the con-
dition of the mechanical shock test, the shocking stress is applied and after the
shocking is over the gyroscope is powered for 10 min and is then turned off.
Output comparison. After the shocking is over, the appearance of the gyroscope
is checked and the structure should have no residual deformation, and no cracks
or other mechanical damage. In the process of the test the product should work
normally. The average values of the zero bias of the gyroscope before and after
shocking are compared.

19. Low temperature test
Low temperature work
(1) Test equipment.

(D Constant temperature and humidity test box.
® Simulator.

@ DC regulated power supply.

@ Voltmeter (or data acquisition card).

® Test tool.

Test method. The low temperature test is performed according to GJB 150.4—
1986 and the following conditions.

(D The gyroscope is mounted on the special detection circuit module and is
then installed at the central position of the rotating plane (built in the test
box) of the simulator motor fixture such that the motor shaft is parallel to
the direction of the horizontal plane.

@ The motor is powered so that the gyroscope and the test circuit module
rotate in the fixture (the rotating velocity is 17 Hz). When the gyroscope
and the test circuit module are powered for 3 min, the output voltage of
the gyroscope is recorded.

@ The motor is turned off and cooled to —40 °C. After the temperature
reaches —40 °C = 2 °C the gyroscope is maintained for 1 h and step @
is repeated and the output voltage of the gyroscope is tested.

Detection method. The test results should be consistent with the requirements
of “the detail standard of CJS-DR-WBO03 type silicon micromechanical gyro-
scope” in 3.4.1 and the appearance should be consistent with the regulations in
3.5.2.



276

9 Static Performance Test of a Non-driven Micromechanical Gyroscope

2. Low temperature storage

(1) Test equipment.

)
@
©)
)
®

Rotating platform.

Constant temperature and humidity test box.
DC regulated power supply.

Voltmeter (or data acquisition card).

Test tool.

(2) Test method. The low temperature test is performed according to GJB 150.4—
1986 and the following conditions.

®

®

The gyroscope is installed in a special detecting circuit module and fixed
on the roll plane of the rate turntable. The roll of the rate turntable rotates
with a rotation velocity of 17 Hz; the powers of the gyroscope and the
detection circuit module are connected. The voltmeter is connected at the
output end of the detection circuit module and powered and after 3 min
the output voltage of the gyroscope is recorded.

The gyroscope is put into the constant temperature and the humidity test
box and the temperature is cooled to the low temperature of —55 °C.
Under the condition of —55 °C £ 2 °C, this temperature is maintained
for 24 h. The test box then returns to the normal test atmosphere con-
ditions until the temperature of the gyroscope stabilizes.

Operation (D is repeated and the output voltage of the gyroscope is
recorded again.

(3) Detection method. The test results should be consistent with the requirements
of “the detail standard of CJS-DR-WBO03 type silicon micromechanical gyro-
scope” in 3.4.1 and the appearance should be consistent with the regulations in

3.5.2

20. High temperature test

1. High temperature work.

(1) Test equipment.

@
)
©)
)
®

Constant temperature and the humidity test box.
Simulator.

DC regulated power supply.

Voltmeter (or a data acquisition card).

Test tool.

(2) Test method. The high temperature test is performed according to GJB 150.3—
1986 and the following conditions.

®

The gyroscope is installed on the special detection circuit module and
then mounted in the center position of the rotating plane of the simulator
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motor fixture (built in the test box) such that the motor shaft is parallel to
the horizontal direction.

@ The motor is connected such that the gyroscope and the detection circuit
module rotate in the fixture (the rotation velocity is 17 Hz). The gyro-
scope and the detection circuit module are connected and powered and
after 3 min the output voltage of the gyroscope is recorded.

@ The power of the motor is disconnected and the gyroscope is heated up
to 85 °C. Under the condition of 85+ 2 °C, this temperature is main-
tained for 1 h. Operation (@ is repeated and the output voltage of the
gyroscope is tested.

(3) Detection method. The test results should be consistent with the requirements
of “the detail standard of CJS-DR-WBO03 type silicon micromechanical gyro-
scope” in 3.4.2 and the appearance should be consistent with the regulations in
3.5.2.

2. High temperature storage
(1) Test equipment.

@ Rotating platform.

@ Constant temperature and humidity test box.
@ DC regulated power supply.

@ Voltmeter (or data acquisition card).

® Test tool.

(2) Test method. The high temperature test is performed according to GJB 150.3—
1986 and the following conditions.

(D The gyroscope is installed in a special detecting circuit module and fixed
on the roll plane of the rate turntable. The roll of the rate turntable rotates
with the rotating velocity 17 Hz and the powers of the gyroscope and the
detection circuit module are connected. The voltmeter is connected at the
output end of the detection circuit module and powered and after 3 min
the output voltage of the gyroscope is recorded.

@ The gyroscope is put into the constant temperature and the humidity test
box and the gyroscope is heated to 85 °C. Under the condition of 85
=+ 2 °C, this temperature is maintained for 48 h. The test box returns to
normal test atmosphere conditions until the temperature of the gyroscope
stabilizes.

@ Operation (D is repeated and the output voltage of the gyroscope is
recorded again.

(3) Detection method. The test results should be consistent with the requirements
of “the detail standard of CJS-DR-WBO03 type silicon micromechanical gyro-
scope” in 3.4.2 and the appearance should be consistent with the regulations in
3.5.2.
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21. Temperature impact

(1) Test equipment.

@
)
©)
)
®

Rotating platform.

One low temperature box and one high temperature box.
DC regulated power supply.

Voltmeter (or a data acquisition card).

Test tool.

(2) Test method. The experiment is performed according to method 107 in GJB
360A—1996 and the following conditions.

®

®

The gyroscope is installed in a special detecting circuit module and fixed
on the roll plane of the rate turntable. The roll of the rate turntable rotates
with the rotating velocity 17 Hz and the powers of the gyroscope and the
detection circuit module are connected. The voltmeter is connected at the
output end of the detection circuit module and powered and after 3 min
the output voltage of the gyroscope is recorded.

The gyroscope is put into the test box. Its high temperature is 85 °C and
its low temperature is —55 °C, and these are maintained for 0.5 h. The
conversion process from high temperature to low temperature is within
1 min and 10 cycles are completed.

The gyroscope in the test box returns to normal test atmosphere con-
ditions until the temperature of the gyroscope stabilizes. Operation (D is
repeated and the output voltage of the gyroscope is recorded again.

(3) Detection method. The test results should be consistent with the requirements
of “the detail standard of CJS-DR-WBO03 type silicon micromechanical gyro-
scope” in 3.4.2 and the appearance should be consistent with the regulations in

3.5.2.

22. Vibration

(1) Test equipment.

®
@
©)
)
®

Rotating platform.

Vibration test table.

DC regulated power supply.
Voltmeter (or a data acquisition card).
Test tool.

(2) Test method. The experiment is performed according to condition D in GJB
360A—1996 and the following conditions.

®

The gyroscope is installed in a special detecting circuit module and fixed
on the roll plane of the rate turntable. The roll of the rate turntable rotates
with a rotation velocity of 17 Hz and the powers of the gyroscope and
the detection circuit module are connected. The voltmeter is connected at
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the output end of the detection circuit module and powered and after
3 min the output voltage of the gyroscope is recorded.

@ Vibration stress is applied to the product according to the requirement of
the vibration function test.

(a) Test condition: frequency range 20 ~ 2000 Hz, acceleration 20 g.
(b) Test duration: each direction for 1 h, three directions for 3 h.
(c) Product installation: the gyroscope is installed in a special fixture.

Q@ Operation (D is repeated and the output voltage of the gyroscope is
recorded again.

(3) Detection method. The test results should be consistent with the requirements
of “the detail standard of CJS-DR-WBO03 type silicon micromechanical gyro-
scope” in 3.4.4 and the appearance should be consistent with the regulations in
3.5.2.

23. Impact
(1) Test equipment.

@D Rotating platform.

@ Impact test table.

Q@ DC regulated power supply.

@ Voltmeter (or a data acquisition card).
® Test tool.

(2) Test method. The experiment is performed according to condition E in method
213 of GJB 360A—1996 and the following conditions.

(D The gyroscope is installed in a special detecting circuit module and fixed
on the roll plane of the rate turntable. The roll of the rate turntable rotates
with a rotation velocity of 17 Hz and the powers of the gyroscope and
the detection circuit module are connected. The voltmeter is connected at
the output end of the detection circuit module and powered and after
3 min the output voltage of the gyroscope is recorded.

@ According to the requirement of impact function test, the impact force is
applied to the gyroscope.

(a) Test condition: peak 1000 g, duration 0.5 ms, half sine wave.

(b) Test direction and number of times: six directions, each direction applying three
shocks.

(c) Product installation: the gyroscope is installed in a special fixture.

Q@ Operation (D is repeated and the output voltage of the gyroscope is
recorded again.

(3) Detection method. The test results should be consistent with the requirements
of “the detail standard of CJS-DR-WBO03 type silicon micromechanical
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gyroscope” in 3.4.5 and the appearance should be consistent with the regula-
tions in 3.5.2.

24. Steady damp-heat

(1) Test equipment.

@
@
®
)
®

Rotating platform.

Constant temperature and humidity test box.
DC regulated power supply.

Voltmeter (or data acquisition card).

Test tool.

(2) Test method. The experiment is performed according to condition B in method
103 of GIB 360A—1996 and the following conditions.

®

®

The gyroscope is installed in a special detecting circuit module and fixed
on the roll plane of the rate turntable. The roll of the rate turntable rotates
with a rotation velocity of 17 Hz and the powers of the gyroscope and
the detection circuit module are connected. The voltmeter is connected at
the output end of the detection circuit module and powered and after
3 min the output voltage of the gyroscope is recorded.

The gyroscope is put into the constant temperature and humidity test box
and the gyroscope is heated up to +40 °C at a relative humidity of
90 ~95%. Under the condition of 40 & 2 °C, this temperature is
maintained for 96 h. The test box returns to normal test atmosphere
conditions until the temperature of the gyroscope stabilizes.

Operation (D is repeated and the output voltage of the gyroscope is
recorded again.

(3) Detection method. The test results should be consistent with the requirements of
“the detail standard of CJS-DR-WBO03 type silicon micromechanical gyroscope”
in 3.4.6 and the appearance should be consistent with the regulations in 3.5.2.

25. Sealing

The experiment is performed according to the conditions Al and C1 in method
1014.2 of GIB 360A—1996. The test results should be consistent with requirement
3.4.7 and the appearance should be consistent with the regulations in 3.5.2.

26. High temperature life

(1) Test equipment.

@
@
©)
)
®

Constant temperature and humidity test box.
Speed turntable.

DC regulated power supply.

Voltmeter (or a data acquisition card).

Test tool.
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(2) Test method.

The high temperature life test is performed according to the following
conditions.

(D The gyroscope is installed on the special detection circuit module and
then mounted in the central position of the rotating plane of the simulator
motor fixture (built in the test box) such that the motor shaft is parallel to
the horizontal direction.

@ The power of the motor is connected such that the gyroscope and the
detection circuit module rotate in the fixture (the rotating velocity is
17 Hz). The powers of the gyroscope and the detection circuit module
are connected and powered and after 3 min the output voltage V; of the
gyroscope is recorded.

@ The power of the motor is disconnected and the temperature is heated to
85 °C. Under the condition of 85+ 2 °C, the gyroscope and the detec-
tion circuit module rotate in the fixture rotation (the rotating velocity is
17 Hz). After 3 min the output voltage of the gyroscope is recorded.
After the recording is completed the power of the motor is disconnected
again.

@ After the high temperature life test has been maintained for 250 h,
normal atmospheric conditions are returned until the temperature of the
gyroscope stabilizes. The power of the motor is connected such that
the gyroscope and the detection circuit module rotate in the fixture
(the rotation velocity is 17 Hz). After 3 min the output voltage V; of the
gyroscope is recorded.

(3) Detection method. The absolute value of the difference between the zero
voltages V| and V, before and after the test should be consistent with the
requirements of “the detail standard of CJS-DR-WBO03 type silicon microme-
chanical gyroscope” in 3.4.8 and the appearance should be consistent with the
regulations in 3.5.2.
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Applications of Non-driven
Micromechanical Gyroscopes



Chapter 10
Signal Processing

10.1 Inhibiting the Influence of a Change
in Rolling Angular Velocity of the Rotating Body
on the Stability of the Output Signal

10.1.1 Influence of a Change in Rolling Angular Velocity of
the Rotating Body on the Output Signal

A non-driven silicon micromechanical gyroscope is different from a conventional
gyroscope which uses the rolling of the rotating body as the drive. Therefore the
structure of a non-driven silicon micromechanical gyroscope is simple. However,
the rolling angular velocity of the rotating flight carrier changes and the angular
velocity is not stable such that the output stability of the micromechanical gyro-
scope is affected.

Figure 10.1 gives the relationship between the output voltage and the input
angular velocity of a non-driven silicon micromechanical gyroscope (type CJS—
DR-WB02-0606-0767). When the rolling velocity is constant, there is a good
linear relation between the input and the output whose nonlinearity is less than
0.1%, but with different rolling angular velocities the scale factor is different. Tests
of many micromechanical gyroscopes show that the angular velocity of the rotating
body is unstable such that the scaling factor of the output voltage is changed. This
can be compensated by modern computer technology.

10.1.2 Method for Inhibiting the Influence of a Change
in Rolling Angular Velocity on the Output Signal

The output signal of a micromechanical gyroscope is
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Fig. 10.1 Relationship between output voltage and input angular velocity of a micromechanical
gyroscope (type CJIS-DR-WB02-0606-0767)
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Fig. 10.2 Method for inhibiting rolling angular velocity
U=kQ (10.1)

When the rolling angular velocity is constant, the scaling factor k is constant, but if
the rolling angular velocity is changed, the scaling factor k is a variable value.

In order to inhibit the influence of rolling angular velocity on the output signal
the method for inhibiting the rolling angular velocity is established, as shown in
Fig. 10.2.

The detailed process is as follows:

(1) Determining the relationship between the rolling angular velocity and the scale
factor. The production process causes the performance of each micromechan-
ical gyroscope to be different. First of all, the rolling angular velocity of the
gyroscope is a specific value due to the calibration method, and the input
angular velocity is changed. The corresponding output is determined according
to the records of the experiment and this rolling angular velocity. By applying
the method of least squares to the data, the scale factor of the micromechanical
gyroscope can be obtained and recorded as {k;, ¢ }.

(2) Change the rolling angular velocity and obtain {kz, @,}, ..., {ku, @, }-

(3) According to {ki, ¢}, {k2, @2}, .-, {kn, ¢, }, and by applying the method of
least squares to the data in the polynomial form, that is,
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k=f(p) =ao+aip+arp*+ - a," (10.2)

Determine the parameters a;(i = 0, 1,...,n) such that the mean square error
Sy ki — k(¢;)]* has the minimum value. By using the Lagrangian method, the
mean square error can be obtained.

By using the fitting method the mean square error can be obtained and the error
decreases with an increase of the fitting order. This shows that the higher the order
of the polynomial is, the better the effect of fitting is. However, with the increase of
the polynomial’s order, the effect of reducing the mean square error is gradually
weakened. In addition, the higher the order of the model is, the greater the com-
putational complexity of the system is. When the order reaches five the calculation
of the polynomial coefficient is more difficult and it will affect the real-time per-
formance of the system. Thus this book will use the three order polynomial model.

(4) Establish the linear relationship between the input and output of the gyroscope.
From (6.20) the output voltage amplitude of a micromechanical gyroscope can
be obtained, i.e.

(Jz +Jy = JX)KY(])
0= 1 =3¢ + K + (D9)

U= Q= g(¢)Q (10.3)

Denote
Uy = kU /F(¢) (10.4)
where k, is a constant scale factor, because
8(¢) = f()
Thus Eq. (10.4) can be changed into
U, =k,Q (10.5)

From Eq. (10.5) it can be seen that there is a proportional relationship between
the output voltage amplitude and the input angular velocity which can:

@ Inhibit or reduce the influence of the change of the rolling angular
velocity on the output signal of a micromechanical gyroscope.

@ Normalize the scale factor of the gyroscope and improve the consistency
of the scale factor of the gyroscope.
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10.1.3 Validation of Inhibiting Influence Method

1. The output of the micromechanical gyroscope with different angular velocity
and input angular velocity

The three-axis turntable is used to test the micromechanical gyroscope (Type
CJS-DR-WB02-0806-0776). When the rolling velocity is 6, 8, 11, 12, 13, 15.5,
17, 19, 20 and 25 1/s respectively, the input angular velocities 30, 70, 125, 150 and
180(°)/s are selected as the test point. From the test the output voltage signal of the
micromechanical gyroscope (mV) can be seen in Table 10.1.

2. Calculating the scale factor of the gyroscope with different rolling velocities

The relationship between the output signal and the input angular velocity is
shown in Fig. 10.3 and by using the least square method the scale factor of the
gyroscope with different rolling velocities can be obtained and is shown in
Table 10.2.

3. Determine the relationship between the rolling velocity and the scale factor of
the gyroscope

The angular velocities are selected as 6, 8, 11, 13, 15.5, 17, 20 and 25 /s, and
the fitting equation is

k = 0.77227 4 2.35383 ¢ — 0.04256 ¢° (10.6)
The result is shown in Fig. 10.4 and the fitting mean square error is 0.9995.

Equation (10.2) is used to calculate the scale factor. The values of the scale factor
are compared with the real values as shown in Table 10.2.

Table 10.1 Output voltage signal of the micromechanical gyroscope in the test

@ (1/s) Q (°/s)
0 30 70 125 150 180

6 10 405.0 948.0 1671.0 2048.0 2368.5
8 12 513.0 1198.0 2129.5 2566.5 3078.5
11 11 651.5 1502.0 2674.5 3217.0 3856.0
12 9 686.7 1602.2 2861.1 3433.3 4120.0
13 10 721.0 1664.0 2960.5 3558.0 4292.5
15.5 11 810.5 1894.0 3406.0 4077.5 4897.0
17 10 872.5 2020.0 3595.0 4300.0 5154.0
19 10.2 903.9 2109.1 3766.2 4519.5 54234
20 10 940.0 2184.5 3885.0 4643.5 5564.0
25 9 1004.5 2327.0 4125.0 4949.5 5938.0
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Table 10.2 Scale factor of the gyroscope with different rolling angular velocities

Rolling angular velocity (1/s) Scale factor (mV/° g1 ) Relative error (%)
Measured value Calculated value
6 13.34 13.36 0.15
8 17.09 16.88 1.24
11 21.40 21.51 0.51
12 22.89 22.89 0.00
13 23.77 24.18 1.70
15.5 27.23 27.03 0.74
17 28.62 28.49 0.46
19 30.13 30.13 0.00
20 30.90 30.82 0.26
25 32.94 33.02 0.24
Fig. 10.4 Relationship 35
between scale factor and k=0.77227+2.35383 ¢ -0.04256 p*
rolling velocity
30
_I"."
=5 HEL
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Table 10.3 Compensated output voltage of the gyroscope with different rolling angular velocities

@ (1/s) Q (°/s)
0 30 70 125 150 180
6 11 909.25 2128.31 3751.49 4597.87 5317.41
8 10 911.81 2129.32 3784.97 4561.69 5471.72
11 11 908.48 2094.45 3729.42 448591 5376.95
12 10 896.50 2099.82 3749.35 4500.20 5397.89
13 11 894.59 2064.62 3673.27 4414.62 5325.96
15.5 12 899.53 2102.05 3780.13 4525.39 543491
17 11 918.85 2127.31 3785.98 4528.43 5427.79
19 11 899.97 2099.72 3749.90 4501.06 5399.65
20 12 914.87 2126.11 3781.15 4519.38 5415.28
25 10 912.72 2114.37 3748.08 4497.25 5395.42
Fig. 10.5 Relationship 6000 —
between output voltage and
input angular velocity after 5000
compensation
4000 - —u— Or/s
—o—8
Z 3000 - —1)
— —y=12
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4. The compensated output voltage

Assume that k, = 30.00mV /°s~!, and according to Eq. (10.4) the amplitude of
the compensated output voltage (mV) is shown in Table 10.3 and Fig. 10.5.

According to the output, the scaling factor can be calculated and the calculation
results are shown in Table 10.4.

Comparing Figs. 10.3 and 10.5 it can clearly be seen that after compensation the
consistency of the scaling factors with different rolling angular velocities can be
improved.

According to the above results the micromechanical gyroscope is tested again.
For three axis angular velocities of the three-axis turntable, the frame angular
velocities are set as 6, 7, 10, 11, 12, 15, 16, 18, 22 and 24 1/s, and the input angular
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Table 10.4 Scaling factors of a micromechanical gyroscope with different rolling angular
velocities

Rolling velocity (1/s) Scaling factor Rolling velocity (1/s) Scaling factor (mv/° s ')
(mv/° s h

6 30.18 17 30.33

8 30.38 19 30.00

11 29.96 20 30.27

12 29.97 25 30.11

13 29.54 Average value 30.09

15.5 30.12

Table 10.5 Comparison of actual output voltage and theoretical output voltage of a microme-
chanical gyroscope

¢ (1/s) 20 80 120 140 170

c t c t c t c t c t
6 600 |609.3 | 2400 |2428.2 |3600 |3601.5 |4200 |4267.8 [5100 |5117.5
7 600 |[611.7 | 2400 |2429.4 |3600 |3635.1 [4200 |4261.8 [5100 |5171.7
10 600 | 608.4 |2400 |2394.0 |3600 |3579.3 |4200 |4185.9 |5100 |5076.9
11 600 |596.4 | 2400 |2400.0 |3600 |3599.4 [4200 |4200.3 {5100 |5097.9
12 600 |594.6 | 2400 |2364.6 |3600 |3613.2 (4200 |4114.5 [5100 |5025.9
15 600 |599.4 | 2400 |2402.1 |3600 |3630.0 [4200 |4225.5 [5100 |5134.8
16 600 | 618.9 |2400 |2427.3 |3600 |3636.0 |4200 |4228.5 |5100 |5127.9
18 600 |[615.0 | 2400 |2426.1 |3600 |3631.2 |4200 |4219.5 [5100 |5115.3
22 600 |615.0 | 2400 |2426.1 |3600 |3601.2 |4200 |4219.5 [5100 |5115.3
24 600 | 612.6 |2400 |2414.4 |3600 |3658.2 4200 |4197.3 | 5100 |5095.5
Maximum | 3.2 1.5 1.6 2.0 1.5
relative
error (%)

velocities under different rolling angular velocities are respectively set as 20, 80,
120, 140 and 170°/s. For different rolling angular velocities and different input
angular velocities the output voltage (mV) and the amplitude of the theoretical
output voltage (mV) of a micromechanical gyroscope are compared as shown in
Table 10.5 where ¢ and t represent the amplitude of the theoretical output voltage
and the amplitude of the actual output voltage respectively.

A micromechanical gyroscope (type CIS-DR-WB02-0806-0776) is analyzed.
From Table 10.5, it can be observed that the maximum relative error between the
theoretical output voltage (the scale factor is k, = 30.00 mV/° s~ and the actual
output voltage is 3.2%. In view of the whole calculation process, the main factor
that affects the accuracy of the algorithm is the nonlinearity of the scale factor of a
gyroscope with different rolling velocities.
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10.2 The Attitude Demodulation Method
of a Micromechanical Gyroscope Based
on Phase Difference

The frequency of the output signal for a non-driven micromechanical gyroscope is
related to the rolling velocity of the rotating flight carrier, while the envelope
amplitude of the output signal is proportional to the input angular velocity (the
angular velocity combined by the pitch and the yaw). Therefore, according to
the usage requirement it is necessary to decompose the pitch angular velocity and
the yaw angular velocity, and this decomposition needs a benchmark. If we can
determine the deflecting direction of the carrier in the inertial space, the pitch
angular velocity and the yaw angular velocity can be decomposed orthogonally.
Therefore, the gravity acceleration meter is regarded as the reference signal and the
phase difference between the output signal of the micromechanical gyroscope and
the reference signal can determine the deflecting direction of the rotating flight
carrier in the geographic coordinates, and the pitch angular velocity and the yaw
angular velocity can be obtained.

10.2.1 Study of the Phase Difference Between
the Output Signal and the Reference Signal
of the Gyroscope

The phase difference between the output signal and the reference signal of a
micromechanical gyroscope can reflect the deflecting direction of the rotating flight
carrier in the geographic coordinates. The principle and demonstration of the
method will be discussed in detail.

1. Establishment of the reference coordinate system

In order to get the self-rotating signal of the rotating flight carrier in flight, a
MEMS gravity accelerometer is integrated in the circuit. Because the gravity
accelerometer is sensitive to the self-rotating of the rotating flight carrier, the spatial
position of the rotating flight carrier can be obtained from this self-rotating signal,
and the spatial position of the sensitive axis for the gravity accelerometer can be
obtained. The position of the sensitive axis can be obtained from the relative
position of the silicon micromechanical gyroscope and the accelerometer in
the circuit. So in this scheme, the role of the gravity accelerometer is to provide the
azimuth reference, which is different from the effect of the accelerometer in the
strap down or the platform inertial navigation system combined with the common
gyroscope and the accelerometer. The output signal frequency of the accelerometer
does not change with the change of the pitch or the yaw of the rotating flight carrier,
and is related only to the spatial position of the self-rotating of the rotating flight
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Fig. 10.6 Spatial angular position and its electric angle position of the rotating carrier

carrier. So it can always provide the position signal of the rotating flight carrier in
flight.

The establishing process of the specific reference coordinate system is as
follows:

As shown in Fig. 10.6, a reference point A is selected on the rotating flight
carrier (can be the position of the rudder for the rotating flight carrier) and is
regarded as an axis to establish a coordinate system (Fig. 10.6a). The sensitive axis
of the accelerometer is installed on the axis line which is vertical to the axis of A.
When the point A on the rotating flight carrier rotates in a positive direction of the
coordinate X axis (Fig. 10.6a), the output is zero (corresponding to point 1 in
Fig. 10.6e); When point A on the rotating flight carrier rotates in the positive
direction of the coordinate Y axis (Fig. 10.6b), the output is maximum (corre-
sponding to point 2 in Fig. 10.6e); When point A on the rotating flight carrier
rotates in the negative direction of the coordinate X axis (Fig. 10.6¢), the output is
zero (corresponding to point 3 in Fig. 10.6e); When point A on the rotating flight
carrier rotates in the negative direction of the coordinate Y axis (Fig. 10.6d), the
output is the peak value in the negative direction (corresponding to the point 4 in
Fig. 10.6e). Thus a coordinate system which relies on the rotating flight carrier is
established (the coordinate system in Fig. 10.6e), and the waveform in this refer-
ence coordinate system is the required reference waveform. The later work for
phase comparison is based on this waveform.

2. Phase comparison

In the deflection process of the rotating flight carrier the moment of momentum and
the external moment are always in the vertical position, that is, a Coriolis force is
always applied on the silicon pendulum of the micromechanical gyroscope. But
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because there is a sensitive axis in the micromechanical gyroscope, when the direction
of the Coriolis force is vertical to that of the sensitive axis, maximum torque is applied
to the silicon pendulum such that the deflection of the pendulum around the sensitive
axis is maximum. When the direction of the Coriolis force is parallel to that of the
sensitive axis the Coriolis force cannot be applied to the silicon pendulum, and only to
the sensitive axis such that the silicon pendulum cannot deflect and the output signal is
zero. Thus when the output signal of the gyroscope is the peak value of the sine wave,
it can be concluded that the sensitive axis of the gyroscope is vertical to the deflection
surface of the rotating flight carrier. Thus, if the spatial location of the sensitive axis is
known, the rotation plane of the rotating flight carrier can be obtained. In order to
obtain the spatial position of the sensitive axis of the gyroscope, the output signal of
the gravity accelerometer is needed. When the gyroscope and the accelerometer are
combined, the relative positions of these two sensitive axes are determined, while the
spatial position of the sensitive axis of the accelerometer can be determined by the
output signal. For example, when the sensitive axis of the accelerometer is parallel to
the diameter of point A in the coordinate of Fig. 10.6, according to the output signal of
the accelerometer, the sensitive axis rotates to the spatial position with the rotation
of the rotating flight carrier. According to the above relationships among the deflection
direction of the rotating flight carrier, the sensitive axis of the gyroscope and the
sensitive axis of the accelerometer and the output signal of the accelerometer, the
deflection direction of the rotating flight carrier in the flight can ultimately be
determined.

3. Determination of the deflection direction

Compare the output waveforms and if their phase difference is zero (Fig. 10.7a),
the datum point output which is relative to the coordinate reference is also zero at this
time, thus the rotating plane of the rotating flight carrier is vertical to the sensitive axis
of the gyroscope and the deflection direction of the rotating flight carrier in this plane is
left. If the phase difference between the output waveform and the reference waveform
1s90° (Fig. 10.7b), the datum point output which is relative to the reference coordinate
is the peak value, thus the rotating plane of the rotating flight carrier is parallel to the
sensitive axis of the gyroscope and the deflection direction of the rotating flight carrier
in this plane is upward. If the phase difference between the output waveform and the
reference waveform is 180° (Fig. 10.7c), at this time the datum point of the output
voltage which is relative to the reference coordinate is zero, thus the rotating plane of
the rotating flight carrier is vertical to the sensitive axis of the gyroscope, and the
rotating direction of the rotating flight carrier in this plane is right. If the phase
difference between the output waveform and the reference waveform is 270°
(Fig. 10.74), at this time the datum point of the output voltage which is relative to the
reference coordinate is the maximum negative, thus the rotating plane of the rotating
flight carrier is parallel to the sensitive axis of the gyroscope, and the rotating direction
of the rotating flight carrier in this plane is downward. In Fig. 10.7, A is the reference
signal, B is the output signal of the gyroscope, and Fig. 10.7a—d are the waveforms of
two signals when the phase difference is 0°, 90°, 180° and 270° respectively.
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Fig. 10.7 Comparison of output waveforms with different phase differences

Through the above analysis, it can be seen that if the phase difference between
the output waveform and the reference waveform are compared, the rotating
direction of the rotating flight carrier in flight can be determined. As shown in
Fig. 10.8a, when the phase difference between the output waveform and the ref-
erence waveform is 60°, the deflection direction of the rotating flight carrier in flight
is shown in Fig. 10.8b. As soon as the phase difference between the output signal of
the micromechanical gyroscope and the rolling signal (the reference signal) of the
rotating flight carrier can be measured, the rotating direction of the rotating flight
carrier can be determined.

1. In the case of a constant angular velocity, the relationship between the phase
difference and the deflection direction

For the MEMS gravity accelerometer mounted on a rotating flight carrier, the
output of the accelerometer is a sinusoidal signal when the rotating flight carrier
rotates for one circle, that is,
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Uaccelerometer — accelerometer COS(¢Z - 9) ( 107)

where 6 is a fixed phase related to the installation location. The output signal of the
micromechanical gyroscope is

u = Kf(¢)[Q: cos(¢pr) + Q, sin(¢r)| = Kf (¢)Qcos(¢pr — P(t)) (10.8)
The difference between the two signals is
AO =0 — B(1)

Assuming that the rotating flight carrier rotates at a constant speed and the
deflection direction is right, () is a constant phase, and their difference is

AO=0— Bt) = 0, (10.9)

(1) If at this time the rotating flight carrier rotates at a constant speed upwards, the
change of the deflection direction is 90°, that is, the change of the initial phase
difference is 90°, then the output is

u=Kf(p)Qcos(qpt — pr) —90°) (10.10)
AO=6—p(t) =6, +90° (10.11)
(2) If at this time the rotating flight carrier rotates at a constant speed and the

deflection direction is left, the change of the deflection direction is 180°, that is,
the change of the initial phase difference is 180°, then the output is
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u= K (p)Qcos(pr — p(r) — 180°) (10.12)

AO =0 — B(t) = 0; + 180° (10.13)

(3) If at this time, the rotating flight carrier rotates at a constant speed and the
deflection direction is upwards, the change of the deflection direction is 270°,
that is, the change of the initial phase difference is 270°, then the output is

u = Kf(p)Qcos(¢pt — p(r) — 270°) (10.14)

A0 =0 — B(t) = 0, +270° (10.15)

(4) If at this time the rotating flight carrier rotates at a constant speed and the
deflection direction is right, the change of the deflection direction is 360°, that
is, the change of the initial phase difference is 360°, then the output is

u = Kf(¢)Qcos(¢pt — (1) — 360°) (10.16)
A0 =0 — B(t) = 0, +360° (10.17)

The micromechanical gyroscope is installed on the precision turntable with three
axes and by using the Agilent oscilloscope, the output signal of the gyroscope and
the angular velocity output signal of the turntable are simultaneously observed as
shown in Fig. 10.9; the rotating velocity of the inner frame of the controlled
turntable is 10 Hz, the direction of the external frame (yaw) is left, and the angular
velocity is 100°/s, which is shown in Fig. 10.9a, then the phase difference is —22°.
If the external frame is stopped, and the middle frame (pitch) rotates upwards, the
angular velocity is 100°/s, as shown in Fig. 10.9b, then the phase difference is 68°.
If the middle frame is stopped, the direction of the external frame (yaw) is right, and
the angular velocity is 100°/s, as shown in Fig. 10.9¢, then the phase difference is
158°. If the external frame is stopped, the direction of the middle frame (pitch) is
downward, and the angular velocity is 100°/s, as shown in Fig. 10.9d, then the
phase difference is 250°.

It is clear that when the deflection direction of the inner frame is changed from
left — upward — right — downward, the phase difference between the signal of
the micromechanical gyroscope and the signal of the gravity accelerometer is
—22° — 68°— 158° — 250°. When the change of the deflection direction is 90°,
the change of the phase difference is 90°. That is, when the rotating flight carrier
rotates through a circle in flight, the change of the phase difference is 360°. Thus,
the space position of the rotating flight carrier can be determined by the phase
difference.
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Fig. 10.9 Comparison of output signal and reference signal of the gyroscope with different
deflection directions

2. The relationship between the phase difference and the deflection direction when
the rotating flight carrier moves circularly and elliptically.

If the pitch and the yaw are synthesized into a circular motion, the yaw angular
velocity is Qg =Azcos(wt+0,), the pitch angular velocity is
Q, =A,cos(wit+0,), As =A,;,0, =0, £ /2, and the output signal of the
micromechanical gyroscope is

u:%st(gb)Agvcos((fb:I:wl)t:tel) (10.18)

while the output of the gravity accelerometer is

Uaccelerometer — accelerometer COS(Q.Dt - 0) ( 10. 19)

The phase difference between the signal of the micromechanical gyroscope and
the signal of the gravity accelerometer is
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AO =0 — B(t) = £(wyt+0;) +0 (10.20)

Then the phase difference changes by a uniform velocity when the circular
motion is a cycle and the phase difference is uniformly changed by 360°.

If the pitch and the yaw are synthesized into an elliptical motion the output
signal of the micromechanical gyroscope is

u=Kf(p)Qcos(pt — p(t)) (10.21)
where

Ay cos(wit+ 82)>

plr) = arctan <A§ cos(wit+ 6)

(10.22)
The phase difference between the signal of the micromechanical gyroscope and
the signal of the gravity accelerometer is

Ay cos(wir+ 92)) (10.23)

A = —_ = .
0=0—-p@1) =20 arctan(AéCOS(wlt+61)

When the synthetic motion rotates through one circle, the phase difference
changes by 360° in the form of a tangent change only rather than in the form of a
linear change.

The micromechanical gyroscope is installed on the precision turntable with three
axes. Assume that the rolling angular velocity is 17 t/s, and the frequencies of the
pitch and yaw angular vibrations are 1 Hz and their phase difference is adjusted
such that the composite motion are the circle and the ellipse respectively. The
output signals of the micromechanical gyroscope and the accelerometer are col-
lected by the acquisition system and the sampling frequency is 1 kHz, then the
phase difference between two signals is calculated. When the motion trajectories are
a circular motion and an elliptical motion, the phase differences are shown in
Figs. 10.10 and 10.11 respectively.

It is seen that the phase difference of the two signals varies by 360° when the
rotating flight carrier rotates through a circle in flight. According to the phase
difference, the flight position of the rotating flight carrier can be judged.

Generally, the deflection direction of the carrier space can be determined by the
phase difference of the signals of the micromechanical gyroscope and the
accelerometer.
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Fig. 10.11 Phase difference between signals of the micromechanical gyroscope and the

accelerometer when the motion trajectory is elliptical

10.2.2 Factors Influencing Phase Difference

The phase difference can be used to determine the deflection direction of the
rotating flight carrier in flight, and the input angular velocity can be decomposed
into the pitch angular velocity and the yaw angular velocity by phase difference.
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Phase difference is one of the key parameters in the decomposing process.
Therefore, it is necessary to consider the factors that affect the phase difference and
compensate for them according to the situation. In the practical application, factors
that may affect the phase difference include the rolling angular velocity change, the
input angular velocity change, the environmental temperature change and the
complex motion modulation problem, etc.

1. The change in rolling angular velocity and input angular velocity

The phase difference between the signals of the micromechanical gyroscope and
the accelerometer contains an initial value, that is, the installation angle between the
gyroscope and the accelerometer, the lag phase between the gyroscope and the
accelerometer, and the lag phase of the detection circuit. This initial value varies
with changes of the rolling angular velocity and input angular velocity of the
rotating flight carrier. In the practical application, the test calibration method is used
to find the initial value of every gyroscope. The detailed test method is as follows:

(1) Assume that both the rolling direction and the rotating direction of the rotating
flight carrier are clockwise. At this time the reference point of the accelerometer
is set to zero.

(2) The composite device of the micromechanical gyroscope and the gravity
accelerometer is installed on the test turntable. The yaw (the external frame)
velocity of the turntable is set as 21, and the rolling (the inner frame) velocity is
setas @, ¢, ..., ¢,, respectively. The output signals of the gyroscope and the
accelerometer are connected to the input channel and the reference channel of
the phase meter respectively, and the phase difference of the two signals is
recorded (the average value of several results).

(3) Then the yaw velocity of the turntable is set as €, Qs, ..., Q,, respectively.
According to Step (2), the phase difference between two output signals with
every rolling frequency is recorded (the average value of several results).

(4) According to the recorded data, the rolling velocity of the rotating flight carrier
is denoted as the horizontal coordinate, the phase difference between the signals
of the micromechanical gyroscope and the accelerometer is denoted as the
vertical scale, and the relationship diagram between the phase difference and
the rolling velocity of the gyroscope with rotating velocity (¢, ~ ¢,,) is drawn.

(5) The test points of the micromechanical gyroscope are fitted into a curve. The
rolling velocity of the rotating flight carrier is denoted as the independent
variable, the phase difference of the micromechanical gyroscope and the
accelerometer is denoted as a variable, and the expression for the function is
established. According to this expression the corresponding initial difference
can be obtained when the rotating flight carrier has any rolling velocity with the
pass band.

According to the above test method, one of the gyroscopes (type: CJS-DR-
WBO01-0702-0614) is selected as an example to perform many of the tests. In the
case of different rolling angular velocities and input angular velocities, the phase
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Table 10.6 Phase difference between signals of the micromechanical gyroscope and the
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accelerometer with different rolling angular velocities of the rotating flight carrier

Q (°/s) @ (1/s)
6 8 11 13 17 20 25
50 92.8 96.0 105.4 111.0 121.2 126.2 137.8
100 92.2 96.8 105.4 111.6 120.6 127.2 137.0
150 94.8 98.4 107.4 111.8 122.6 1294 1394
200 95.0 100.0 106.6 114.2 124.4 130.0 140.6
Mean 93.7 97.8 106.2 112.2 122.2 128.2 138.7
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Fig. 10.12 Phase difference between signals of the micromechanical gyroscope and the
accelerometer with different rolling angular velocities of the rotating flight carrier when the
turntable deflects clockwise

difference between the signals of the micromechanical gyroscope and the
accelerometer is obtained and the relationship with changing rolling angular
velocities of the rotating flight carrier is shown in Table 10.6.

The positive phase difference presents the lead accelerometer signal of the
micro-mechanical gyroscope. From Fig. 10.12 it can be seen that the effect of the
rolling angular velocity on the initial phase difference is large, while the effect of the
rotating velocity of the turntable is relatively small. In the test range, when the
rolling angular velocity of the rotating increases from 6 to 25 /s, the maximum
phase difference between the output signals of the micro-mechanical gyroscope and
the accelerometer is 45.6°. When the rotating velocity of the turntable increases
from 50 to 200°/s, the maximum phase difference between the output signals of the
micromechanical gyroscope and the accelerometer is 4°.
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The signal of the accelerometer may be modulated when the rotating flight
carrier is accompanied by pitch and yaw motions. The frequency change will lead
to a change of the phase difference. In order to verify the experiment, a circuit with
the gravity accelerometer is installed on the three-axis turntable and the inner frame
of the turntable is set as 10 Hz. The equations of the pitch and yaw angular
velocities are respectively,

Q: =31.4°cos(2nr +1/3)[(°) /5] (10.24)
Q, =31.4°cos(2nt+1/4)[(°)/s] (10.25)

The output signal of the gravity accelerometer is shown in Fig. 10.13. It can be
seen that the amplitude of the output signal is modulated and its spectrum analysis
is shown in Fig. 10.14. The theoretical value is 10 Hz, the frequency spectrum
analysis is 10.0097656 Hz, and the relative error is 0.098%. The frequency of the
accelerometer is not modulated and the motion mode has no effect on the frequency
of the signal. Therefore, the phase difference between the micromechanical gyro-
scope and the accelerometer is not affected.

2. Temperature effect

Temperature is an important environmental factor and the effect of temperature
on the phase difference should be studied. The computer-controlled single axis
turntable with a temperature experiment box is used to study the effect of tem-
perature on the phase.

1. Experimental procedure
(1) The micromechanical gyroscope with the accelerometer is fixed on the turntable.
Then according to the environmental indicators of the working temperature,
select eight experimental temperatures: —20, —10, 0, 10, 20, 30, 40 and 50 °C.
The working environment of the gyroscope is heated or cooled to the corre-
sponding temperature by the temperature experimental box and the temperature
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of the experimental box is controlled by the setting on the temperature control
device. According to the working range of the gyroscope, select the rolling
angular velocities 6 and 17 r/s as two experimental angular velocities, while the
experimental yaw angular velocities are selected as 100, 200, 300, —100, —200
and —300°s).

The temperature of the temperature box is heated to above 30 °C and any water
vapor in the temperature box is removed.

Set the temperature of the experimental box as T = —20 °C until the temper-
ature box displays —20 °C, and maintain this temperature for 40 min. Set the
rolling angular velocity of the gyroscope as ¢ = 61/s and the rotating velocities
Q of the turntable as 100, 200, 300, —100, —200, —300°/s in order. Then each
group of values of three parameters is measured (the output voltage of the
accelerometer, the output voltage of the gyroscope and the phase difference
between the output waveforms of the accelerometer and the gyroscope).

Keep the environment temperature 7 = —20 °C unchanged and set the rolling
angular velocity of the gyroscope as ¢ = 17 r/s and the rotating velocities 2 of
the turntable as 100, 200, 300, —100, —200, —300°/s in order. Then each group
of values of three parameters is measured (the output voltage of the
accelerometer, the output voltage of the gyroscope and the phase difference
between the output waveforms of the accelerometer and the gyroscope).

Set the temperature 7 = —10 °C and maintain this temperature for 40 min. Set
the rolling angular velocity of the gyroscope as ¢ = 6 1/s and the rotating
velocities Q2 of the turntable as 100, 200, 300, —100, —200, —300°/s in order.
Then each group of values of three parameters is measured (the output voltage
of the accelerometer, the output voltage of the gyroscope and the phase dif-
ference between the output waveforms of the accelerometer and the gyroscope).
Keep the environment temperature 7 = —10 °C unchanged and set the rolling
angular velocity of the gyroscope as ¢ = 17 1/s and the rotating velocities 2 of
the turntable as 100, 200, 300, —100, —200, —300°/s in order. Then each group
of values with three parameters is measured (the output voltage of the
accelerometer, the output voltage of the gyroscope and the phase difference
between the output waveforms of the accelerometer and the gyroscope).
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Table 10.7 Phase differences with different temperatures and different input angular velocities
when the rolling angular velocity is 6 r/s

Temperature (°C) Q (°Is)
100 200 300 —100 —200 —300

=20 110 112 113 =70 -68 -68
-10 109 112 112 —69 =70 —68
0 110 111 113 -69 -69 -67
10 111 112 113 =70 =70 —66
20 111 112 112 -68 =70 -68
30 110 113 113 —68 -69 —68
40 111 112 113 -69 —68 -67
50 110 113 113 =70 =70 -67

Table 10.8 Phase differences with different temperatures and different input angular velocities
when the rolling angular velocity is 17 1/s

Temperature (°C) Q (°ls)
100 200 300 —100 -200 -300

-20 129 130 132 =50 -49 —48
-10 129 129 132 =51 =50 -49
0 130 131 131 =52 —49 -49
10 129 129 132 =51 =50 —48
20 130 129 130 =50 =50 —49
30 129 130 132 =52 —49 -49
40 129 129 132 =50 =50 —48
50 130 130 132 =52 -49 =50

(7) And so on, test a set of values every 10 °C, and record them until the tem-
perature is 50 °C.
2. The experimental result. The micromechanical gyroscope is tested according to
the above test method and the test results of No. 0702-0619 of type CJS-DR-—
WBOL1 type are shown in Tables 10.7 and 10.8.

Figures 10.15 and 10.16 show the phase difference change of the microme-
chanical gyroscope and the accelerometer when the rolling angular velocities are 6
and 17 /s at different temperatures and different input angular velocities respec-
tively. The experiments show that the phase difference is small (<3°) at different
temperatures.
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Fig. 10.15 Phase difference change when the rolling angular velocity is 6 r/s at different
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Fig. 10.16 Phase difference change when the rolling angular velocity is 17 r/s at different
temperatures and different input angular velocities



10.2  The Attitude Demodulation Method of a Micromechanical Gyroscope Based ... 307

10.2.3 Phase Difference Compensating Method

According to the above results, the effect of the rolling angular velocity on the
phase is biggest, followed by the effect of the input angular velocity. The phase
difference compensating method is as follows:

(1) Determine the rolling angular velocity and the relationship between the change
of the measured angular velocity and the phase difference. When the measured
data of the phase difference output for the gyroscope and the accelerometer are
dealt with, the average value of m number of the sampled data of each test point
is regarded as the recording data to eliminate the influence of white noise and
vibration noise from the turntable.

At every fixed rolling angular velocity, the relationship between the phase dif-
ference A0 and the input angular velocity Q can be fitted by the following n-order
polynomial:

AO(Q) = ap+a\Q +ar, Q> + - +a, Q" (10.26)

At the constant input angular velocity, the relationship between phase difference
A0 and rolling angular velocity ¢ can be fitted by the following m-order
polynomial:

AO(() = bo+b1(p+br” + -+ + by " (10.27)

Because the phase difference is not only a function of the rolling angular velocity
but is also related to the input angular velocity, the coefficients @; and b; in
Egs. (10.26) and (10.27) are not constant. Rather «; is a variable that is related to
the rolling angular velocity and b; is a variable that is related to the input angular
velocity. Therefore, by considering the influence of the rolling angular velocity and
the input angular velocity, the phase difference can be expressed as a
two-variable function of the rolling angular velocity and the input angular velocity:

A0 = f(¢, Q) (10.28)

(2) A model for the combined effect of the angular velocity and the input angular
velocity of the micromechanical gyroscope. The following model with a double
input and a single output is taken as the model of the combined influence of the
rolling angular velocity and the input angular velocity of the gyroscope (con-
sidering the computing complexity and the influence, select n = 2 and m = 3):

AI=Q-C-¢ (10.29)
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(3) According to the recorded data, C can be obtained by using Eq. (10.29) and the
actual initial phase difference is

0 = Omeasurea — A0 (10.30)

According to the above method the phase of the micromechanical gyroscope
(CJS-DR-WB type 02-0606-0767) is compensated. According to Eq. (4.20), the
matrix C is determined and then the phase difference A6 is calculated at 40, 80, 120,
and 180°/s. The calculated value is compared with the actual measured phase
difference in Table 10.9, where ¢ is the measured value and C is the calculated
value.

According to Table 10.9, the absolute error of the phase difference can be cal-
culated at different rolling angular velocities and different input angular velocities as
shown in Table 10.10. After compensation, the maximum absolute error of the
initial phase difference is less than 2°.
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Table 10.10 Absolute error of the phase difference at different rolling angular velocities and
different input angular velocities

Q ¢(1/s)

s 6 8 11 13 17 20 25
Absolute | Absolute | Absolute | Absolute | Absolute | Absolute | Absolute
error (°) error (°) error (°) error (°) error (°) error (°) error (°)

40 —0.65 1.06 -0.02 0.75 0.87 1.21 0.54

80 -0.12 0.94 -0.14 0.38 1.58 1.57 -0.21

120 | —0.8 0.57 -0.96 —0.89 —-0.56 0.76 -0.91

180 |—0.21 0.34 1.11 -0.23 0.24 -1 —-0.55

10.3 Posture Demodulation of the Rotating Body Based
on the Micromechanical Gyroscope

The output signal of the micromechanical gyroscope is a modulated signal which
contains three angular velocities of roll, yaw and pitch. If the rotating flying carrier
of the rolling and rotating flight carrier only performs the yaw or pitch motion, the
output signal frequency of the micromechanical gyroscope is equal to the rolling
angular velocity of the rotating flight carrier, and the amplitude of the signal
envelope is proportional to the yaw or pitch angular velocity. However, if the
rotating flight carrier performs the pitch and yaw motion, the output signal fre-
quency of the micromechanical gyroscope will be modulated, while the amplitude
of the signal envelope is proportional to the yaw and pitch angular velocities
combined. How to extract three roll, yaw and pitch angular velocities from the
complex signal provides the control basis for the multi-channel control system of
the rotating flight carrier and becomes the key technology of the micromechanical
gyroscope.

10.3.1 Demodulation Method

From signal spectrum analysis of the micromechanical gyroscope, the rolling
angular velocity of the rotating flight carrier can be obtained or the rolling angular
velocity is obtained by using the signal of the accelerometer since they are equal.
The envelope amplitude of the output signal can be used to calculate the pitch and
yaw angular velocity, while the pitch and yaw angle is exactly equal to the phase
difference between the signals of the micromechanical gyroscope and the
accelerometer. Therefore, the micromechanical gyroscope demodulates to the roll,
yaw and pitch angular velocity algorithm of the rotating flight carrier. The corre-
sponding algorithm is shown in Fig. 10.17, which includes (D the algorithm for
solving the filtering; @ the algorithm for solving the signal peak; 3 the algorithm
for solving the envelope; @ the algorithm for solving the phase difference between
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Fig. 10.17 Demodulation process of the micromechanical gyroscope

two signals; B the algorithm for solving the rolling angular velocity; ® inhibiting
the effect of the rolling angular velocity on the output signal, and solving the pitch
and yaw combined angular velocities; @) the algorithm for solving the combined
molding compensation of the phase difference; the algorithm for solving the
actual phase difference; @ the algorithm for solving the yaw angular velocity and
the pitch angular velocity; the algorithm for solving the roll, pitch and yaw
angles.

1. Filtering algorithm and simulation

After the signals of the micromechanical gyroscope and the accelerometer have
passed through the pre-processing circuit they still contain a lot of noise. Before the
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signal is demodulated it needs a smoothing filter. There are many common filtering
algorithms such as the adaptive filtering algorithm, the Kalman filtering algorithm,
the wavelet filtering algorithm, the IIR filtering algorithm, and the FIR filtering
algorithm, etc. Because the phase information of the signal is important, in order not
to affect the calculation of the next phase difference the zero phase filtering algo-
rithm is selected to filter the signal. The basic idea of the zero phase digital filtering
algorithm 1is that the input sequence is filtered in order (the forward filter), the
obtained result is reversed and passes the filter (the reverse filter) reversely, and the
obtained result is reversed and is output (the reverse output), that is, the output
sequence of the exact zero phase distortion is obtained and the realizing process of
this algorithm is as follows:

(1) Write the difference filter function Diff Filter (b, a, x). For the linear shift
invariant (Linear Shift Invariant, LSI) discrete time system, the difference
equation can be expressed as

N M
y(n)+ Za(k)y(n —k) = Z b(r)x(n—r) (10.31)
k=1 =0

where a(k) and b(r) are coefficients of this equation.

Write the difference filter function Diff Filter Diff Filter (b, a, x), the parameters
are three arrays, b is used to store the coefficients b(r), (r = 0, 1, ...M) of the filter;
a is used to store the coefficients a(k), (k =0, 1,...,N), and a(0) = 1; x is used to
store the input signal and afterwards to store the filtered output signal.

(2) For the IIR filter, there holds M = N and calculating the initial condition of the
filter e(q),q=0,1,...,N —1, where E = [e(0),e(1),...,e(N —1)]", there
holds

I+a(l) 1 -1 b(1) = b(0)a(0)
g | @0 1| b =B Hox)
aN) 0 0 -] |bIN) = b0)a(N - 1)

(3) The head and the end of the original input sequence x(n) is expanded and 3 N
numbers are added before x(n) and 3 N numbers are added behind. The
expanded sequence is denoted by x'(n), n =0,1,...,P+6N.
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2x(0) — x(3N — n), n<3N
X(n) = x(n — 3N), 3BN<n<P+3n
2x(P) —x(P—1—(n—P—3N—n)), P+3N<n<P+6N

(10.33)

(4) Forward filtering is performed. The function Diff Filter (b, a,x) is called b,a
and x'(n). The output y'(n) of x'(n) is calculated by

m=1

XM:b 7"/ (1 + ia(m)z”) (10.34)
m=0 =

Then a unit pulse signal A(n) with length P+ 6N + 1 is generated and the
function Diff Filter (b, a, x) is called by z,a and h(n). The output y//(n) of the h(n)
is calculated by

M-1

¥ (0)e(m)z™/ (1 + Z ) (10.35)

where denotes y(n) = y'(n) +y/(n).

m=0

(5) Inverse filtering is performed and the result of the forward filtering is inversed.
Denote x/(n) = y(P+6N —n), repeat Step (4) and obtain the result after
inverse filtering.

(6) The results of the inverse filtering are inversed and the extension of the head
and the end is removed and the final filtering result can be obtained.

Set the inner frame of the turntable as 10 Hz and the pitch and yaw as the
angular vibration at 1 Hz and 5° and record the output signal of the microme-
chanical gyroscope and the signal of the accelerometer. Figure 10.18 shows a piece
of the original data output of the micromechanical gyroscope and Fig. 10.19 shows
the zero phase filtering, where A and B represent the original signal of the
micromechanical gyroscope and the filtered signal. Figure 10.20 shows the wave-
forms after IIR and FIR filtering, where C, E and G represent the original signals of
the micromechanical gyroscope, the waveform after the IIR filtering and the
waveform after the FIR filtering respectively.

Figure 10.21 shows a piece of data of the original signal of the accelerometer
and Fig. 10.22 shows the zero phase filtering, where B and H represent the original
signal and the filtered signal of the accelerometer. Figure 10.23 shows the wave-
forms after IR and FIR filtering, where B, D and F represent the original signal, the
IIR filtered waveform and the FIR filtered waveform of the accelerometer
respectively.
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Fig. 10.19 Zero phase filtered result for the signal of the micromechanical gyroscope
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Fig. 10.22 Zero phase filtering result for the signal of the accelerometer
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Fig. 10.23 TIIR and FIR filtering result for the signal of the accelerometer

By using three kinds of the filtering methods the signal-to-noise ratio before and
after filtering is shown in Table 10.11. It can be seen that after filtering the
signal-to-noise ratios of the signal of the micromechanical gyroscope and the
accelerometer are raised by 6 dB. However, for the IIR and FIR filtering algorithms
there is a filtered phase shift and a large error at two ends of the filtering. These two
drawbacks do not affect the zero phase shift filtering algorithm. Therefore, the zero
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Table 10.11 Signal-to-noise ratios of three filtering algorithms before and after filtering

Method | The The Method | The The
signal-to-noise ratios signal-to-noise ratios signal-to-noise ratios signal-to-noise ratios
for the signal of the for the signal of the for the signal of the for the signal of the
micromechanical accelerometer/db micromechanical accelerometer/db
gyroscope/db gyroscope/db
Before 30.2 28.3 After 36.5 33.8
filtering FIR
filtering
After 36.4 34.1 After 37.6 34.7
IIR Zero
filtering phase
shift
filtering

phase shift filtering algorithm is utilized in the signal filtering of the microme-
chanical gyroscope.

2. Algorithm for the rolling angular velocity and angular position

The signal peak algorithm is to find the peak value of the de-noised signal of the
micromechanical gyroscope and the accelerometer through three points and record
the time value of the wave crest. The rolling angular velocity is obtained by the time
difference of the adjacent peak values as follows

1
Q= -360° (10.36)
h— 1
The rolling angular position is obtained by
$=> ¢ititd, (1037)
i=1

where ¢, is the initial angular position; and ¢; is the angular velocity at time ;.
3. Calculation of the signal envelope

The amplitude of the signal envelope of the micromechanical gyroscope is
proportional to the combined pitch and yaw angular velocities. The envelope
information is solved by using the Hilbert transformation method.

Given a continuous time signal x(z) whose Hilbert transformation X(¢) is defined
as
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x(7) in Eq. (10.38) is regarded as the output of x(z) through a filter and the
Fourier transformation of the unit impulse response h(r) = 1/zzt of this filter is a
sign function sgn(€2). Thus the frequency response of the Hilbert converter is

N (-, >0
H(jQ) = —jsgn(Q) = { i Q<o (10.39)
Denote H(jQ) = |H(jQ)|e/*'?), thus H(jQ) = 1
-3, >0
0(iQ) =1 2 10.40
i ={3 9l (10.40)

In other words, the Hilbert converter is an all pass filter with the amplitude 1. After
the signal x(7) passes through the Hilbert converter, its negative frequency com-
ponent has a +90° phase shift, while its positive frequency component has a —90°
phase shift.

Assume that z(¢) is the analytic signal of the signal x(¢), thus there holds

2(1) = x(1) +jx(1) (10.41)

Applying the Fourier transform to both sides of Eq. (10.41) obtains

Z(jQ) = X(jQ) +jX(jQ) = X (jQ) + jH (i2)X (jQ) (10.42)
that is,
zmn:{gfmn ng (10.43)

In this way, the analytic signal is obtained by the Hilbert transform, which
contains the positive frequency component only and is twice the positive frequency
component of the original signal.

For the discrete time signal x(n), its analytic signal z(n) can be obtained by the
same method and the detailed steps are as follows:

(1) x(n) is performed by FFT and the negative frequency of X(k),k =
0,1,....,N—1,k=N/2,...,N — 1 can be obtained.

X(k) k=0
(2) Z(k) =1 2X(k) k=1,2,...5-1 (10.44)
0 k=%, . N—1
(3) Z(k) is performed by inverse FFT and the analytic signal z(n) of x(n) can be

obtained.
(@) |z(n)| is the envelope of x(n).
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Fig. 10.24 The signal and its envelope of the micromechanical gyroscope

The micromechanical gyroscope is installed on the three-axis turntable. The
inner frame of the turntable is set at 17 Hz and the frequencies of the middle frame
and the outer frame are set as 2 Hz. The amplitude is a 5° angular vibration. The
output signal of the micromechanical gyroscope is collected by the acquisition
system and the Hilbert envelope program is written using Matlab7.0. The diagram
for the output signal and the envelope of the micromechanical gyroscope is shown
in Fig. 10.24.

The input angular velocity (the combined angular velocity of the pitch angular
velocity and the yaw angular velocity) is proportional to the signal envelope, but
because of the influence of the change of the rolling angular velocity, the combined
angular velocity of the pitch and the yaw can be obtained by the algorithm of
attenuating the influence of the rolling change for the output signal.

4. Phase difference between the micromechanical gyroscope and the accelerometer

The phase difference reflects the deflection direction of the carrier space. By
subtracting the wave peak positions of the micromechanical gyroscope and the
accelerometer, the phase difference between the micromechanical gyroscope and
the accelerometer can be obtained. However, the obtained phase difference is due to
the difference between the peak value points and the distance between the wave
peaks is 1/f, thus the points of the sampling rate with respect to 1 ms are too sparse.
Here the Cubic Spline Interpolation method is adopted to complete the wave data
and each 1 ms then corresponds to a phase difference. However, because of the
influence of the input angular velocity and the rolling angular velocity on the phase
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Fig. 10.25 Decomposition h
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difference, the initial phase difference is obtained by using the phase difference
composite modeling compensating algorithm, and the final actual phase difference
is obtained by their subtraction.

5. The yaw and pitch angular velocity and angular position

According to the envelope the input angular velocity €, (the yaw and pitch
composite angular velocity) can be obtained and the yaw and pitch instantaneous
angular velocities are £ and €, respectively. According to the above theory the
phase difference A8; can be obtained as shown in Fig. 10.25. By using orthogonal
decomposition the yaw angular velocity and the pitch angular velocity can be
obtained.

Q: = Q; - cos(A;) (10.45)
Q, = Q; - sin(A0;) (10.46)

where i = 1,2,...,n.
By integrating the yaw angular velocity and the pitch angular velocity in

Egs. (10.45) and (10.46), the yaw and pitch angular positions €;: and €;, can be
obtained:

Q= Q:-0.001 + 2, (10.47)
Q=Y 2,-0.001+Q, (10.48)

where Q¢, and Q,, are the initial yaw and pitch angular positions.
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10.3.2 Simulation Experiment

The rolling angular velocity of the inner ring of the three-axis turntable is set at 20 Hz
and the outer ring and the middle ring move by means of the angular vibration motion
whose frequency is 1 Hz and whose amplitude is 10°. The position of the three-axis
turntable, the output signal of the micromechanical gyroscope and the output signal of
the accelerometer are recorded by the collecting card. By using the above algorithm,
the angular velocity and the angle information are demodulated and compared. The
comparison of the rolling angular velocity and the demodulated angular velocity of the
turntable is shown in Fig. 10.26. The comparison of the demodulated yaw angular
velocity and the angle of the turntable and the comparison of the actual yaw angular
velocity and the angle of the turntable are shown in Figs. 10.27 and 10.28. The
comparison of the demodulated pitch angular velocity and the angle of the turntable
and the comparison of the actual pitch angular velocity and the angle of the turntable
are shown in Figs. 10.29 and 10.30.

The maximum relative error between the demodulated rolling angular velocity of
the turntable and the actual rolling angular velocity of the turntable in 5 s is less
than 0.3%. The maximum absolute error between the demodulated yaw angular
velocity of the turntable and the actual yaw angular velocity of the turntable in 5 s is
5.2°/s; the maximum absolute error between the yaw angle and the demodulated
yaw angle is 4°; the maximum absolute error between the demodulated pitch
angular velocity of the turntable and the actual pitch angular velocity of the turn-
table in 5 s is 4.1°/s and the maximum absolute error between the pitch angle and
the demodulated pitch angle is 3°.

22,0 _, :

20.0 |y Py |

19.5

19.0

The rolling angular velocity ((_‘ird,.x a'"S)

Time/S

Fig. 10.26 Comparison of actual rolling angular velocity (L) and demodulated rolling angular
velocity (M) of the turntable
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Fig. 10.27 Comparison of actual yaw angular velocity (B) and demodulated yaw angular velocity
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Fig. 10.28 Comparison of yaw angle (B) and demodulated yaw angle (A)
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Fig. 10.30 Comparison of actual pitch angle (B) and demodulated pitch angle (A)

For this demodulating algorithm of the micromechanical gyroscope three
angular velocities can be calculated. When the angle (angle position) is calculated it
is necessary to know the initial position information of the rotating carrier. The
angle information is obtained by the integral of the angular velocity, thus the
angular velocity error will directly affect the accuracy of the angular position.



Chapter 11
Applications in the Flight Attitude Control
System

11.1 Calculation Method Design and Software Creation

11.1.1 Calculation Method and Software

Due to the breakthrough provided by the calculation method and software, the
output of multi-information from a “non-driven structure silicon micromechanical
gyroscope” can be realized. The function of the software is shown in Fig. 11.1.

Figure 11.1 shows the output voltage signal of the “non-driven structure silicon
micromechanical gyroscope” top left; the position (angle) graphic of the vertical
axis endpoint (the laser spot on the inner ring of three-axis turntable) that moves in
flight is top right; the yaw angle curve Q(z) (the angle vibration change of the outer
ring of the three-axis turntable) is bottom right; and the yaw angle curve that is
calculated from the output of the “non-driven structure silicon micromechanical
gyroscope” is bottom left.

The position (angle) graphic of the vertical axis endpoint that moves in flight has
a great significance. Its long radius presents the maximum deviation angle and
direction, but the composite angular velocity is minimal. This shows that the
rotating carrier moves in an ellipse from the long radius to the short radius (con-
vected motion), but the rotating direction of the absolute motion is generally the
same (when the rolling is not reversed).

11.1.2 Computer Software Design

1. Wavelet function and transformation

The wavelet transform calculates the inner product of the basic wavelet that is
scaling transformed and shifted with the signal to be analyzed.

© National Defense Industry Press and Springer-Verlag GmbH Germany 2018 325
F. Zhang et al., Non-driven Micromechanical Gyroscopes and Their Applications,
https://doi.org/10.1007/978-3-662-54045-9_11
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Fig. 11.1 The function of the software

The wavelet is a function family generated by panning and zooming a function
that satisfies [, ¢(r)dr =0, i.e.,

qou,b(t)z\}aqo(t;l’), a,bE€R, a#0 (11.1)

Given an energy-limited signal x(¢), whose continuous wavelet transform is
defined as

CWT,(a, b) :%/Jroox(t)gb(%)dt, x(1) € I2(R) (11.2)

where ¢ is the conjugate of the wavelet function ¢.

¢(1) is called the basic wavelet (the mother wavelet), and the non-zero real scalar
a is called the scale factor which is the scale expansion parameter of the basic
wavelet ¢(¢) on the time axis. The real scalar b is called the time shift parameter and
the different value of b indicates that the wavelet moves along the time axis to a
different position. The function of the coefficient 1/4/a is normalization. The
change of the scale factor a determines the change of the function shape, but the
size of the time/frequency window does not change. Thus when the low frequency
(smaller a) is analyzed the time resolution of the wavelet transform is low and the
frequency resolution is high. When the high frequency (higher a) is analyzed the
time resolution of the wavelet transform is high and the frequency resolution is low,
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which is consistent with the characteristics that the low frequency signal changes
slowly and the high frequency signal changes rapidly.

When a smaller a is used to analyze the high frequency of the signal the high
frequency wavelet is actually used to observe the signal. When a larger a is used to
analyze the low frequency of the signal the low frequency wavelet is actually used
to observe the signal. This characteristic of the wavelet transform is consistent with
the law by which the signal is actually analyzed.

Although the Fourier transform is very widely used it gives the time domain
(spatial domain) integrated information and cannot express the time/frequency
domain of the signal. In order to give the local time-frequency information of the
signal, a sliding “time window” can be added on the Fourier transform to analyze
the signal. Assume that the non-stationary signal f(¢) is stable within a short time of
the analysis window function g(¢), the analysis window function is moved such that
g(t)f(t — 1) is a stable signal in the different finite time width and the power
spectrums at different moments can be calculated. In essence, this method is still a
single resolution method which cannot describe the detailed information of the
signal at different scales.

Wavelet analysis is the development and the extension of the Fourier analysis
method. It no longer uses the fixed window function to locally process the signal,
instead it uses the wavelet function to process the signal. The essence of the wavelet
function is similar to that of the time frequency window whose size is fixed and
whose shape can be changed, while the widths of the time window and the fre-
quency window can also change the window function.

2. Multi-resolution analysis

Because the wavelet transform can analyze the signal at the different scales it can
be used to for multi-resolution analysis of the signal. The idea of multi-resolution is
that the square integral function x(r) € L*(R) is regarded as the limit case of a
gradual approach and each level approximation uses a low-pass smoothing function
¢(t) to smooth x(7), but in the case of the gradual approach the smooth function
¢() is also gradually expanded, that is, the different resolution is used to gradually
approach the analyzed function. The most important aspect is the construction of a
series of orthogonal wavelet basis functions. The required wavelet basis function
can be constructed by the scaling function.

In the digital signal processing system the signal envelope usually has three
extraction methods: the Hilbert amplitude demodulation method, the
demodulation-filtering method and the high pass absolute value demodulation
method. The real part of the analytical signal obtained by the Hilbert transform is
the signal itself and the imaginary part is the Hilbert transform. The amplitude of
the analytic signal is the envelope of the signal. The demodulation-filtering method
is to demodulate the original signal with the non-zero mean and then normalize it
by the zero mean and set the band pass filter with the center frequency f to obtain
the envelope signal with the main component f. The high pass absolute value
method is to apply high pass filtering to the time domain signal with the zero mean,
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take the absolute value and apply the low pass filter. The selection of the low pass
frequency determines the frequency components of the signal envelope.

The high pass absolute value method is the envelope of the signal center line and
the demodulation-filtering method is the envelope of the signal positive half cycle
center line. These two amplitude demodulations are not the actual amplitude
envelopes. However, the absolute value of the signal can be demodulated by the
Hilbert method where the demodulation amplitude is the actual envelope and the
Hilbert transform can be realized easily by FFT.

The specific implementation can not be realized by the Hilbert transform
directly, but it can be realized by FFT. The derivation procedure is as follows:

Given a continuous time signal x(¢) whose Hilbert transform %(z) is defined as

/ x(r)drzl
t—1 T

where X(7) is regarded as a filter output of x(¢) and the unit impulse response of this
filter is h(r) = 1/mt.

From the theory of the Fourier transform, the Fourier transform of ji(t) = j/mt
is a sign function sgn(Q). Thus the frequency response of the Hilbert converter is

(11.3)
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i) = —jsenl@) = { 570 (11.4)

Denote H(jQ) = |H(jQ)|e*?), thus |H(jQ)| = 1, i.e.,

MQ)={ é’ 0<0 (11.5)

That is to say, the Hilbert converter is an all pass filter with amplitude charac-
teristics 1. The signal x(7) passes through the Hilbert converter and its negative
frequency component has a phase shift of +90° and its positive frequency com-
ponent has a phase shift of —90°.

Assume that z(¢) is an analytic signal of the signal x(#). Then there holds

2(1) = x(1) +%(1) (11.6)

Apply the Fourier transform to both sides of the above formula and obtain the
following result from Eq. (11.4)

2(jQ) = X(iQ) +jX(1Q) = X(19) +jH(2)X () (11.7)

that is
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(i) = {ngfz)’ %Zé’ (11.8)

In this way, the analytic signal is composed by the Hilbert transform, contains
the positive frequency component only and is twice the original signal.

For the discrete time signal x(n) the same method can be applied to obtain its
analytic signal z(n) and the detailed procedure is as follows:

(1) x(n) is applied by FFT to obtain X(k), k=0,1,....N—1, where
k=N/2,...,N — 1, corresponds to the negative frequency.

X(k), k=0
(2) Z(k) = 2X(k), k=1,2,...5—1
0, k=%,...5-1

(3) z(k) is applied by inverse FFT and obtains the analytic signal z(n) of x(n).
4) |z(n)] is the envelope of x(n).

11.2 Influence Connected Motion (Angular Vibration)
as Three Axes Move Simultaneously

When the three axes of the three-axis turntable work simultaneously (the inner loop
rotation, the middle loop and the outer loop angular vibration), the angular velocity
(frequency) of the inner loop is always different from the given frequency.

As shown in Fig. 11.2, the self-spin is 17 Hz, the angle vibration of the middle
loop is 1 Hz and +5°, the angle vibration of the outer loop is 1 Hz and + 5°, and
the space motion trajectory (angular position) is an ellipse. When the motion tra-
jectory is elliptical there are two frequencies (16 and 18 Hz) in the FFT analysis
(implicated motion). This is an important discovery. Using the Matlab FFT soft-
ware, two frequencies can be observed. The appearance of the above phenomenon
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Fig. 11.2 Implicated motion phenomenon
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Fig. 11.3 Flight trajectory of
the rotating body

can be understood in flight, but it is not clear whether this phenomenon exists in the
controlled rotating carrier.

The single channel control shows that the rotating body flies with a “straight
line” and without a “circle” movement phenomenon as shown in Fig. 11.3.
Whether the control result is a “closed circuit” needs to be studied.

For the experiment of the three-axis turntable the gyroscope is an open loop and
is not controlled by the three-axis turntable. In the experiment, the above phe-
nomenon is real (the phase between the yaw angular vibration and the pitch angular
vibration determines that the motion trajectory is either an ellipse, circle or linear
angular vibration).

If the three-axis turntable can be used as a gyroscope to control the (closed
circuit) experiment, it will be a leap in the experiment and the experimental
equipment, and the domestic and foreign information has not been reported.

11.3 DSP Digital Output of the Gyroscope

11.3.1 Hardware Circuit Design

Figure 11.4 shows the signal processing circuit diagram of the micromechanical
gyroscope with a core processing circuit based on DSP.

The core of the signal processing circuit is the digital signal processor. This contains
the sensitive components, the signal conditioning circuit module, the signal sampling
circuit module, the serial communication circuit module and the peripheral circuit. The
gyroscope and the accelerometer make up of some sensitive components and the
gyroscope signal contains the rolling, pitching and yaw angular rates of the high speed
rotating aircraft. The gravity accelerometer is a benchmark of the signal decomposition.

The signal conditioning circuit A is mainly to detect, filter and amplify the weak
signal of the gyroscope as the core of MS3110. The signal conditioning circuit B is
mainly composed of the amplifier OP27 and a filter circuit to pre-process the signal of
the accelerometer. The signal sampling circuit is mainly composed of CD4051B,
TLP281-4 and AD977a. Through controlling the control switch of TLP281-4, two
channel signals of the gyroscope and the accelerometer can be alternately sampled,
consistent with the characteristics of the one channel input of AD977a. The peripheral
circuit is composed of the power module, the reset circuit, EPROM and the crystal
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Fig. 11.4 Signal processing
circuit diagram of the MEMS gyroscope MEMS accelerometer
micromechanical gyroscope l ¢
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oscillator circuit, etc. The power module is composed of LM2576_5.0V,
LM1117_3.3V and LM1117_1.8V, which provides power supplies of 5, 3.3 and
1.8 V for this circuit. The serial communication circuit is composed of MAX232,
which transfers three angular rates of the sensor to the host computer. The detailed
circuit design is shown in Fig. 11.5. Finally the corresponding real object is shown in
Fig. 11.6.

11.3.2 Algorithm and Software Realization

A flow chart diagram of the signal decomposition is shown in Fig. 11.7. The
angular velocity signal (frequency) of the MEMS gyroscope is equal to the rolling
angular velocity of the aircraft, while the amplitude envelope is proportional to the
pitch and yaw composite rate.

The phase difference between the signals of the MEMS accelerometer and the
gyroscope reflects the space attitude of the rotating aircraft. According to the phase
difference, the pitch and yaw angular rate can be decomposed to obtain the three
axial angular velocities in real time. Based on this, the signal is filtered and operated
by the non-phase shift filtering method and the signal envelope is obtained by using
the Hilbert transform method. The frequency is obtained by using the fast Fourier
transform method.

The detailed algorithm is as follows:

(1) After the signals of the gyroscope and the accelerometer are filtered, their
smooth signals can be obtained.

(2) Calculate the peak value of the gyroscope signal and its corresponding time, the
peak value of the accelerometer signal and its corresponding time are obtained
along with the envelope of the gyroscope signal.
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Fig. 11.5 DSP signal processing circuit
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Fig. 11.6 DSP signal processing circuit system
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Fig. 11.7 Flow chart diagram of the signal decomposition

(3) From the times corresponding to the peak points of the gyroscope signal and
the accelerometer signal, calculate the phase difference between the signals of
the gyroscope and the accelerometer. From the peak value of the accelerometer
signal, calculate the self-spin frequency of the gyroscope, and calculate the
self-spin angular velocity and the angular position of the rotating body.

(4) Calculate the scaling factors of the yaw and the pitch.

(5) From the envelope of the gyroscope signal the phase difference between the
gyroscope signal and the accelerometer signal, and the scaling factors of the
yaw and the pitch of the gyroscope, calculate the angular velocities and the
angular positions of the yaw and the pitch of the rotating carrier.
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The function of the hardware system is realized by the software system. The
software design of this system is mainly the data acquisition and the processing
part, which is written in C language and assembly language. The data acquisition
and the processing program is the core of the software program, whose flow chart is
shown in Fig. 11.8. According to Fig. 11.8, the data acquisition and the processing
program consists of the following parts:

(@D System is initialized.

(@ The software initiates the DSP sequence generator for data conversion
and the data is stored in the data storage area.

® When the acquisition is completed, the DSP will collect data for data
processing.

@ After the processing is complete the data are sent to the external device.

11.3.3 Test Results

The attitude sensor of the micromechanical gyroscope based on DSP is installed on
the three-axis turntable and the three-axis turntable is set to work under different
working conditions. The results can be directly transmitted to the PC display.

The inner frame of the three-axis turntable is set at 10 Hz, the external frame
(yaw angular velocity) is set at 100°/s, the middle frame (the pitch angular velocity)
is 0°s, and the test results are shown in Fig. 11.9. The first column, the
second column and the third column represent the rolling angular velocity, the yaw
angular velocity and the pitch angular velocity respectively.
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Fig. 11.9 Output results of the yaw motion

According to the DSP processing system, the signals of the micromechanical
gyroscope can be decomposed into three angular velocities: the rolling angular
velocity, the yaw angular velocity and the pitch angular velocity. From the output
results, the maximum relative error of the rolling angular velocity is 0.44%, while the
maximum absolute error of the pitch and the yaw angular velocity is less than 2°/s.

The self-spin angular velocity of the inner frame of the three-axis turntable is set
as 9000°/s, the vibration frequency of the external and the middle frames is set as
1 Hz, and the vibration amplitude is set as 5°. The acquisition card records the
angular position of the turntable and the output signal of micromechanical gyro-
scope is compared with the angular velocity of the turntable and the actual angular
velocity of the turntable. Figures 11.10, 11.11 and 11.12 present a comparison of
the actual yaw angular velocity, the pitch angular velocity and the rolling angular
velocity with the corresponding angular velocities of the micromechanical gyro-
scope output signal respectively.

Fig. 11.10 Calculated yaw 40
angular velocity of the
turntable and actual yaw
angular velocity of the
turntable. A—Angular
velocity of the turntable
external frame; B—Measured
yaw angular velocity
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This experiment shows that the three angular velocities of rolling, pitch and the
yaw can be obtained from the signal of the micromechanical gyroscope. The rel-
ative error of the obtained rolling angular velocity is less than 1% and the maximum
relative error of the pitch and yaw angular velocity is 17%. The demodulation
accuracy of the rolling angular velocity is relatively high such that the demodula-
tion precision error of the pitch and the yaw is mainly the phase difference between
the micromechanical gyroscope and the accelerometer. The calculation effect is
directly affected by the phase difference.
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11.4 Attitude Sensing System for Single Channel Control
of the Rotating Flight Carrier

Relay control is a simple and reliable method used in the attitude control application
of the rotating flight carrier and is also widely used in the control of the rotating
flight carrier. The control scheme is different from the three channel attitude control
scheme and has the advantages of high efficiency, low cost and good real-time
performance.

The “non-driven silicon micromechanical gyroscope” in Fig. 11.13 is applied to
the rotating flight carrier in Fig. 11.14, which replaces the liquid floating pendulum
in Fig. 11.15. Both of them can get the output waveform (carrier and envelope) in
Fig. 11.16 such that the cost performance of the rotating flight carrier is substan-
tially increased.

The single channel control of the rotating flight carrier uses the “CJS-DR-
WBO01 type non-driven silicon micromechanical gyroscope”, whose output signal is
shown in Fig. 11.17 and whose control method is shown in Fig. 11.18. The control
equation is as follows:

Ur = U, + U; = Ay sin (wf + @) + Uy sin(2nw,t) (11.9)
U = sgn|An sin(wt + @) + Us sin(2mw,t)) (11.10)
Fig. 11.13 Silicon y
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Fig. 11.16 Outputs of the non-driven silicon micromechanical gyroscope and the liquid floating
pendulum

The different transverse angular velocities generate pulse width modulation
control signals which have constant amplitudes and inconstant widths (Fig. 11.19).
There is a linear relationship between the width of the pulse signal and the trans-
verse angular velocity. Therefore, when the output signal of the gyroscope meets
the above formula, the linear relationship between the pulse width modulation
control signal and the transverse angular velocity can be established by introducing
the linear signal. When the rotating flight carrier spins one circle, the phase of the
rudder surface shifts four times such that the pitch control and the yaw control of
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Fig. 11.17 Output signal of
the non-driven
micromechanical gyroscope.
a Carrier signal; b Envelope
signal; ¢ Modulation signal

Fig. 11.18 Control method
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Fig. 11.19 Pulse width modulation control signal

the rotating flight carrier can be simultaneously achieved through a pair of rudder
surfaces, that is, the single channel control of the rotating flight vector.

The analog output angular velocity of the gyroscope controls the rudder surface
by the linearization of the function such that the attitude of the rotating flying carrier
is controlled. The control signal is shown in Fig. 11.19.

11.5 Three Channels Attitude Sensing System
of the Rotating Flight Carrier Through
the Rectangular Coordinate Transformation

1. Calculation of Attitude Parameters of the Rotating Flight Carrier

By using the output signal of a “CJS-DR-WBO1 type non-driven silicon
micromechanical gyroscope” with geographic coordinate reference, six attitude
parameters of the rotating flight carrier in the space can be calculated (three angular
velocities and three accelerations).

The non-driven silicon micromechanical gyroscope is a type of angular velocity
gyroscope whose angular velocity can be measured as long as it changes.

Design of the signal processing block diagram is shown in Fig. 11.20 and the
calculation process is shown in Fig. 11.21.

Fig. 11.20 Signal processing - - i
block diagram 1.":[::‘,":["" signal of the

> A/D DSP

The analog signal of the
accelerometer
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Fig. 11.21 Calculation process of the DSP software

Fig. 11.22 Output signal of
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The gyroscope is installed for testing on the inner loop workbench of the
three-axis turntable. The experimental conditions are: the rolling frequency of the
turntable inner loop is 24 Hz; the angular vibration frequency of the middle loop is
1 Hz and its amplitude is 5°; the angular vibration frequency of the outer loop is
1 Hz and its amplitude is 5°.

The signals of the gyroscope and the accelerometer are shown in Figs. 11.22 and
11.23.
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The laser space position of the inner loop of the three-axis turntable is shown in
Fig. 11.24 and the calculated spatial attitude (angle) position of the vertical axis
endpoint of the rotating flight carrier is shown in Fig. 11.25.

By comparison, the output yaw and pitch angular velocities of the gyroscope as
well as the angular position error are shown in Table 11.1. The rolling frequency
f = 10.987 Hz, and the relative error is 0.135%.

2. Test of the three-axis turntable

The flying state of the rotating flight carrier is simulated by the three-axis
turntable: a gyroscope (with an accelerometer) is installed on the inner loop plat-
form, the inner loop rotates (rolling of the rotating flight carrier), the angle vibra-
tions of the middle loop the external loop are synthesized into an elliptical or a
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Fig. 11.25 Calculated yaw 6
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Table 11.1 Calculated error of the gyroscope signal

External loop position 0.997025 External loop velocity 0.988534
Middle loop position 0.99096 Middle loop velocity 0.996228

circular motion (or an angular vibration), and the real-time signals of the gyroscope
and the accelerometer are extracted.

(1) Simultaneously extract and process the three axial outputs of the three-axis
turntable and get the “roll, pitch and yaw signals (angle and angular velocity)”
of the “rotating flight carrier”.

(2) Process the output signal of the gyroscope and calculate the roll, pitch and yaw
signals (the angle and the angular velocity).

(3) Perform the whole calculation and compare the above steps and test the degree
of compliance (accuracy) and real-time performance.

(4) Add the test of the pitch angle and perform the complete calculation.

3. Synchronous acquisition, processing and comparison

The rotating angular velocity of the inner axis of the three-axis turntable rep-
resents the rolling angular velocity of the rotating flight carrier. The vibration
angular velocity of the middle loop represents the pitch angular velocity and the
vibration angular velocity of the external loop represents the yaw angular velocity.
The signal of the accelerometer provides the geographic coordinate reference. The
light on the wall (generated by the laser which is installed on the inner loop of the
turntable) represents the attitude angle position of the longitudinal axis endpoint of
the rotating flight carrier in flight.

The signal of the gyroscope, the signal of the accelerometer, and the signal of the
three-axis turntable (the analog rotating flight carrier) are synchronously acquired
and processed in real time, and then compared.
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By using the attitude calculation software for the silicon micromechanical
gyroscope (computer software copyright: 2009 SR030870), the yaw, pitch and roll
angular velocities and the angles (incremental) can be obtained, and the angle
measuring precision can reach 2°/25 s, 0.1°/7 s and 1°/60 s.

11.6 Attitude Sensing System of the Rotating Flight
Carrier Through the Polar Coordinate
Transformation

As shown in Fig. 11.26, where O is a fixed point on the longitudinal axis of the
rotating flight carrier, OZ is fixed on the longitudinal axis of the rotating flight
carrier, and two points are selected on the rotating flight carrier such that OM_LON
and the plane OMN_LOZ. The coordinate system Oxyz of the rotating flight carrier is
established through OM, ON and OZ, where the directions of the axis x and OM are
the same, the directions of the axis y and ON are the same, and the directions of the
axis z and OZ are the same.

When the rotating flight carrier in Fig. 11.26 rotates around the axis z with the
rolling angular velocity ¢, the coordinate plane Oxy will also rotate around the
axis z with the rolling angular velocity ¢. Assume that the rotating flight carrier
begins to rotate and the points M and N are M, and Ny on the axes OM, and ON,
respectively. The coordinate system Oxgyyz is established through OM,, ON, and
0Z, where the directions of Oxy and OM, are the same, the directions of Oy, and
ON, are the same and the directions of Oz and OZ are the same. If the coordinate
system Oxgyoz is defined as the coordinate system of the quasi-rotating flight car-
rier, there exists the following relationship between the coordinate system Oxyz of

Fig. 11.26 Coordinate
system transformation of the
rotating flight carrier
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the rotating flight carrier and the coordinate system Oxgygz of the quasi-rotating
flight carrier:

Xo cosp —sing O X
yo | =1 sing cosgp O y (11.11)
z 0 0 1 z

that is, the coordinate system Oxgypz of the quasi-rotating flight carrier rotates
around the axis z counterclockwise with angle ¢(¢), and the coordinate system of
the rotating flight carrier can be obtained.

The positional relationship between the sensitive elements A and B of the
non-driven silicon micromechanical gyroscope is shown in Fig. 11.27. The sensi-
tive axes of the sensitive elements A and B are perpendicular to each other, the
sensitive axis of the sensitive element A is in the y axis, and the sensitive axis of the
sensitive element B is in the x axis. The coordinate plane Oxy of the coordinate
system Oxyz of the rotating flight carrier (Fig. 11.26) is connected to the sensitive
element, that is, Oxy is connected to the rotating flight carrier, and the rotates by the
angular velocity ¢@. Therefore, assume that the angle of the transverse angular
velocity w(¢) relative to the x axis of the coordinate system of the rotating flying
carrier is o(¢) and the angle of the transverse angular velocity relative to the axis xg
of the coordinate system Oxgyoz of the quasi-rotating flight carrier (Fig. 11.26) is
o(t) + a(t). Therefore, in order to obtain the transverse angular velocity and its
direction relative to the coordinate system of the quasi-rotating flight carrier, it is
necessary to get (), the azimuth angle «() relative to the coordinate system of the
rotating flight carrier and the rolling angle ¢(¢) relative to the coordinate system of
the quasi-rotating flight carrier.

Fig. 11.27 Positional A v
relationship diagram between o(f)
the sensitive elements A and

B of the non-driven silicon

micromechanical gyroscope B




346 11 Applications in the Flight Attitude Control System

11.6.1 Method for Obtaining the Transverse Angular
Velocity Relative to the Rotating Coordinate System
of the Rotating Flight Carrier

When there is an arbitrary transverse angular velocity w(#) as shown in Fig. 11.27
and the coordinate system Oxyz is the reference coordinate system, the output
voltage signals of the non-driven silicon micromechanical angular velocity sensitive
elements A and B are as follows:

Va(t) = kao(r) sin a(?) (11.12)
V() = kpw(t) cos o(r) (11.13)

where Va(#) and Vg(f) are the output voltage signals of the sensitive elements A
and B; ka and kg are the scale factors of the sensitive elements A and B; and o(¢) is
the angle between the transverse angular velocity w(¢) and the axis x.

It is easy to find that Vs (¢) and Vg(7) are orthogonal (Fig. 11.28). Thus by using
the orthogonal envelope detection method in Fig. 11.29, the transverse angular
velocity and the azimuth angle of the relative coordinate system Oxyz can be
obtained.

Agilent Technologies TUE MAY 18 14:11:43 2010
0 1o0v/ B 1.00v/ w5 00s 10008/ Auwemaionf [@ 5000

Peak- peak value (2 ) 2 14V | Peak- peak value {1 ) 2.07V] Phase shin (1 52 ): 90.000°|

Concel the automatic | 42)  Channel Acquisition mode |
calibrathon Open channel | Oviginal mode +.

Frequeney (1 ): 10.0Hz |

Fig. 11.28 Phase relationship between output voltage signals of sensitive elements A and B
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Fig. 11.29 Theory of orthogonal envelope detection

From Egs. (11.12) and (11.13), obtains

@ (1) = (Va(t) / ka)* + (VB (1) / ks)° (11.14)
tan o(r) = (Va(£)ks) / (Vis()kn) (11.15)

From Eq. (11.14) the transverse angular velocity is obtained as

()] = v/ (Va0) / ka)* + (Vi (1) / ks )? (11.16)
From Eq. (11.15) the azimuth angle is obtained as
o(t) = arctan(Va(t)ks) / (V(#)ka) (11.17)
Therefore, from Eq. (11.16) the transverse angular velocity w(#) can be deter-
mined and from Eq. (11.17) the azimuth angle «(z) can be determined.
If the scale factors of the sensitive elements A and B are the same, that is,

kn = kg =k (11.18)

Substituting Eq. (11.18) into Egs. (11.16) and (11.17) the transverse angular
velocity w(f) can be expressed as

()] = \/VX(1) + V3(1) / k (11.19)
The azimuth angle o(z) can be expressed as
o(r) = arctan Va(t) / V(1) (11.20)

Therefore, for the silicon micromechanical gyroscope with scale factor
ka = kg = k, the transverse angular velocity w(¢) relative to the coordinate system
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Oxyz of the rotating flight carrier can be determined by Eq. (11.19) and the azimuth
angle a(¢) can be determined by Eq. (11.20).

11.6.2 Method for Obtaining the Rolling Angular Velocity
Relative to the Coordinate System of
the Quasi-Rotating Flight Carrier

The scale factors of the sensitive elements A and B are adjusted to be the same such
that ka = kg = k. The angle of the transverse angular velocity w(r) relative to the
axis xo of the coordinate system of the quasi-rotating flight carrier is ¢(¢) + o(z),
while it is assumed that the rolling axis rotates with a rolling frequency f, then the
azimuth angle induced by rolling at time ¢ is ¢(f) = 2nft. Because ¢(t) = 2nf >
&(t), @(r) + () can be expressed by ¢(r) = 2nft. Thus Egs. (11.12) and (11.13)
can be expressed as

Va(t) = koo (t) sin (2nft) (11.21)
Ve (#) = ko (t) cos (2m ft) (11.22)

The voltage output signals Va(¢) and Vg(¢) are proportional to the transverse
angular velocity which is modulated by the carrier with frequency f, and scaling
factor is k. From the characteristics of the modulation signal it can be known that
the frequency of the modulated signal contains the two main frequencies of f; and f>
respectively,

fi=f—fo (11.23)
f=f+f» (11.24)

In order to obtain the frequency f of the rolling axis in real time, it is necessary to
eliminate the frequency f;, of the low frequency signal w(z). The carrier frequency
is usually extracted by using the orthogonal frequency detection method and its
principle block diagram is shown in Fig. 11.30.

Firstly, calculate the derivatives of V() and Vg(f) respectively,

Va(t) = kax(¢) sin (2mft) + k2r for(t) cos (2mft) (11.25)
Va(t) = ka(t) cos (2mft) — k2 for(t) sin (2mft) (11.26)

Va(t)Va(t) = K w(t)i(1) sin (2mft) cos (2mft) + k*2n fo* (¢) cos*(2mft) (11.27)
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Va(t)Va(t) = K o(t)i(1) sin (2rff) cos (2mft) — k*2n fw*(f) sin® (2nft)  (11.28)
From Egs. (11.27) and (11.28) obtain
Va(0)Va(1) = Va() Ve (1) = K*2mf’ (1) (11.29)
Because
V2(6) + Va(t) = Ko (7) (11.30)
When V3 (1) + V3(z) # 0, from Eqgs. (11.29) and (11.30) obtains

VA(Z)VB(Z) — VA(I)VB<I)

=onf (11.31)

Thus the rolling frequency is obtained as

_ VA(I VB(Z) — VA(I)VB(I)

/ 2r[V2(t) + V3(1)]

(11.32)

According to the rolling frequency f in Eq. (11.32) the effect of the transverse
angular velocity frequency f, is eliminated and the rolling angular velocity
@ = 360° x f,. Because all the values in the above calculation can be obtained at a
certain time, the delay of the actual process is only the inevitable operation time.
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11.6.3 Method for Obtaining the Pitch Angular Velocity
and the Yaw Angular Velocity Relative
to the Coordinate System of the Quasi-Rotating
Flight Carrier

By using the mentioned methods for obtaining the transverse angular velocity and
the rolling angular velocity, the transverse angular velocity w(f) and the azimuth
angle o(z) relative to the coordinate system of the rotating flight carrier can be
obtained in real-time, and the rolling angular velocity ¢ relative to the coordinate
system of the quasi-rotating flight carrier is obtained. According to the coordinate
transformation in Eq. (11.11), the yaw angular velocity w,, and the pitch angle
velocity wy, relative to the coordinate system Oxgyoz of the quasi-rotating flight
carrier can be calculated as follows

wpn = |o(1)] * cos[a(t) + (1)) (11.33)
wpy = |o(1)] * sinfo(z) + ¢(1)] (11.34)

where a(?) is the azimuth angle of the transverse angular velocity w(z) relative to
the coordinate system of the rotating flight carrier, and ¢(7) is the rotating angle of
the rotating carrier.

o(f) = / (1) dr (11.35)

By integrating Egs. (11.33) and (11.34) with respect to 7, the yaw angle Q,;, and
the pitch angle Qg can be obtained as

1

Qph :/wphdt (1136)
0

1

ny:/wfydl (11.37>
0
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11.7 Applications in the Non-rotating Flight Carrier

The silicon micromechanical gyroscope has no driven structure, and its invisible
driving force is provided by the rotating flight carrier to produce the gyroscope
effect. For the non-rotating flight carrier, the rotating flight carrier cannot provide
the driving force, thus it is necessary that the micromechanical gyroscope is driven
by a motor. The schematic diagram of the silicon micromechanical gyroscope with
a motor drive is shown in Fig. 11.31.

The performance of the active rotating micromechanical gyroscope can satisfy
the requirements of the rotating flight carrier. The appearance of the product with
the installation benchmark is shown in Fig. 11.32.
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Fig. 11.31 Photo and assembly sketch of the motor-driven silicon micromechanical gyroscope

Fig. 11.32 Active rotating | Cap
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Fig. 11.33 Launching
diagram of the rotating flight
carrier The swing ungle The rotating Might carricr

The “active rotating silicon micromechanical gyroscope” is applied to the
rotating flight carrier such that the swing angle and other technical requirements of

the detection launch are satisfied before the rotating flight carrier leaves the car-
tridge (Fig. 11.33).




References

10.

11.

12.

13.

14.

Konovalv, S.F., A.V. Kuleshov, V.P. Podtchezertsev et al. 2003. Vibrating angular rate
sensor. In Integrated Navigation Systems Proceedings, of 10th Intemational Conference. St
Petersburg, 107-117.

Wang Hong-wei, Jia-lin Zhu, Wei Zhang, and Fu-xue Zhang. 2003. Angular rate sensor for
rotating carrier. Journal of Transducer Technology 9 (22): 47-49, 55.

Wang Hong-wei, Jia-lin Zhu, Wei Zhang, Chao-min Zhang, and Fu-xue Zhang. 2003.
A model of angular rate sensor for circumrotated carrier. Journal of Chinese Inertial
Technology 3 (11): 56-58, 63.

Zhang Fuxue, Hongwei Wang, Wei Zhang, et al. 2005. A silion micromachined gyroscope
driven by the rotating carrier’s angle velocity. In Proceedings of the 2005 IEEE
International Conference on Information Acquisition, Hong Kong and Macau, China,
128-133.

Zhang, Fuxue, Hongwei Wang, Wei Zhang, et al. 2005. The structure principle of silicon
micromachined gyroscope driven by the rotating carrier. International Journal of
Information Acquisition 2 (3): 203-216.

Mao Xu, Yu Liu, Wei Zhang, and Fu-xue Zhang. 2005. Cu/Si films grown by magnetron
sputtering. Electronic Components and Materials 10 (24): 1-3.

Zhang Fu-xue, Hong-wei Wang, Wei Zhang, Xu Mao, and Nang Zhang. 2005. Silicon
micromachined gyro driving by angular rate of the rotating substrate. Piezoelectrics &
Acoustooptics 2 (27): 109-117.

Zhang Fuxue, Hongwei Wang, Wei Zhang, et al. 2005. A silicon micromachined gyroscope
driven by the rotating carrier’s angle velocity. In Proceedings of the 2005 IEEE
International Conference on Information Acquisition, 128-133.

Zhang Fu-xue, Hong-wei Wang, Wei Zhang, Xu Mao, and Nan Zhang. 2006. Design and
performance test of a silicon micro-machined gyro driving by rotating carrier. Electronic
Components and Materials 12 (25): 20-26.

Liu, Yu., Xu Mao, Ping Yue, and Fu-xue Zhang. 2006. Research on KOH etching Si by the
thermostatic magnetic mixer. Electronic Components and Materials 12 (25): 41-46.
Wang, Hong-wei, Xu Mao, Wei Zhang, and Fu-xue Zhang. 2006. The sense organ of
silicon micro-machined gyroscope using for circumrotation carrier. Piezoelectrics &
Acoustooptics 2 (28): 170-172.

Zhang, Fuxue, Xu Mao, and Wei Zhang. 2006. Si micromachined gyroscope driven by the
rotating carrier. Engineering Science 8 (8): 23-27.

Zhang, Nan, Jiang-chuan Wen, and Fu-xue Zhang. 2006. Research on electrical model of
silicon micromachined gyroscope driven by carrier. Journal of Shihezi University (Natural
Science) 3 (24): 325-328.

Mao Xu, Liang Ming, Fuxue Zhang, et al. 2006. A kind of shock resistance method on
silicon micromachimed gyroscope. In Proceedings of the 2006 IEEE International
Conference on Information Acquisition, 101-105.

© National Defense Industry Press and Springer-Verlag GmbH Germany 2018 353
F. Zhang et al., Non-driven Micromechanical Gyroscopes and Their Applications,
https://doi.org/10.1007/978-3-662-54045-9



354

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

References

Liang, Ming, Yin-nian Wang, Jia-guang Wang, and Fu-xue Zang. 2006. Design of a signal
detection circuit of silicon micromachined gyroscope. Journal of Beijing Institute of
Machinery 4 (21): 20-25.

Zhang Fuxue, Xu Mao, Liu Yu, et al. 2006. A silicon micromachined gyroscope driven by
the rotating carrier self. Rare Metal Materials and Engineering, supplement 3 (35):
519-521.

Mao Xu, Yingxia Jin, Zhou Zhenlai, et al. 2006. The research on growth temperature of
ge/si thin films grown by magnetron sputtering. Rare Metal Materials And Engineering,
supplement 3 (35): 564-566.

Zhang Fuxue, and Xu Mao. 2006. Designed and fabricated a novel micromachined
gyroscope. In Asia-Pacific Conference of Transducers and Micro—Nano Technology,
APCOT2006 Marina Mandarin Hotel,Singapore, 1-4.

Mao Xu, Liu Yu, Mingging Ding, et al. 2006. The performance of a new silicon
micromachined gyroscope. In Asia-Pacific Conference of Transducers and Micro—Nano
Technology, APCOT2006 Marina Mandarin Hotel, Singapore, 1-4.

Zhang Fuxue, Ling Wang, and Jiangchuan Wen. 2007. Silicon micromachined angular rate
sensor. In Proceeding of 2007 International on Information Acquisition. Jeju, Korea, IEEE,
2007, 17-24.

Fuxue, Zhang, and Wei Zhang. 2007. Si micromachined gyroscope driven by the rotating
carrier. Engineering Sciences 5 (2): 148-152.

Wang Ling, and Fuxue Zhang. 2007. Research on principle and phase of silicon
micromachined gyroscope using for rotating carrier. In Proceedings of the 2007
International Conference on Information Acquisition, 10-16.

Fu-xue, Zhang, and Wei Zhang. 2007. Measuring error caused by spin angular velocity of
rotating carrier. Journal of scientific research (Hongkong) 8: 21-34.

Fu-xue, Zhang, and Wei Zhang. 2007. Influence of the rotator’s spinning instability on the
stability of Si micromachined gyroscope. Journal of Chinese Inertial Technology 5 (15):
585-588.

Xu, Mao, Liu Yu, Yin-nian Wang, Ming-qing Ding, and Fu-xue Zhang. 2007. Research on
two-dimensional silicon micro-machined gyroscope. Piezoelectrics & Acoustooptics 29 (3):
298-301.

Ye Qing, Yangmeng Tian, Fuxue Zhang. 2008. Research on non-linearity compensation
technology for the output signal of silicon micromachined gyroscope. In Proceedings of the
2008 IEEE International Conference on Information and Automation, 1503-1507.

Zhang W, F.X. Zhang, Q.W. Yan. 2008. The study of signal processing technology for the
no-driven silicon micromachined gyro. In The 4th Asia Pacific Conference on Transducers
and Micro/Nano Technologies APCOT.

Zhang W, F.X. Zhang, Q.W. Yan. 2008. Multifunction silicon micromachined gyro. In The
4th Asia Pacific Conference on Transducers and Micro/Nano Technologies APCOT.

Xu Xiao-song, Jing Fan, Hai-lin Liu, Jian-ming Xiao, and Fu-xue Zhang. 2008. Phase
research of silicon micro-machined gyroscope using for rotating carrier. Journal of Beijing
Institute of Machinery, 2 (23): 1-4.

Xiao, Jian-ming, Jing Fan, Hai-lin Liu, Xu Xiao-song, and Fu-xue Zhang. 2008. Research
on the signal of micro-machined silicon gyroscope for rotating carrier. Journal of Beijing
Institute of Machinery 2 (23): 5-9.

Zhang, Fuxue. 2008. Influence of the instability of angular velocity of the rotating carrier
itself on the stability of silicon micromachined gyroscope. Engineering Sciences 3 (6):
27-30.

Zhang, Fu-xue, Wei Zhang, and Qing-wen Yan. 2008. Non-driven silicon
micro-mechanical gyroscope. Piezoelectrics & Acoustooptics 6 (30): 660-663.

Ye, Qing, Yang-meng Tian, and Fu-xue Zhang. 2008. Non-linearity compensation
algorithm for the output signal of silicon micro-machined gyroscope. Journal of Beijing
Institute of Machinery 3 (23): 5-10.



References 355

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

Liu Hai-lin, Xiao-song Xu, and Jian-ming Xiao, Fu-xue Zhang. 2008. Signal process for the
non-drive silicon micro-machined gyroscope. Journal of Beijing Institute of Machinery, 3
(23): 11-14, 33.

Liu Hailin, Xiaosong Xu, and Fuxue Zhang. 2008. Signal process for the non-drive silicon
micro-machine gyroscope. In 2008 Pacific-Asia Workshop on Computational Intelligence
and Industrial Application, 731-735.

Xiao Jianming, Xiaosong Xu, and Fuxue Zhang. 2008. Research on the signal of silicon
micro-machined gyroscope for rotating carrier. In 2008 Pacific-Asia Workshop on
Computational Intelligence and Industrial Application, 846-851.

Xu Xiaosong, Hailin Liu, and Fuxue Zhang. 2008. Phase processing of non-drive structure
silicon micromachined gyroscope. In 2008 Pacific-Asia Workshop on Computational
Intelligence and Industrial Application, 987-991.

Feng, W.L., and F.X. Zhang. 2008. Research on fast calibration method for scale factor of
micro-machined gyroscope. In 2008 3rd IEEE Conference on Industrial Electronics and
Applications.

Feng, W.L., and F.X. Zhang. 2008. Effect of the temperature on the performance of silicon
micro-machined gyroscope using for rotating carrier. In 2008 Chinese Control and
Decision Conference.

Feng, W.L., and F.X. Zhang. 2008. The study of the scale factor of micro-machined
gyroscope. IEICE Electronics Express, 5 (19): 840-845.

Zhang Wei, Chen Chen, Shiyu Jiang, et al. 2008. Signal processing technique of
omnidirectional gasflow style horizontal posture sensor. In 2008 IEEE International
Conference on Information and Automation, ICIA, 1317-1321.

Zhang, F.X. 2011. 2009/2010 Sensor and actuator collections. Beijing: Publishing House of
electronics industry.

Chen Chen, Qiushi Han, Shiyu Jiang, et al. 2008. Research and design of micro-machined
gas-pendulum dual-Axis tilt sensors common-mode restraining acceleration interference.
International Conference on Information and Automation, 1485-1489.

Yan, Q.W., J.L. Zhu, and F.X. Zhang. 2008. The preparation of the single crystal pbti
powder by sol-gel. In The 4th Asia Pacific Conference on Transducers and Micro/Nano
Technologies APCOT.

Jiang, Shi-yu, Wei Zhang, Chen Chen, and Fu-xue Zhang. 2008. Signal processing
technique of anti-acceleration disturb gasflow style inclination sensor. Journal of Beijing
Institute of Machinery 23 (2): 10-13.

Zhang, Wei, and Fu-xue Zhang. 2008. The structure and signal processing technology of
the omnidirectional gasflow style obliquity sensor. Electronic Components and Materials
27 (10): 16-19.

Zheng, Yong-hong, Shi-liu Peng, Ying-xia Jing, Ying-xia Huang, and Fu-xue Zhang. 2008.
Method of eliminating influence of environmental temperature on tilt sensor property.
Piezoelectrics & Acoustooptics 30 (1): 33-35.

Jin, Ying-xia, Jing Zhou, Bin Zhang, Yong-hong Zheng, and Fu-xue Zhang. 2008. Study
on distribution of fluidic velocity and force analysis of the airflow angle velocity sensor.
Piezoelectrics & Acoustooptics 30 (5): 564-567.

Jiang Shiyu, and Fuxue Zhang. 2008. The organ design and signal processing technique of
anti-acceleration disturb gasflow style inclination sensor. Pacific-Asia Workshop on
Computational Intelligence and Industrial Application, 736-740.

Zhang Wei, Qingwen Yan, and Fuxue Zhang, et al. 2009. Design and realization for high
dynamic silicon micromachined gyroscope. In 2009 IEEE International Conference on
Information and Automation, ICIA, 1293-1297.

Yan, Q.W., W. Zhang, L.F. Wu, et al. 2009. Measurement of rotation and angular vibration
frequencies of spinning projectile in coning motion by a silicon micromachined gyro. In
2009 IEEE International Conference on Information and Automation, ICIA, 1018-1022.



356

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

References

Zhang Fuxue, Qingwen Yan, Wei Zhang, et al. 2009. Determination of attitude of rotating
carrier using a silicon micromachined gyroscope. In 2009 IEEE International Conference
on Information and Automation, ICIA, 665-669.

Zhang Fuxue, Qingwen Yan, Wei Zhang. 2009. Experiments and results of the silicon
micromachined gyroscope. Journal of Micro/Nanolithography, MEMS, and MOEMS 8 (2):
1-6.

Yan Qingwen, Fuxue Zhang, and Lifeng Wu. 2009. Silicon micromechanical gyroscope
suitable for single channel control of rotating flight carrier. Journal of Chinese Inertial
Technology 17 (5): 599-603.

Ye, Qing, Yang-meng Tian, Fu-xue Zhang, and Juan Zheng. 2009. Non-linearity
compensation algorithm and realization for the output signal of silicon micromachined
gyroscope. Piezoelectrics & Acoustooptics 31 (5): 633-635.

Wu Li-feng, Fu-xue Zhang, Qing-wenl Yan, and Yu Liu. 2009. Mechanism analysis on
micromachined gyroscope’s detecting rotator’s spin. Journal of Chinese Inertial
Technology 17 (2): 214-217.

Fan Jing, and Rong Yang. 2009. Bluetooth wireless network and A/D converter for data
acquisition. Instrument Technique and Sensor, supplement, 261-263.

Yan Qing-wen, Zong-kai Zhang, Qing-chen Liu, Li-feng Wu, and Fu-xue Zhang. 2009.
Silicon micromachined gyroscope for autopilot of rotating carrier. Instrument Technique
and Sensor, supplement, 302-305.

Zhang Fuxue, Qingwen Yan, and Lifeng Wu. 2009. Principle analysis and performance test
of non-driven silicon micromechanical gyroscope. Instrument Technique and Sensor,
supplement, 16-24.

Xu Hong-zhuo, Li-feng Wu, Qing-wen Yan, Cheng-xiang Sun, and Fu-xue Zhang. 2009.
Temperature effects on the phase difference of non-driven constructor silicon
micro-machined gyroscope. Instrument Technique and Sensor, supplement, 309-312.
Wen, Jiang-chuan, Ling Wang, Jia-guang Wang, and Fu-xue Zhang. 2009. Errors analysis
of silicon micro-machined gyroscope driven by rotating carrier. Piezoelectrics &
Acoustooptics 31 (2): 172-174.

Sun Cheng-xiang, Yang-meng Tian, Qing-wen Yan, Li-feng Wu, Hong-zhuo Xu, and
Fu-xue Zhang. 2009. Application of gravity accelerometer in signal demodulation silicon of
micro-machined gyroscope. Instrument Technique and Sensor, supplement, 306-308.
Chen Chen, Qiushi Han, and Fuxue Zhang. 2009. Scaling effect research on
micro-machined gas-pendulum dual-axis tilt sensors. In International Conference on
Sensing Technology, 301-306.

Piao, Lin-hua, Xia Ding, Yan-jie Li, and Fu-xue Zhang. 2009. Effect of natural convection
on the gas-flow angular rate sensor. Piezoelectrics & Acoustooptics 31 (2): 182-185.
Zhang, Fu-xue. 2009. Gas pendulum accelerometer and laminar jet angular rate gyroscope.
Journal of Beijing Information Science & Technology University 24 (2): 1-8.

Liang, Fu-ping, Xiao-li Xu, Fu-xue Zhang, Zhong Su, Guo-xing Wu, and Qiu-shi Han.
2009. Sensor technology in the building of flexible development platform for modern
instrument manufacture. Journal of Beijing Information Science & Technology University
24 (3): 22-26.

Song Jia, Lin-hua Piao, Yu-jie Liu, Yan-jie Li, and Fu-xue Zhang. 2009. Sensitive
mechanism of micromachined airflow omnibearing posture sensor. Piezoelectrics &
Acoustooptics 31 (6): 797-799, 810.

Chen Chen, Qiu-shi Han, Fu-xue Zhang. 2009. Overview on micro-machined tilt sensors
based on gas convection. Journal of Beijing Information Science & Technology University
24 (4): 35-38.

Wu, L.F., Zh Peng, Q.W. Yan, et al. 2010. Design and implement of attitude sensor for
high-speed-speed-spin vehicle. In Applied Mechanics and Materials (2010). Switzerland:
Trans Tech Publications.



References 357

70.

71.

72.

73.

74.

75.

76.

71.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

Zhang Fuxue, Qingwen Yan, and Lifeng Wu. 2010. Research on vibration and shock-proof
technology of silicon micro-machined gyroscope. In Applied Mechanics and Materials
(2010). Switzerland: Trans Tech Publications.

Yan Qingwen, Fuxue Zhang, Lifeng Wu, et al. 2010. Research on signal demodulation
method of silicon micro-machined gyroscope. In Applied Mechanics and Materials (2010).
Switzerland: Trans Tech Publications.

Sun Chengxiang, Yangmeng Tian, Qingwen Yan, et al. 2010. Analyses on output signal of
silicon micro-machined gyroscope. In Applied Mechanics and Materials (2010).
Switzerland: Trans Tech Publications.

Zhao Qifeng, Fuxue Zhang, Wei Zhang, et al. 2010. The Research of micromachined gas
pendulum accelerometer's structrue. In Applied Mechanics and Materials (2010).
Switzerland: Trans Tech Publications, 7-10.

Wu Lifeng, Qingwen Yan, Hongzhuo Xu, et al. 2010. The theory analysis of non-driven
micromechanical gyroscope. Chinese Journal of Sensors and Actuators 23 (2): 196-200.
Zhang Fuxue, Qifeng Zhao, Ping Yue, et al. 2010. Two-dimension micromachined gas
pendulum accelerometer and tilt sensor. Piezoelectrics & Acoustooptics 32 (1): 27-30.
Yan Qingwen, Fuxue Zhanf, and Lifeng Wu. 2010. Theoretical and experimental study of
silicon micro-machined gyroscope for measuring attitude of spinning projectile.
Piezoelectrics & Acoustooptics 32 (2): 210-214,218.

Zheng, Yonghong, Shiliu Peng, and Fuxue Zhang. 2010. Designs for temperature
compensation circuit based on fluid similarity. Piezoelectrics & Acoustooptics 32 (2):
223-225.

Wau Li-feng, Qing-wen Yan, Hong-zhuo Xu, Wei Zhang, and Fu-xue Zhang. 2010. Signal
demodulation method of attitude sensor for high-speed-rotating aircraft. Transducer and
Microsystem Technologies 29 (6): 28-31.

Wau Lifeng, Qingwen Yan, and Hongzhuo Xu. 2010. Development of attitude sensor for
rotating flight carrier based on MEMS gyroscope. Piezoelectrics & Acoustooptics 32 (5):
742-745.

Wu Lifeng, and Fuxue Zhang. 2010. A novel non-driven structural MEMS-based
gyroscope. JDCTA International Journal of Digital Content Technology and its
Applications 4 (6): 85-88.

Wu Lifeng, Zhen Peng, Fuxue Zhang. 2010. Design and implementation of a digital angular
rate sensor. Open Access sensors ISSN1424-8220, 9581-9589.

Shan Yanfeng, Fuxue Zhang, and Ling Wang. 2010. Real-time demodulation of the output
signal of non-driven silicon micromechanical gyroscope. In International Symposium on
Inertial Technology and Navigation, 134—142.

Wang Ling, Fuxue Zhang, Yanfeng Shan, et al. A novel silicon micromechanical gyroscope
can be used in non-rotating or rotating flight carriers. In International Symposium on
Inertial Technology and Navigation, 215-225.

Zhang Fuxue, Lifeng Wu, Wei Zhang. 2010. Attitude detection technique for a rotating
flying object. In International Symposium on Inertial Technology and Navigation,
366-372.

Liu Yu, Baisheng Sun, Fuxue Zhang, et al. 2010. Research of a MEMS gyroscope simulate
and process. In International Symposium on Inertial Technology and Navigation, 373-377.
Zhang Wei, Liu Yu, and Fuxue Zhang. 2010. Research of anti-acceleration disturbance for
the micro-machined airflow inclinometer. In International Conference on Information and
Automation, 212-215.

Wang ling, and Fuxue Zhang. Analyses output signal of MEMS gyroscope applied to low
speed rotating carrier. In International Conference on Information and Automation,
960-964.

Liu Yu, Baisheng Sun, Fuxue Zhang, et al. 2010. Research of etching a novel MEMS
gyroscope sensing pendulum. In International Conference on Information and Automation,
1516-1519.



358

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

References

Zhang Fuxue, Lifeng Wu, Wei Zhang. 2010. Attitude detection technique for a rotating
flying object. In International Symposium on Inertial Technology and Navigation,
366-372.

Liu Yu, Baisheng Sun, Fuxue Zhang, et al. 2010. Research of a MEMS gyroscope simulate
and process. In International Symposium on Inertial Technology and Navigation, 373-377.
Guo, Heng, Fu-xue Zhang, Hui Zhao, and Lin-xia Tan. 2011. Restraining acceleration
interference in mircomachined two-dimension tilt sensor. Journal of Beijing Information
Science & Technology University 26 (2): 53-57.

Qin Shengjie, Fuxue Zhang, Lin Xia Tan. 2011. Micromechanical pendulum and its
application in the attitude control system of rotating flight carrier. Conference on the
Development Direction of Inertial Technology (13): 1-13.

Tan, Linxia, Fuxue Zhang, and Hui Zhao. 2011. Acceleration interference suppression
method for dynamic horizontal attitude sensor. Conference on the Development Direction
of Inertial Technology 13: 106-111.

Zhang, Wei, Hui Zhao, and Pinjun Wan. 2011. Structure and performance of a high speed
piezoelectric fluidic gyroscope. Conference on the Development Direction of Inertial
Technology 13: 112-115.

Zhang, Fuxue, and Shengjie Qin. 2011. Micromechanical gyroscope assembly for attitude
control of a rotating flying carrier. Conference on the Development Direction of Inertial
Technology 13: 116-122.

Tan, Linxia, and Fuxue Zhang. 2011. The system design for high-precision dynamic level
attitude sensor. Piezoelectrics & Acoustooptics 33 (6): 910-914.

Fan Jing, Siqin Guo, and Fuxue Zhang. 2011. Signal amplitude estimation technique for
microsilicon gyroscope. Computer Engineering and Applications 47(8): 35-37,49.
Zhang, Fuxue, Linxia Tan, Liu Yu, et al. 2011. Mechanism analysis on micro-machined
gyroscope’s detecting rotator’s spin. The Proceedings of the China Association for Science
and Technology 7 (1): 37-41.

Zhang Fuxue, Shengjie Qin, Yu Liu, et al. 2011. Silicon micromachined gyroscope for
single-channel control of rotary missile. The Proceedings of the China Association for
Science and Technology 7 (2): 581-586.

Tan Linxia, and Fuxue Zhang. Research on acceleration disturbance suppression for
dynamic detection of level attitude. International Conference on Physics Science and
Technology (ICPST 2011) 22: 325-332.

Zhang Wei, Yu Liu, and Fuxue Zhang. 2011. Research of structure and technology for the
micro machined airflow inclinometer. International Conference on Physics Science and
Technology (ICPST 2011) 22: 397-402.

Zhang Fuxue, Shengjie Qin, Linxia Tan, et al. Micro-machined pendulum and non-driven
micro-machined gyroscope. International Conference on Physics Science and Technology
(ICPST 2011) 22: 487-492.

Qin Shengjie, and Fuxue Zhang. A combination of silicon micro-gyroscope that application
rotary missile attitude control system. International Conference on Physics Science and
Technology (ICPST 2011) 22: 517-523.

Ma Tao, Fuxue Zhang, and Pinjun Wan. 2012. Effect of jet cavity structure on the
performance of piezoelectric fluidic gyroscope. In Proceedings of the Twelfth National
Conference on Sensitive Components and Sensors, 105-107.

Gao Xing, Hui Zhao, Fuxue Zhang. 2012. Method for restraining acceleration interference
of horizontal attitude sensor. In Proceedings of the Twelfth National Conference on
Sensitive Components and Sensors, 108—111.

Zhang Fuxue, Zengping Zhang, and Hui Zhao. 2012. Mechanism and application of
micromechanical pendulum sensitive rotating body posture. In Proceedings of the Twelfth
National Conference on Sensitive Components and Sensors, 121-123.



References 359

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

Zhang Fuxue, and Qingwen Yan. 2012. Signal solution for micromechanical gyroscope
driven by the carrier. In Proceedings of the Twelfth National Conference on Sensitive
Components and Sensors, 141-144.

Meng Dong, Fuxue Zhang, Wei Zhang. 2012. Signal processing and performance of a fast
response level attitude sensor. In Proceedings of the Twelfth National Conference on
Sensitive Components and Sensors, 343-345.

Xu Zhicheng, Sigin Guo, Dongying Ke. 2012. Parallel seam welding technology and
method of improving air tightness. In Proceedings of the Twelfth National Conference on
Sensitive Components and Sensors, 528-530.

Gao Yinjuan, Fuxue Zhang, and Zengping Zhang. 2012. Circuit design of non-driven
silicon micromechanical gyroscope. In Proceedings of the Twelfth National Conference on
Sensitive Components and Sensors, 553-556.

Zhang Wei, Hui Zhao, and Zengping Zhang. 2012. Principle structure and signal processing
technology of non-driven silicon micromechanical gyroscope. In Proceedings of the
Twelfth National Conference on Sensitive Components and Sensors, 557-560.

Wan Pinjun, Fuxue Zhang, and Tao Ma. 2012. The working principle and signal processing
of the piezoelectric fluidic gyroscope. In Proceedings of the Twelfth National Conference
on Sensitive Components and Sensors, 561-563.

Ji Gang, Ping Yue, and Yue Zou. 2012. Construction and practice of quality management
model for micromechanical gyroscope chip batch production. In Proceedings of the Twelfth
National Conference on Sensitive Components and Sensors, 691-693.

Zhang Zengping, Fuxue Zhang, Wei Zhang, et al. 2012. The research of vibration
suppression method for silicon micro-machined gyro driven by the rotation aircraft.
Electronic & Mechanical Engineering and Information Technology, 80-87.

Yan Qingwen, Fuxue Zhang, and Wei Zhang. 2012. A multi-functional micro-machined
gyroscope for rotating aircraft. Electronic & Mechanical Engineering and Information
Technology, 88-92.

Zhang Fuxue, Zengping Zhang, Qingwen Yan, et al. 2012. Micro-mechanical pendulum
and application technology in the attitude control system of the rotating body. Electronic &
Mechanical Engineering and Information Technology, 119-126.

Zhao Hui, Fuxue Zhang, Qingwen Yan, et al. Anti-acceleration disturbance method for
pendulum tiltmeter. Electronic & Mechanical Engineering and Information Technology,
127-132.

Yan Qingwen, Fu-xue Zhang, Yul Liu, Hui Zhao, and Zhen-ping Zhang. 2012. Analysis of
shock-response signal of non-driven structure silicon micro-machined gyro. Journal of
Chinese Inertial Technology 20 (5): 611-616.

Yan, Qingwen, Fuxue Zhang, and Wei Zhang. 2012. A micro-machined gyroscope for
rotating aircraft. Sensors ISSN 1424-8220: 9823-9828.

Zhang, Zengping, and Shuhua Li. 2012. The design and implementation of the embedded
system based on ARM7. Advanced Materials Research 433: 5607-5610.

Zhang, Zengping, and Shuhua Li. 2012. Research of video tracking algorithm based on the
blob analysis. Advanced Materials Research 383: 1185-1189.

Zhang Zengping, Fuxue Zhang, Wei Zhang. 2013. Measurement of phase difference for
micromachined gyros driven by rotating aircraft. Sensors 13(8): 11051-11068.

Zhang, Zeng-ping, Fu-xue Zhang, and Yin-juan Gao. 2013. Amplitude-frequency
characteristics of a silicon micromachined gyro driven by rotating body. Journal of
Chinese Inertial Technology 2: 245-263.

Zhang Fuxue, Hongwei Wang, and Wei Zhang. Silicon micromechanical gyroscope. China
invention patent: ZL 200410029089.0.



360

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

References

Zhang Fuxue, Hongwei Wang, and Wei Zhang. Carrier-driven silicon micromechanical
gyroscope. China invention patent: ZL 200410029228.X.

Zhang Fuxue, Nan Zhang, Xu Mao. Two dimensional silicon micromechanical gyroscope.
China invention patent: ZL 200510134858.8.

Zhang Fuxue, Nan Zhang, and Xu Mao. Anti impact silicon micromechanical gyroscope.
China invention patent: ZL 200510134857.3.

Zhang Wei, Linhua Pu, and Wenjie Tian. Air flow type small gyroscope. China invention
patent: ZL 200510134860.5.

Zhang Wei, and Fuxue Zhang. A novel silicon micromechanical gyroscope. China
invention patent: ZL 200710105849.5.

Zhang Wei, and Fuxue Zhang. Gas pendulum inertial sensor. China invention patent: ZL
200710105848.0.

Zhang Wei, and Fuxue Zhang. Novel piezoelectric quartz accelerometer. China invention
patent: ZL 200710118526.X.

Zhang Wei, and Fuxue Zhang. Novel piezoelectric quartz horizontal attitude sensor. China
invention patent: ZL 200710118525.5.

Zhang Fuxue. Horizontal attitude sensitive chip and its manufacturing method of the
horizontal attitude sensor. China invention patent: ZL 200810116231.3.

Zhang Wei, Fuxue Zhang, and Qiushi Han. Gas flow type omnidirectional horizontal
attitude sensor. China invention patent: ZL 200910120512.0.

Zhang Fuxue, Ling Wang, and Wei Zhang. A silicon micromechanical gyroscope. China
invention patent: ZL. 201010517788.5.

Zhang Fuxue, Yanfeng Dan, and Wei Zhang. A signal processing circuit and method of
non-driven micromechanical gyroscope. China invention patent: ZL 201110023627.5.
Zhang Fuxue, and Wei Zhang. Piezoelectric quartz level sensor. American invention patent:
US 7603786B2.

Zhang Fuxue, and Wei Zhang. Piezoelectric quartz accelerometer. American invention
patent: US 7716985B2.

Zhang Fuxue, and Wei Zhang. Gas pendulum inertial sensor. American invention patent:
US 7730781B2.

Zhang Fuxue, and Wei Zhang. Novel silicon micromechanical gyroscope. American
invention patent: US 7 805 994 B2.

Zhang Fuxue. Level posture sensing chip and its manufacturing methods, level posture
sensor. American invention patent: US 7950161B2.

Zhang Fuxue. Level posture sensing chip and its manufacturing methods, level posture
sensor. American invention patent: US 8198164B2.

Zhang Fuxue, and Wei Zhang. Gas pendulum inertial sensor. British invention patents: GB
2449731.

Zhang Fuxue, and Wei Zhang. Silicon micromechanical gyroscope without driving
structure. British invention patents: GB 2449955B.

Zhang Fuxue, and Wei Zhang. Piezoelectric quartz accelerometer. British invention patents:
GB 2450952.

Zhang Fuxue, and Wei Zhang. Piezoelectric quartz level snesor. British invention patents:
GB 2450953.

Zhang Fuxue. Level posture sensing chip and its manufacturing methods, level posture
sensor. British invention patents: GB 2461736.

Zhang Fuxue, and Wei Zhang. Capteur d attitude a quartz piézoélectrique. French invention
patent: 07/08880.



References 361

149.

150.

151.

152.

Zhang Fuxue, and Wei Zhang. Nouveau type d'accélérométre a quartz. French invention
patent: 2918758.

Zhang Fuxue, and Wei Zhang. Puce de detection de posture de niveau et son procede de
fabrication,capteur de posture de niveau. French invention patent: 2933533.

Zhang Fuxue, and Wei Zhang. Gattungsbildender mikromechanischer siliziumkreisel.
German invention patent: 10 2007 051 879.1.

Zhang Fuxue, and Wei Zhang. Gas-Trigheitssensor. German invention patent:
102007054456.3.



	Preface
	About the Book
	Contents
	Author’s Introduction
	Non-driven Mechanical Gyroscopes
	1 Operating Theory of a Non-driven Mechanical Gyroscope
	1.1 Characteristics of a Flying Aircraft
	1.2 Motion Equation for the Sensitive Elements in a Non-driven Mechanical Gyroscope
	1.3 Performance of the Gyroscope as the Aircraft Rotates With a Constant Angular Velocity
	1.4 Choice of System Scheme for a Non-driven Mechanical Gyroscope
	1.5 Dynamic Performance Regulation of the System
	1.6 Stability of a Non-driven Mechanical Gyroscope with Negative Velocity Feedback
	1.7 Technical Performance of a Non-driven Mechanical Gyroscope

	2 Precision of a Non-driven Mechanical Gyroscope with Negative Velocity Feedback
	2.1 Measurement Precision of a Constant Angular Velocity Rotating Around The Horizontal Axis
	2.2 Regulation of a Non-driven Mechanical Gyroscope

	3 Performances of Non-driven Mechanical Gyroscope in the Condition of an Alternating Angular Velocity
	3.1 Performance of Non-driven Mechanical Gyroscope in the Condition of an Angular Vibration
	3.2 Output Signal of Non-driven Mechanical Gyroscope in the Condition of an Angular Vibration
	3.3 Measurement Accuracy of the Harmonic Angular Velocity for the Aircraft
	3.4 Performance of Non-driven Mechanical Gyroscope in a Circumferential Vibration

	4 The Operating Errors of a Non-driven Mechanical Gyroscope
	4.1 Error Caused by Static Unbalance of the Framework
	4.2 Error Caused by Angular Vibration and Circumferential Vibration
	4.3 Error Caused by Imprecise Installation
	4.4 Error Caused by Change of Environmental Temperature

	Non-driven Micromechanical Gyroscopes
	5 The Micromechanical Accelerometer and the Micromechanical Gyroscope
	5.1 The Micromechanical Accelerometer
	5.1.1 Basic Principle, Technology Type and Applications of a Micromechanical Accelerometer
	5.1.2 The Working Principle of a Micromechanical Accelerometer
	5.1.3 The Micromechanical Accelerometer Manufactured by a Bulk Micromachining Process
	5.1.4 The Micromechanical Accelerometer Manufactured by a Surface Micromachining Process
	5.1.5 Force Feedback
	5.1.6 The Resonant Micromechanical Accelerometer

	5.2 The Micromechanical Gyroscope
	5.2.1 The Structural Basis of a Micromechanical Gyroscope
	5.2.2 The Basic Principle of a Micromechanical Gyroscope
	5.2.3 Frequency Bandwidth
	5.2.4 Thermal Mechanical Noise
	5.2.5 Types of Micromechanical Gyroscope


	6 The Working Principle of a Non–Driven Micromechanical Gyroscope
	6.1 The Structure Principle
	6.2 The Dynamic Model
	6.2.1 The Mass Vibrational Model
	6.2.2 The Solution of the Angular Vibrational Equation

	6.3 Analysis and Calculation of Kinetic Parameters
	6.3.1 Torsion Stiffness of the Elastic Supporting Beam
	6.3.2 Parameter Calculation of the Flexible Joints
	6.3.3 The Damping Coefficient of Angular Vibration for the Vibrating Element
	6.3.4 Relationship Between the Angular Vibration Natural Frequency, the Angular Vibration Amplitude and the Measured Angular Velocity

	6.4 Signal Detection
	6.4.1 The Relationship Between the Output Voltage and The Swing Angle
	6.4.2 Signal Processing Circuit

	6.5 ANSYS Simulation and Analogy
	6.5.1 Modal Analysis
	6.5.2 Frequency Response Analysis


	7 Error of a Non-driven Micromechanical Gyroscope
	7.1 Motion Equations of a Vibratory Gyroscope
	7.2 Error Principle of a Vibratory Gyroscope
	7.3 Error Calculation of a Non-driven Micromechanical Gyroscope
	7.4 Error of a Non-driven Micromechanical Gyroscope

	8 Phase Shift of a Non-driven Micromechanical Gyroscope
	8.1 Phase Shift Calculation of a Non-driven Micromechanical Gyroscope
	8.2 Phase Shift of a Non-driven Micromechanical Gyroscope
	8.3 Feasibility of Adjusting the Position to Compensate the Phase Shift of the Output Signal
	8.4 Characteristic Calculation of a Non-driven Micromechanical Gyroscope in the Angular Vibration Table

	9 Static Performance Test of a Non-driven Micromechanical Gyroscope
	9.1 Performance of the Prototype of a Non-driven Micromechanical Gyroscope
	9.1.1 Temperature Performance of the Prototype
	9.1.2 Performance of the Prototype
	9.1.3 Temperature Stability of the Prototype

	9.2 Performance of a CJS-DR-WB01 Type Silicon Micromechanical Gyroscope
	9.3 Performance of a CJS-DR-WB02 Type Silicon Micromechanical Gyroscope
	9.4 Performance Test of CJS-DR-WB03 Type Silicon Micromechanical Gyroscope

	Applications of Non-driven Micromechanical Gyroscopes
	10 Signal Processing
	10.1 Inhibiting the Influence of a Change in Rolling Angular Velocity of the Rotating Body on the Stability of the Output Signal
	10.1.1 Influence of a Change in Rolling Angular Velocity of the Rotating Body on the Output Signal
	10.1.2 Method for Inhibiting the Influence of a Change in Rolling Angular Velocity on the Output Signal
	10.1.3 Validation of Inhibiting Influence Method

	10.2 The Attitude Demodulation Method of a Micromechanical Gyroscope Based on Phase Difference
	10.2.1 Study of the Phase Difference Between the Output Signal and the Reference Signal of the Gyroscope
	10.2.2 Factors Influencing Phase Difference
	10.2.3 Phase Difference Compensating Method

	10.3 Posture Demodulation of the Rotating Body Based on the Micromechanical Gyroscope
	10.3.1 Demodulation Method
	10.3.2 Simulation Experiment


	11 Applications in the Flight Attitude Control System
	11.1 Calculation Method Design and Software Creation
	11.1.1 Calculation Method and Software
	11.1.2 Computer Software Design

	11.2 Influence Connected Motion (Angular Vibration) as Three Axes Move Simultaneously
	11.3 DSP Digital Output of the Gyroscope
	11.3.1 Hardware Circuit Design
	11.3.2 Algorithm and Software Realization
	11.3.3 Test Results

	11.4 Attitude Sensing System for Single Channel Control of the Rotating Flight Carrier
	11.5 Three Channels Attitude Sensing System of the Rotating Flight Carrier Through the Rectangular Coordinate Transformation
	11.6 Attitude Sensing System of the Rotating Flight Carrier Through the Polar Coordinate Transformation
	11.6.1 Method for Obtaining the Transverse Angular Velocity Relative to the Rotating Coordinate System of the Rotating Flight Carrier
	11.6.2 Method for Obtaining the Rolling Angular Velocity Relative to the Coordinate System of the Quasi-Rotating Flight Carrier
	11.6.3 Method for Obtaining the Pitch Angular Velocity and the Yaw Angular Velocity Relative to the Coordinate System of the Quasi-Rotating Flight Carrier

	11.7 Applications in the Non-rotating Flight Carrier

	References



