Power Electronics Applied to Industrial

Systems and Transports 3



Series Editor
Bernard Multon

Power Electronics Applied to
Industrial Systems and
Transports

Volume 3
Switching Power Supplies

Nicolas Patin

PRESS ELSEVIER



First published 2015 in Great Britain and the United States by ISTE Press Ltd and Elsevier Ltd

Apart from any fair dealing for the purposes of research or private study, or criticism or review, as
permitted under the Copyright, Designs and Patents Act 1988, this publication may only be reproduced,
stored or transmitted, in any form or by any means, with the prior permission in writing of the publishers,
or in the case of reprographic reproduction in accordance with the terms and licenses issued by the
CLA. Enquiries concerning reproduction outside these terms should be sent to the publishers at the
undermentioned address:

ISTE Press Ltd Elsevier Ltd

27-37 St George’s Road The Boulevard, Langford Lane
London SW19 4EU Kidlington, Oxford, OX5 1GB
UK UK

www.iste.co.uk www.elsevier.com

Notices

Knowledge and best practice in this field are constantly changing. As new research and experience
broaden our understanding, changes in research methods, professional practices, or medical treatment
may become necessary.

Practitioners and researchers must always rely on their own experience and knowledge in evaluating and
using any information, methods, compounds, or experiments described herein. In using such information
or methods they should be mindful of their own safety and the safety of others, including parties for
whom they have a professional responsibility.

To the fullest extent of the law, neither the Publisher nor the authors, contributors, or editors, assume any
liability for any injury and/or damage to persons or property as a matter of products liability, negligence
or otherwise, or from any use or operation of any methods, products, instructions, or ideas contained in
the material herein.

For information on all Elsevier publications visit our website at
http://store.elsevier.com/

© ISTE Press Ltd 2015
The rights of Nicolas Patin to be identified as the author of this work have been asserted by him in
accordance with the Copyright, Designs and Patents Act 1988.

British Library Cataloguing in Publication Data

A CIP record for this book is available from the British Library
Library of Congress Cataloging in Publication Data

A catalog record for this book is available from the Library of Congress
ISBN 978-1-78548-002-7

Printed and bound in the UK and US



Preface

Volume 3 of this series deals with a specific category of
converters for power electronics in the form of switch-mode
power supplies. The main function of these components is to
provide a continuous voltage to a load, smoothed by filtering
elements (and sometimes regulated). In many cases, this
requires a high-quality voltage supply (e.g. for electronic
chips including components such as microprocessors) to
guarantee successful operation. In this context, linear power
supplies (ballast type) are often used, but switch-mode
supplies are increasingly widespread, allowing high
efficiency, and potentially improving the battery life of mobile
equipment, for instance, alongside a reduction in the size of
cooling elements and/or component heating.

Two main families of switch-mode power supplies will be
considered in this volume: non-isolated power supplies (buck,
boost and buck-boost) will be covered in Chapter 1, while
Chapter 2 will cover isolated power supplies (flyback and
forward). The list of structures presented does not provide
exhaustive coverage of topologies found in publications on the
subject, but it covers most requirements and includes most of
the solutions used in industrial contexts. Note, however, that
all of these converters operate using “hard” switching (i.e.
with significant switching losses). This means that frequency
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increases are difficult, or impossible, preventing the
miniaturization of passive components used in filtering. To
overcome this difficulty, some converter topologies use the
resonant behavior of “LC”-type cells, generating a
considerable reduction in losses by carrying out “soft” zero
voltage switching (ZVS) or zero current switching (ZCS).
These converters will be presented in Chapter 3, based on a
structure using a resonant inverter associated with a
rectifier. The regulation issue mentioned above belongs to the
field of automatics (and lies outside the scope of this book),
but proportional integral (PI) regulator tuning approaches
(for closed-loop control) generally pass through a modeling
stage. Chapter 4 presents Middlebrook’s approach for average
modeling of switch-mode power supplies, which is used to
define converter transfer functions. This method will be
applied to non-isolated power supplies in order to establish
models for continuous conduction mode. We will simply
describe the models used in discontinuous mode, which are
more difficult to obtain. In conclusion to this volume, we will
present a case study of the detailed design and dimensioning
of a flyback power supply, including the choice of power
components (e.g. transistor, diodes, coupled inductances and
capacitors) and control elements (e.g. metal oxide
semiconductor field effect transistor (MOSFET) gate driver,
isolated voltage and current measurements) connected to a
microcontroller.

This volume also includes two appendices. Appendix 1
provides general formulas for electrical engineering (and is
identical to that included in previous volumes). Appendix 2
supplies the full data sheets for key components of the
flyback power supply studied in Chapter 5.

Nicolas PATIN
Compiegne, France
February 2015



Non-Isolated Switch-Mode
Power Supplies

1.1. Buck converters

The buck converter is a single-quadrant chopper, as studied
in Chapter 1 of Volume 2 [PAT 15b]. The “load” is made up of
an inductance L in series with the association of the actual
load (presumed to be a current source I;) in parallel with a
filtering capacitor C (see Figure 1.1).

Vr
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E—
T 11 .
v | T, L ﬁ
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Figure 1.1. Diagram of a buck converter

In these conditions, for a correctly dimensioned power
supply, the assembly (I;,C) may be considered to be
analogous to the electromotive force (e.m.f) E, of a direct
current (DC) machine, and the inductance L may be
considered to play the same role as the armature inductance
in the machine. Consequently, the results established in
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Chapter 1 of Volume 2 [PAT 15b] are applicable here. In the
case of continuous conduction, an output voltage of V; = .V,
is obtained, where « is the duty ratio of the transistor control.
Moreover, in cases of discontinuous conduction (i.e. for a
current which cancels out in the inductance), the output
voltage will be higher than in the continuous conduction case,
in accordance with the characteristic shown in Figure 1.4 (see
Chapter 1 of Volume 2 [PAT 15b]). A summary of the
characteristics of this converter is shown in 1.1. The
constraints applicable to the switches are similar to those for
a one-quadrant chopper powering a DC machine, but we
should also analyze the quality of the voltage supplied to the
load. The waveforms produced are the same as those shown
in Figure 1.2 (Volume 2, Chapter 1 [PAT 15b]), as the ripple
of the output voltage V; is considered to be a second-order
phenomenon, negligible when calculating the ripple of
current ¢, in inductance L (constant V;, as for the em.f. £, of
a DC machine). Thus, this current may be considered (as in
the case of a machine power supply) to be a time-continuous,
piecewise-affine function, which may be written (presuming
that the load current i is constant and equal to I;) as:

i, (t) = I+, (t) [1.1]

where ZL(t) is a signal with an average value of zero, with a
“peak-to-peak” ripple Ai;, expressed as:

a. (l1—a).Ve

Aij =
‘L L.Fy

[1.2]

where F; = 1/T, is the switching frequency and « the duty
ratio of the control of transistor 7.

Second, given the current ripple iy, (t), the (low) ripple of the
output voltage vs(¢t) may be deduced, insofar as:

vs (t) = Vi + 05 (t) [1.3]
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with:
Vi =a.V, [1.4]
and:
_ B 1 to+t _ 1 t0+t~
Us (t) = vs (L) + = ic (1) .dr =75 (to) + = i (7).dr
C to C to

[1.5]

Using this result, it is then easy to deduce the peak-to-peak
ripple Av; of voltage v,(t):

1 1 Ty Aip a(l—a).Ve
Avg= = - =22k = 1.
BTC 2 2 8L.C.F? [1.6]

These results are illustrated in Figure 1.2.

a.Td |

Td

JL Dig= i =1, -1

IMax~ 'LMin

Av

Piecewise parabolic evolution of the output voltage

Figure 1.2. Current in the inductance and voltage at the
capacitor terminals in a buck converter
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REMARK 1.1.—In practice, it is important to dimension the
capacitor correctly so that the ripple of the output voltage is
low in relation to its average value (e.g. 1%) in order to
guarantee the validity of the reasoning used above. The
current ripple was calculated based on the assumption that
the output voltage is constant; strictly speaking, this
assumption is not fulfilled, but the simplification is verified in
practice. The decoupling of inductance and capacitor
dimensioning is widespread when designing switch-mode
power supplies, and will be used again when studying other
structures. While this reasoning approach may appear
artificial, it is based on “auto-coherence” between the initial
hypotheses and the desired dimensioning objective. In
practice, the output voltage should be as constant as possible
when powering electrical equipment using switch-mode
supplies (DC/DC converters).

Quantities Values
Maximum transistor voltage Vrmax Ve
Maximum inverse diode voltage Vimaax —Ve
Current ripple in inductance Aiy, a (1L7F(‘X ).Ve

Fa

Average output voltage (V) a.Ve

. 1—a).Ve
Output voltage ripple Av, @ é A C.O%U%V
Maximum current in transistor and diode | I + %
Average current in transistor (Ir) a.ts
Average current in diode (14) (1-a).Is
RMS current in transistor (for Ai;, < I) vals
RMS current in diode (for Aij, < I) V1—als

Table 1.1. Summary of continuous conduction in the buck converter

Note that the calculation of the output voltage ripple
(used in dimensioning the filter capacitor C') corresponds to a
continuous mode of operation. This is not strictly applicable
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for discontinuous mode, but this choice presents certain
advantages:

— simpler calculations using this operating mode;

—the results obtained allow satisfactory dimensioning of
capacitors (on the condition that a minimum safety margin
is respected) for all possible cases;

— continuous conduction is often the most critical case with
regard to the output ripple, although this is not true for buck
converters. The output ripple is proportional to the charge
current (for boost and buck—boost converters, described in
the following sections), and is higher in continuous mode
(discontinuous conduction = low charge).

1.2. Dimensioning a ferrite core inductance

For iron core windings (as discussed in Chapter 5 of
Volume 1 [PAT 15a]), a simple magnetic circuit was
considered, characterized on the sole basis of three geometric
parameters (reduced to two parameters) which needed to be
established. While the equation model of the inductance and
the applicable usage constraints remain identical, the
geometry of a ferrite core is required, and a core must simply
be selected from the lists supplied in manufacturer catalogs.
The first stage in this process is to choose a family of ferrite
cores: this choice depends on the application and the
available space. Note the existence of “E,I” structures
(alongside double E structures); in power -electronics,
however, the RM and PM families are most interesting in
terms of electromagnetic compatibility, as they are relatively
“closed” and produce limited radiation into the immediate
environment. Two examples of these families of cores are
shown in Figure 1.3.

Once a family of cores has been selected, we need to choose
a specific model in accordance with a given specification. To
do this, the expressions of A, (iron section) and S, (windable
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section) are used. Note that two surfaces are linked to
constraints relating to ferrite (magnetic flux density B,q.)
and copper (current density J,,4.):

L.T.
A, = mar 1.
n.Bmaz [1.7]
and:
n.Irys
Sp = ——— 1.8
b Kb~Jma:1: [ ]

a) b)
Figure 1.3. RM a) and PM b) ferrite cores

The obtained product A..S, must be lower than that of the
selected core in order to establish an acceptable solution.

Once these geometric elements have been fully designed,
we may design an inductance, defining an air gap and
calculating the number of turns required in the winding.
Note that matching ferrite cores is particularly difficult, and
it is therefore best to select a core which already contains an
air gap in the central leg. In this case, the manufacturer gives
a parameter known as the specific inductance, conventionally
denoted as a; (homogeneous to an inductance). This
parameter is simply the inverse of the reluctance of the
obtained magnetic circuit. Hence:

T'L2 2

R =ar.n [1.9]

L:

in order to calculate the number of turns required.
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Note that the inductance B, required for a ferrite core is
considerably lower than that used for an FeSi core (of the
order of 0.2T, in practice). This value may be determined by
consulting manufacturer tables, which indicate losses in the
material as a function of B,,,, and of the operating frequency.
This loss constraint needs to be respected, as ferrites are
subject to thermal runaway: as losses increase, the properties
of the material are degraded, increasing the losses generated
at a given operating point (leading to further temperature
increases, until the limit at which the material loses its
magnetic properties is reached). Note, however, that the main
advantage of ferrites resides in their capacity to operate at
high frequencies (in comparison with FeSi cores), as the
materials used are highly resistive (and can be assimilated to
electrical insulators).

While inductances in switch-mode power supplies (buck or
forward type) are used to smooth current ripples at high
frequencies, the skin effect remains limited, as the current
ripple generally only represents between 10% and 20% of the
average current; this is generally negligible, and does not
justify the use of Litz wires, as in flyback and forward
isolated power supplies, which will be studied in the following
section.

1.3. Boost converters

Boost converters are obtained using a parallel chopper,
replacing the machine (in braking mode) by a continuous
voltage source V, in series with an inductance, and replacing
the voltage source E by a parallel R,C-type load, as
illustrated in Figure 1.4.

The characteristics of this converter are shown in
Table 1.2. Note the inversion of the problem: we no longer
require the output voltage used for machine braking, but
rather an input voltage V. (equivalent to a machine being
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driven at constant speed); the converter output voltage V;
may therefore fluctuate. As in the case of the buck converter,
the expressions of the average and root-mean-square (RMS)
currents given for the transistor and the diode are based on
the presumption of low current ripple in the inductance
(Ai;, < (Ip)). Furthermore, the output characteristic is
fundamentally different from that obtained in the case of a
machine providing energy to a constant voltage source: the
output voltage V; is always greater than the input voltage F,
and this voltage itself tends toward infinity in discontinuous
conduction in the case of a zero-loss converter (including the
inductance L and the capacitor C). As an exercise, the same
method to study this kind of operating mode can be applied
with the buck-boost converter presented in the following
section.

VL Vb
L
—— 50000
Ve L j

4 i
T

Figure 1.4. Diagram of a boost converter

Considering the ripple of the output voltage AV;, we can
easily show that the voltage drops off when the transistor is
on (between 0 and «.T,). The capacitor therefore presents a
continuous current discharge, giving us an expression of AV
of the form:

AV, — a.

= 1.1
CFy [1.10]

All of the characteristic quantities of the converter (used for
dimensioning) are presented in Table 1.2.
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Quantities Values
Maximum transistor voltage Vrmaq Vs
Maximum inverse diode voltage Vimaax -V
Current ripple in inductance Air, zl‘f
Fy
Output voltage ripple Av, a.ls
OVFd
Average voltage at load terminals V; 7 _Ea
. . . . Ai
Maximum current in transistor and diode Is + %
. . s
Average current in transistor (/1) 101 -
Average current in diode (Iq) I,
[1 mm] RMS current in transistor (for Ai;, < (ir)) Ils'\/a
—a
.. Is.A/1—
RMS current in diode (for Ai;, < {(ir)) faa

Table 1.2. Summary of continuous conduction in the boost converter

1.4. Buck-boost converters

Buck-boost converters combine the voltage-reducing
capacity of the buck converter with the voltage-increasing
capacity of the boost converter. These two converters may be
associated in a cascade layout to produce the same result, but
it is better to combine these elements into a single structure,
with a single transistor 7' and a single diode D, as illustrated
in Figure 1.5. This converter type is also known as an
inductive storage chopper, due to the way in which it
operates, as demonstrated by the calculations below.

Considering transistor control strategies over the time
interval [0, o7, take:

Vr=0 [1.11]
hence:

Vi =Ve [1.12]
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and thus:
Vp=-V,—V. <0 [1.13]
Vr Vb
ir _
v Hr yip poode i

Vg C‘ !
<> Lgly == %% v,

Figure 1.5. Diagram of a buck-boost converter

It is already evident that this negative voltage causes the
diode to switch off, hence:

ip=0 [1.14]
and:

i =1L [1.15]
and, additionally:

is = —ic [1.16]

Capacitor C therefore discharges from the output to the
load. In this context, the capacitor clearly operates as an
energy reservoir when the input is disconnected from the
output. This initial phase of the switching period involves the
storage of magnetic energy from the input in inductance L,
while the load takes energy from the capacitor C. This
structure operates in two distinct phases: “storage” and
“restitution” of the energy stored in the inductance; clearly, it
is best to obtain full demagnetization of the inductance at the
end of the switching period, as stored, non-released energy is
useless and will lead to overdimensioning of the inductance.
Discontinuous conduction, involving an “inert” phase in
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which the switches (transistor and diode) are both off, is
symptomatic of poor component use, and leads to
overdimensioning of the decoupling capacitor in order to
conform to specifications imposing a maximum ripple in the
output voltage. Based on this observation, we may presume
that optimal operation for this type of converter occurs at the
limit between continuous and discontinuous modes, which is
known as the critical conduction point. In this case, it is easy
to establish the equation of current i;, since (as in the case of
discontinuous conduction) we have zero current in the
inductance at the start of the switching period:

i () = %t [1.17]

giving a maximum current [;, ., at the end of the first phase,
which is expressed as:

(X.Td.‘/;
L

ILmax — [118]

In the second operating phase, over the time interval
[aTy, Ty4], the transistor is off. Consequently:

7 =0 [1.19]

and as the current i;, in the inductance is non-null (and has a
value of Ir,,., at the beginning of this phase), the diode must
enter into conduction to ensure current continuity:

ig =1, [1.20]
hence
Vy=0 [1.21]

This means that the voltage at the inductance terminals is
equal to —V;:

Vi, = =V [1.22]
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hence:

14

7 (t—aTy) [1.23]

53 (t - aTd) = I max —

In critical conduction, the continuous mode hypotheses are
still applicable. Thus:

(Vi) =0 [1.24]

As the instantaneous expression of V7 is known for the
whole switching period:

(VL) = Ti (aTy.Ve — (1 —a) Ty V) [1.25]
d
and finally:
y, = Ve [1.26]
11—«

Using this expression, we have:
-Vi=V.fora=1/2;
-Vi<Vofora<1/2;
-Vi>V.fora>1/2.

This conforms precisely to our initial predictions.

Let us now consider the average value of the current
absorbed from the input voltage source, noting that the
current absorbed by the converter is equal to the current in
the transistor. It is therefore:

—equal to %‘Ne during the first phase of the switching
period;

—equal to 0 during the second phase.
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Finally, note that there is no third phase if the converter is
kept in a state of critical conduction. Consequently, the
average value (iy) of i;, may be calculated as follows:

042Tdve

5T [1.27]

(ip) =

Note that at low-frequency levels (in terms of the average
over the switching period), the current absorbed by the
converter is proportional to the voltage V.. An equivalent
resistance R., can therefore be introduced of the form:

eq = azg[j:d [1.28]
Thus, if the chopper is powered using a diode rectifier, it
will enable absorption of a sinusoidal current in the network,
in the same way as the boost converter presented in the
previous section. In this case, this behavior is obtained
naturally as long as the converter remains in a state of
critical conduction. Power factor correctors (PFCs) of this
type are therefore much simpler to control than the boost
converters presented in Chapter 3 of Volume 2 [PAT 15b].

Critical operation is at the limits of continuous conduction,
and so the converter input/output relationship in this case is
that established in [1.26], for any load (on the condition that
I; is sufficiently high to ensure continuous conduction).
However, we now need to consider the case of discontinuous
conduction. The basic principles of this study were covered in
the context of machine power supplies: the average converter
input and output powers over a switching period need to be
identified, and these values must be equal to enable operation
in permanent mode (even in the cases where the converter
includes an internal storage element, as in this case). Thus,
the output voltage P; may simply be written as follows:

Py, =V, [1.29]
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where V; and I are presumed to be strictly constant (leaving
aside all ripple, notably in the voltage). We now need to
evaluate the average converter input power P., which is the
product of V., (presumed to be strictly constant) and the
average value of the input current I. (denoted as ir in the
diagram shown in Figure 1.5). This current may easily be
expressed as a function of time, as we know that:

ip =ir Vt € [0; a.Ty) [1.30]
and:

i =0Vt & [0; a.Ty] [1.31]

As current iy is null at ¢ = 0 (discontinuous mode

operation), we may write:

T =11 = %t vVt € [0; CM.Td] [1.32]

hence:
oV,
I, = (it) = = 1.
tr) =351 F, [1.33]
and thus:
a?. V2

Vil = SLIy [1.34]

hence:
a?. V2
Vs = 2L.Fy.1, 1.35]

Note that the converter is a power source controlled by the
duty ratio a. A set of hyperboles is thus obtained for the output
voltage V; as a function of the charge current I,.
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As before, it is best to work with reduced quantities,
denoted as y = V/V, and « = 2L.F,;.I;/E. Hence:

y=— [1.36]
x

To establish the equation of the critical location of this
converter, « must be eliminated from the equation, using the
relationship y(z) obtained in continuous (or critical)
conduction, insofar as the critical location is the geometric
zone which simultaneously corresponds to both operating
modes of the converter. We therefore rewrite relationship

[1.26] using reduced variables:

y=— [1.37]
l-«
Inverting this equation gives:
Y
== 1.38
a= 17 ; [ 1
Replacing o with this expression in [1.36], then:
/ [1.39]

MR
This may be approximated to a linear function for 32 < 1:

x~y [1.40]

It tends asymptotically toward a hyperbole when 3% >> 1:

oo L [1.41]
Y

This characteristic is well known in electrical engineering,
and is analogous to the couple versus sliding coefficient



16  Power Electronics Applied to Industrial Systems and Transports 3

relationship of an induction machine. The obtained curve (see
Figure 1.6) is known as a serpentine. Note the maximum
value of z, denoted as z,,,, = 1/2, in this critical location
(corresponding to y = Ymaee = 1).

y= Vi/Ve
Critical point
a=0.7
Ymax = 1L N ____
! a=0.4
. a=0.2
X x =2LF 4ls/Ve
Xmax = 1/2

Figure 1.6. Full reduced characteristics of the buck-boost converter
(continuous and discontinuous conduction)

The waveforms corresponding to discontinuous conduction
in the buck-boost converter are shown in Figure 1.7 for
illustrative purposes. Note that the only difference between
these waveforms and those obtained in continuous conduction
is the absence of a third phase in the switching period (this is
punctual in the borderline case of critical conduction).
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o VesVe
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. Td Td

_ aVe
ILmaz - L-FZ

Figure 1.7. Waveforms of electrical quantities in the buck—boost
converter (discontinuous conduction)

To complete our study of the buck—boost converter, it is
useful to establish a summary of the quantities involved in
the dimensioning process (see Table 1.3). This summary
corresponds to the case of critical conduction, and in this
case, we still need to calculate the output voltage ripple in
order to calculate the capacitance C required to fulfill a given
specification. As in the case of the boost converter, the
capacitor in this converter discharges with a constant current
when the transistor is in a state of conduction. We therefore
observe the same behavior with regard to the voltage ripple
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(note that this formula is not, strictly speaking, applicable for
discontinuous conduction):

a.l
AV. = s [1.42]
* C.Fy
Quantities Values
Maximum transistor voltage Vrmaz Ve + Vs
Maximum inverse diode voltage Vimax —(Ve+Vs)
Current ripple in inductance Air, z;/:
Average output voltage (V) 106 Vj
—
. s
Output voltage ripple Av, g F
Maximum current in transistor and diode z;g
«Ld
3
Average current in transistor (Ir) o”.Ve
(12LF§ v
.. a(l—a).Ve
Average current in diode (I4) 3L.F,
. . . . a.Ve «a
RMS current in transistor (for Air < (ir)) ‘=
L.Fy 3
T . . Ve 1-—
RMS current in diode (for Air, < {ir)) aVe e
L.Fy 3

Table 1.3. Summary of critical conduction in the
buck-boost converter
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Isolated Converters

2.1. Forward converters

A forward converter is an isolated version of the buck
converter in which voltage bursts are sent to an isolated
transformer, placed between the “switching cell” and the LC
output filter. However, there is, a priori, a problem concerning
magnetization of the transformer due to the application of a
non-null average voltage to the primary winding. A
demagnetization circuit is needed to counteract this effect:
several variations may be wused (dissipative or
non-dissipative), but in this case, we will only consider the
structure shown in Figure 2.1, using a third winding for
demagnetization purposes.

Therefore, the transformer can be modeled using three
ideal windings (resistances are neglected) and with a
magnetizing inductance localized! at the primary winding
terminals. The magnetic coupling between the three
windings is also supposedly ideal (no leakage inductance).

As for previous converters, we decompose the switching
period 7} in relation to the control of transistor 7', presumed

1 Further details of transformer modeling are given in Chapter 5 of
Volume 1 [PAT 15a].
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to be in a state of conduction over the interval [0, «.T}]. For
this phase, we may write:

vy = Ve [2.1]
hence:
vy = m.V, [2.2]

with m = ny/n;. In the same way, we have:

v3 =m'.V, [2.3]
with m’ = n3/n;. Note that:

Up3 = — (1 + m’) V. <0 [2.4]

This shows that diode D3 is reverse biased, and thus
switched off.

‘D

Up3

Figure 2.1. Diagram of a “forward” power supply

Considering the secondary (principal) of the transformer,
we see that the association of D; and D, constitutes a
rectifier, allowing passage of the highest positive tension
between zero and vy;. As we have seen, in this phase,
v = m.V, > 0; diode D1 is consequently switched on (vp; = 0),
and diode Dy will be switched off (vps = —m. V., < 0). In this
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case, we will presume that the rectifier (D, D2) is operating
in continuous conduction mode, and that the current i; does
not cancel out during the switching period 7;. In these
conditions, we have:

v =m.V, -V, [2.5]

Note that in the case where diode D, is on, the voltage vy,
will be equal to —V,;, and therefore clearly negative.
Consequently, given that permanent periodical mode imposes
an average voltage of zero at the inductance terminals, we
deduce that m.V, — V; is positive.

Based on the usual hypothesis that V, = C', an expression
of ir(t) may be established, presuming that the current has
a total value denoted as i;,,;, at the beginning of the phase
(this is a minimum value, as, due to the sign of v;, we have
established that the current is increasing):

. m.Ve — V, .
L (t) = €L St + Lmin [2.6]
In the same way, the magnetizing current i,,,4(t) in the
transformer primary can be expressed by noting that:

i1 (t) = m.iz (t) + tmag (1) [2.7]
with:
V.
bmaa () = t [2.8]
imag (1) Lmag

This includes a magnetizing inductance L,,,, which still
needs to be defined (see Chapter 5 of Volume 1 [PAT 15a)).
Moreover, note that the magnetizing current is null at ¢t = 0,
as a correctly dimensioned transformer and converter will
guarantee full demagnetization at the end of the period T,.
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Transistor (i; = 0) is switched off at instant ¢ = «.T,, and
the continuity of the magnetic flux in the transformer (and of
the magnetizing current i,,,,) means that diode D3 enters a
state of conduction. This gives us:

vy =—V, [2.9]

o= [2.10]
m

p= -2y, = 2 My My [2.11]
ns ny ns m

It is easy to verify that diode D; is off by the inversed sign
of voltage v9. Continuity in current i; means that diode D,
must enter into conduction, hence:

v = =V [2.12]

We still need to determine the conduction period for diode
D3, used to fully demagnetize the transformer before the end
of the switching period. To do this, we note that the
magnetizing inductance L,,,, of the transformer has been
localized on the primary winding (n;); we can then calculate
the evolution of 4,4 from its maximum value (reached at the
end of the previous phase, at ¢t = «.T}), denoted as /%:

mag*

. __ smazx ‘/6

tmag (t) = Ymag — m/_Lmagt [2.13]
REMARK 2.1.— Note that the time origin point has been
changed to simplify the notation. Instant ¢ = 0 in the
expression of i,,q,(t) presented above corresponds to the final
instant of the previous phase (i.e. ¢ = «.T; in relation to the
initial time origin).
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Based on this result, we may write that, for full
demagnetization to occur (i,,,, = 0), we must wait for instant:

/ max
m .Lmag.zmag

t:
Ve

[2.14]

As we know that i7'% is reached at the end of the first phase

mag
(expression [2.8] of i,,q4 for t = . T;), we obtain:

t=m'.aTy [2.15]

We know that this instant must occur at the end of the
switching period, at the latest. Thus, we obtain the following
inequality:

a.(1+m') <1 [2.16]

The control signal must therefore have a maximum duty
ratio o, which is a function of the turns ration m’ = n3/n;:

1

— 2.17
T [2.17]

Amax =

For example, taking n; = n3 (a very widespread situation,
simple to carry out for a “forward” transformer), the maximum
duty ratio will be equal to 1/2.

Based on this operation, we can introduce a final phase
during which:
— transistor 7' remains off;

—diode Ds; switches off once the transformer is fully
demagnetized;

— diode D remains off;

—diode D; remains on (the continuous conduction
hypothesis remains valid).
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In these conditions, note that:
v =vy=v3=0 [2.18]
and, clearly:
i1=1iy=1i3=0 [2.19]

Finally, the rectifier (D, D;) and the LC output filter
operate in exactly the same way as for the second phase:

v = =V, [2.20]
We can, therefore, use the relationship:
(vp) =0 [2.21]

for the whole of the switching period in order to determine the
converter input/output relationship:

Vi = m.a.V, [2.22]

2.2. Flyback converters

The flyback converter, as shown in Figure 2.2, is an
adaptation of the buck-boost converter where the storage
winding is split into two windings in order to obtain galvanic
isolation. Note that the transformer used in this context
operates in a way which is fundamentally different from that
used in the forward converter: an air gap is used in order to
store energy, leading to the production of a strong magnetizing
current. There is no direct energy transfer between the
primary (n1) and the secondary (ns); instead, we observe two
distinct phases:

— a storage phase, where energy is retained in the magnetic
circuit by the primary winding (for the interval [0; a.T}]);
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—a release phase, where this energy is released by the
secondary winding (for the remainder of the period).

The interest of operating in critical mode is evident, even
before calculations (full energy release at the exact end of the
switching period T,), as for the buck—boost converter; this
enables optimal use of both the “transformer” and the
switches. In this context, we will not consider the continuous
and discontinuous conduction modes of this conductor, as
these points were subject to exhaustive coverage for the
buck-boost converter (these results are similar for
non-isolated converters and their isolated variations).

1 ny
.

(D ‘
o

Figure 2.2. Diagram of a flyback converter

v

Based on the hypothesis of full demagnetization, we may
consider that at ¢ = 0, as soon as the transistor enters a state
of conduction, the current ¢; is null and will increase as a
function of time, in proportion to the voltage applied to the
primary winding. In this case, we have:

v = Ve [2.23]

Considering that the winding presents an eigen-inductance
L1, we have:

i () = %t [2.24]
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The flux in the magnetizing circuit is a function of this
current alone, as, due to the orientation of the “secondary”
winding (see the notion of “corresponding points” for
magnetically coupled windings in Chapter 5 of Volume 1
[PAT 15a]), we have a negative voltage vs (taking m = ny/nq):

vy = —m.Ve [2.25]

Consequently, the voltage v applied to the diode terminals
is negative:

vp=-m.Ve—V, <0 [2.26]

The diode is therefore in the off state, leading us to
stipulate that i3, = 0. There are no simultaneous
contributions from the “primary” and “secondary” windings
in terms of the magnetic flux in the circuit during this phase
(this is also true for the following phase, as we will see).

When the transistor is in the off state, at the end of the
first phase (at t = a.Ty), the continuity of the magnetic flux in
the “transformer” requires diode D to enter into conduction.
Current discontinuity is possible (at least in the context of
primary analysis) in windings placed on a magnetic circuit
shared with other windings, as it is the magnetic energy
which cannot tolerate discontinuity, and this energy is
written, in this context:

1 :
Winag = 5 pzq: Vpig [2.27]

Thus, at the moment of switching, the fact that L;.i; drops
to zero is offset by the appearance of Ls.io, which was null
during the first phase. The magnetic energy before switching
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may be expressed as:

1 _ 1 Vo.aTy\ 2
Winag (O“Td ) = §L1'21 (O‘~Td )2 = §L1 < L, d)
1 2
- (V..aT 2.28
I (Ve.aTy) [ 1

This energy is transferred during the second phase of the
switching period (between «.T; and T};). Generally speaking,
the behavior of this converter is very simple to analyze from
an energy perspective; at ¢t = a.Td+ , we therefore have:

L
ir (.TF)? = ZLiy (auTy)

I [2.29]

2 Ly (VeaTy\? o?V?
L\ Ly - L1LyF?

It is important to note that the relationship between
inductances L; and L, is equal to the square of the
relationship between the number of turns n; and ns (this
result is demonstrated in Chapter 5 of Volume 1 [PAT 15a)).

By recalling the turns ratio m = ny/n; shown above, we
obtain:
. T
@mzﬂzﬁgiﬁ [2.30]
m

The notion of energy conservation can, in fact, be replaced
in the context of magnetically coupled windings using the
notion of conservation of “ampere-tours”, as the equality
1L,.i% = $L,.i3 can be replaced by ny.i1 = no.is.

In conclusion to this initial “magnetic” study of the flyback
converter, note that the level of modeling used for the
“transformer” in this context is sufficient for operational
analysis; however, it needs to be refined for design purposes,
taking account of a parasitic phenomenon in the form of the
imperfect connection between the two windings and the
existence of magnetic leaks. This phenomenon means that
the structure presented in Figure 2.2 cannot be used in
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practice without the addition of an auxiliary element, known
as a snubber, which will be covered in section 2.5.

First, however, it is useful to return to the characterization
of the output voltage of the converter; operating in critical
mode, the input/output relationship should be analogous to
that of the buck-boost converter (see equation [1.26]) from
which it derives. To do this, we note that the average voltage
at the terminals of the winding (primary or secondary) is zero
for the switching period. We have presumed that current i
only cancels out for brief periods at the end of the switching
period (by definition in critical mode): diode D, therefore,
continues to conduct for the whole interval [«a.Ty; Ty]. In these
conditions, voltage V; is applied to the “secondary” winding
for the whole interval; as we demonstrated in equation [2.25],
this voltage is equal to m.V, during the interval [0; «.Ty]. We
can then calculate the expression of the average value of vs:

(v) = Tld (—a.Tym.Ve + (1 — a) Ty.V) [2.31]

Noting that this average value should be null in permanent
mode, the following relationship can be deduced:

V.= m.o.V,

1~ a [2.32]

This clearly corresponds to the relationship obtained for a
buck-boost converter, up to the turns ratio m.

2.3. Dimensioning a flyback transformer

In dimensioning a flyback transformer, we begin by
noting that the stored magnetic energy is fundamental to
the operation of the converter. This element is not a true
transformer, but rather inductances connected by a shared
magnetic circuit including an air gap. When dimensioning the
“transformer”, we therefore need to consider:
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— a ferrite core reference;
— the dimensions of the primary and secondary windings;

— the air gap.

These choices are made based on an analysis of the
operation of the converter, and on the impact of this operation
on the magnetic states of the ferrite core and the windings. In
this case, the hypothesis of full demagnetization is used; as
discussed in Chapter 1, this is the best operating mode for
this type of converter (as for buck—boost converters). The
maximum magnetic flux in the core (of section A.) can,
therefore, be expressed as:

nl.Bmw;.Ae = VE.OJ.Td [233]
hence:
a.V,
A, = B 2.34
nl.Bmax.Fd [ ]

The dimensions of the windings are then determined in
terms of the conductor cross-section. To do this, note that (for
0<t<aTy):

i (t) = -5 -t [2.35]

From this, the root mean square (RMS) value I1gnms of the
current can be deduced:

I B 1 /'Ot.Td ‘/'e t 2 dt B 1 ‘/'e 2 t3 Oé.Td
A 0 Ly Ty \Ls 3o
_ avaVe [2.36]
V/3L,.F,
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The secondary of this transformer is traversed by a current
with an amplitude I, linked to that of the primary current,
denoted as 11,4z, by the relationship:

n1-T1maz = n2-Iomax [2.37]
hence:
IQmaac = EIlmaac = Ilmax [238]
n9g m

When dimensioning in the context of critical conduction
with a maximum charge current, in this case, the
characteristic point of the buck—boost converter appears
(x = 1/2; y = 1), for which a = 1/2. In these conditions, the
expression of iy(¢) in critical conduction corresponds to a
symmetrical waveform of i;(¢) in relation to the mid-point of
the switching period (up to the turns ratio m); thus, in this
case:

Lirms = 2\/6‘/;1.}11 [2.39]
and:
Irvs = 2\/5773-6131-1751 [2.40]
Hence:
S, = nidirps + nedarms _ (na+mng/m).Ve
Ky.Jmaz 2V6L1.Fy.Kp.Jrmaz
m-Ve [2.41]

T 6Ly Fy Ko
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The product A..S, of the selected ferrite core must satisfy
the following inequality (« has been replaced by 1/2 in the
expression of A.):

V2

Ae.Sp > £ [2.42]
"= 26 Bumar-Kp-Jmaz- L1 F2

Moreover, this expression can be modified to include the
notion of power P drawn from the input source insofar as:

a2 V2T,

P =V, (i1) = oL, [2.43]
hence, for o = 1/2:
V2T, 1%
— V.. (i) = & - e 2.44
P=Velin) =" =50, T [2.44]
thus:
2 P
A..Sp > 24/ = - 2.4
Sb o \/; Bma:p-Kb-Jmax-Fd [ 5]

The choice of ferrite core is, therefore, not directly linked
to the windings, but simply to the power needing to be
transferred (and thus, for a given switching frequency, to the
energy stored in the air gap). Once a core has been chosen, a
standardized air gap is selected, giving a certain specific
inductance aj,, for which:

Ly =ap.n? [2.46]

Inductance L, is defined based on the expression of the
power [2.43], allowing the required number of turns n; to be
determined; the turns ratio needed for the specific application
allows us to determine the number of turns ns.

Unlike smoothing inductances (as used at the output point
of a buck converter or a forward power supply), the currents
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circulating in the primary and secondary windings of a
flyback transformer display a high level of ripple. In these
conditions, the skin thickness should be greater than or equal
to the radius of a conductor. To do this, the following
inequality must be verified:

2 Drnats [2.47]
wpo Jmaz

for k = 1 or 2 (primary or secondary). If this condition is not
satisfied, the use of litz wire (see Figure 2.3) is highly
recommended. This type of conductor is made up of a large
number of fine strands, each isolated from the others, and is
used for high frequency (HF) currents.

Figure 2.3. Litz wire a) and tin bath for tinning extremities b)

Note, however, that specific equipment is required in order
to use this type of wire correctly. As each strand is isolated
from the others, each strand must be electrically connected to
enable connections at the extremities of the winding. This is
generally achieved by soaking the wire in a bath of molten
tin in order to eliminate the insulating varnish and solder the
strands together correctly. If this process is not carried out,
only part of the cross-section of the conductor may effectively
be used, and the maximum acceptable current density may be
exceeded in those strands which are correctly connected.
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REMARK 2.2.— The storage winding of a buck—boost converter
should be dimensioned using the same approach as for
coupled inductances. The operation of this winding should
not be compared with that of the smoothing inductances used
for the output of buck and forward converters. In this context,
even the conductor technology needs to be evaluated, as
although the current is continuous in a single winding of this
type, it is subject to high ripple levels, and the alternating
component is no longer negligible in relation to the
continuous component.

2.4. Dimensioning a forward transformer

An important relationship relating to the operation of the
converter, defined in section 2.1, is essential when
dimensioning a forward transformer:

1

Amax =

with m’ = n3/ny.

The primary (n;) and demagnetization (n3) windings are
conventionally created together in order to ensure the best
possible coupling: thus, we have n; = ns. In these conditions,
we obtain a maximum duty ratio of a,,,, = 1/2. Moreover,
note that the maximum magnetic flux created in the primary
winding is expressed as:

n1 - Bmaz - Ae =Ve  — [2.49]

hence:

Ve

Ag= — ¢ 2.
2.n1.Bma$.Fd [ 50]

We then dimension the conductors, noting that the
dimensioning quantity is the RMS value of the current. If we
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consider that the current in the smoothing inductance placed
at the output point of the rectifier on the secondary of the
transformer (ns) is quasi-constant, the waveforms of the
primary and secondary currents i; and i, may be seen as
bursts, varying between 0 and the value m.I; (for the
primary, with m = ny/n;) and I; (for the secondary) with
non-null plateaux of width o.T; (giving a maximum width of
T4/2). Consequently, the primary and secondary RMS
currents I gy and Irgyss are expressed as:

Iirms = m.Is/V2 [2.51]
Lirms = Is/V?2
Given that the current density J,,. and a winding
coefficient K, are specified, we are then able to deduce the
required winding cross-section. However, the dimensioning
process must take account of the winding of the
magnetization winding. This winding is only traversed by the
magnetization current during intervals with a duration
shorter than or equal to (1 — «).7;. As this current is weak,
the cross-section of wire required for this function is
negligible. In practice, however, wire with the same
cross-section as for the primary winding is used in order to
guarantee strong coupling between the windings (the number
of turns in each winding is also identical for the same
reason). In these conditions, we obtain the following result:

g 2n1.m.Ig + ng. I 3ni.m.Ig
b = =
Ky Jmaz- V2 Kp.Jmaz- V2

[2.52]

Finally, a ferrite core reference suitable for the specification
must be selected, i.e. with a product A..S, greater than the
product of the expressions determined above for each of the
relevant factors:

3.m.Ve. I

A,.Sp >
N 2v/2. Binaw-Fu- Kb Jmaz

[2.53]
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First, note that the number of primary turns n; is no
longer explicitly included in this expression (except in the
transformation ratio m = ny/n;). Moreover, note that power
P drawn from the source may be introduced into this
expression, as:

P =V, (i1) = a.mV.I [2.54]

As surface A, has already been determined for the most
critical case (anqe = 1/2), this can be rewritten as:

m. VeI

P ="

[2.55]

hence:

3.P

Ae Sy > [2.56]
’ \/i-Bmax-Fd-Kb-Jmax

While product A..Sp is neither a surface nor a volume, it
gives us an indication of the physical size of the transformer.
From the expression shown above, we see that this “size” is
inversely proportional to the operating frequency Fy.

Once a core has been selected, cross-sections A, and S, are
defined, and, using A. and equation [2.50], it is possible to
determine the number of primary turns n;. Once this
parameter has been determined, we know that the number of
turns ng is identical, and the turns ratio imposed by the
application may be used to deduce ns directly from n;.

2.5. Snubbers

Snubbers (as used in switching assistance circuits) are
auxiliary circuits used in isolated converters to protect
controlled switches from overvoltages, which may result from
imperfect coupling of windings (i.e. leakage inductance). To
demonstrate the necessity of these circuits, we must return to
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the modeling of coupled inductances discussed in Chapter 5
of Volume 1 [PAT 15a]. It is entirely natural to use snubber
circuits in forward and flyback power supplies. We will
describe our dimensioning methodology based on this second
structure.

2.5.1. Impact of transformer leakage inductance in a
converter

Chapter 5 of Volume 1 [PAT 15a] included an equivalent
diagram of coupled inductances, showing three parameters:

—the magnetizing inductance I; localized in the primary
winding;

—the leakage inductance o.L, totaled in the secondary
winding;

—the turns ratio m = M/L; between the primary and
secondary windings.

This is not the only possible modeling; it is also possible to
work with the initial equations of the coupled inductances,
working from the secondary to the primary, displaying the
magnetizing inductance in the secondary and totaling losses
in the primary. We will take this approach here. First, we
note the following equations:

_dvy diy dis
VT =nN1—— dt L1 dt ME [257]
and:
v
Vo = Nog——— d 2 Al\fch1 LQ d’LQ [258]

dt dt dt
Equation [2.58] is then factorized by L, to obtain:

dZQ M di1
=1L —— 2.
2<dt + Iy dt) [2.59]
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This gives a new turns ratio m’ = M/Ly; ideally, this ratio
should also be equal to the “inverse” ratio of the number of
turns in the two windings (n;/no = 1/m). Hence:

d
Vo = Lga (ig + m'.il) [2.60]

As in Chapter 5, Volume 1 [PAT 15a], the next step is to
calculate the expression m’.v, (with a simple inversion of roles
between the primary and the secondary):

M diy diz dis  M?* diy
twg= o (M 4 L, 2 ) = P2 2T 961
v L2< a " 2dt> ity ar 261

This equation includes a term M %2, which has already
been encountered in the expression of wv;. This latter
expression may be rewritten as follows:
vy =mw +L . =mu+ |1 M2 Ldi1[262]

1=m.v2 1 = m.v1 Tils ) “Var

This gives the dispersion coefficient o, representative of
losses, and this time the leakage inductance o.L; is totaled in
the primary. The corresponding equivalent diagram is shown
in Figure 2.4.

m’.il 22

Figure 2.4. Equivalent electrical diagram of a transformer
with losses totaled in the primary

2.5.2. Implementation and dimensioning of a snubber

When the input transistor of a flyback converter is opened,
the primary current cancels out immediately in the case of an
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idea coupling since, as we have already seen, the important
state variable of this type of coupled winding system is the
magnetic energy stored in the air gap, and not the primary
and secondary current. Unfortunately, if we look more closely,
magnetic leakage means that the primary current is still a
state variable which will not tolerate discontinuity. As the
primary current is subject to a rapid drop imposed by the
transistor receiving the order to switch off, an overvoltage is
generated by the leakage inductance, denoted as o¢.L; in the
diagram shown in Figure 2.2. This is simply denoted by /; in
the diagram of the flyback converter in Figure 2.5.

i ol m’i i2 Ds

Ve

max

V“ T 5T “’T Remark: V. =c®=V,

Figure 2.5. Flyback converter with RCD snubber

This overvoltage is therefore driven only by the switching
speed of the transistor. This situation is not generally
acceptable (except when using the avalanche phenomenon
present in metal oxide semiconductor field effect transistor
(MOSFET), which can potentially withstand this type of
stress?) and the energy W; = 1/2.0;.17,,. stored in the
leakage inductance needs to be dissipated in an additional
circuit: the snubber.

This function can be provided in different ways:

—inclusion of a transil diode in parallel to the transistor
(chosen to dissipate the required power W;.F; and to prevent
the voltage at the transistor terminals from exceeding a
certain voltage V,,,q, > Ve + Vi /m);

2 This subject is covered in manufacturer application notes.
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—the use of a resistance + capacitor + diode (RCD)-type
snubber.

This second structure is shown in Figure 2.5. Note that the
snubber circuit associated with transistor 7 in the converter
and with the leakage inductance /; has a structure similar
to the boost converter. The voltage obtained at the capacitor
terminals is higher than the input voltage, with a value of V,+
Vs/m. We, therefore, begin by choosing the maximum voltage
to be imposed on the transistor (generally half of its caliber,
for example 300V for a 600V transistor) and ensure that the
resistance R will dissipate the power W;.F; at this voltage:

o 2
g = Wnae = Te) [2.63]
f-td

We then select a smoothing capacitor C' to smooth the
voltage; the time constant R.C' must, therefore, be high in
relation to the switching period 7; = 1/F; used for the
converter.

In both cases (transil or RCD circuit), good design practice
is based on the knowledge of the leakage inductance ;. This
information must be obtained by experimental testing,
generally using traditional transformer testing techniques
(no-load tests, and more specifically short-circuit tests, in this
case for the leakage inductance). To do this, an arbitrary
waveform generator (AWG) may be tuned as a sinusoidal
voltage source at a frequency close to that which will
eventually be used for switching.
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Resonant Converters
and Soft Switching

3.1. Soft switching
3.1.1. Definitions, ZVS and ZCS switching

Soft switching consists of eliminating all switching losses
by cancellation of the instantaneous power devices at the exact
moment of turn-on or turn-off. The losses px in a switch K
take the form:

DK = Uik [3.1]

where vk and ix are the voltage and the current at the
component terminals. In order to eliminate losses, we must
either cancel the voltage (zero voltage switching (ZVS)) or the
current (zero current switching (ZCS)). Note that it is
unnecessary for both elements to be null at the moment of
switching to eliminate losses.

Switch-based losses are the sum of conduction and
switching losses. For a given loss budget (linked to the heat
sink equipment), the smaller the switching losses are, the
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higher the switching frequency can be, allowing
miniaturization of the passive components in the converterl.

3.1.2. Resonance

Resonance is an interesting way of introducing current
and voltage ripples so that they pass through zero at precise
instants, while avoiding energy dissipation. Based on this
principle, “inductance/capacitor”’-type assemblies are
particularly useful for soft switching in power electronic
converters2. Consequently, LC circuits are always found in
operating converters using soft switching; these circuits
create resonance. For this reason, we often speak about
resonant (or quasi-resonant) converters rather than soft
switching converters.

This subject is complex and would fill a whole book on
its own (e.g. [CHE 99] is devoted to this subject). In this
chapter, we will focus on a single example, which is used
wholly or partially in a wide range of applications: a DC-DC
resonant converter, using two cascaded converters (as shown
in Figure 3.1):

— a single-phase inverter connected to a resonant load;

— a diode rectifier (which is part of the resonant load).

1 Note, however, that switching losses in the power devices are not the only
losses linked to the switching frequency. The skin effect in conductors and
iron losses in magnetic circuits are intrinsically linked to their operating
frequency. There is a limit (always of a thermal nature) to acceptable
increases in the switching frequency (which is no longer systematically
imposed by the switches).

2 Note the analogies between electrical currents and mechanical speed and
between voltage and force. Using this analogy, an inductance is equivalent
to a mass (or inertia), while a capacitor is equivalent to a spring.
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Figure 3.1. DC-DC resonant converter

3.2. Study of a resonant inverter
3.2.1. Presentation

We will begin by considering the inverter alone, replacing
the diode rectifier (D1, D2, D3, D4) and its parallel load (I,,C)
by a resistance Rj. In these conditions, we may calculate the
expression of the impedance of load Z:

1
Zog=Ro+ jLow + —— [3.2]
JCow

Conventionally, equation [3.2] becomes:

1+ 2zjw/wo — (w/wp)?

70 =
0 FCow

[3.3]

where the damping coefficient z and the natural angular
frequency wg are defined as follows:

RO SO [3.4]
0
! [3.5]
wp = .
0 vV LoCy

Note that the inverter, made wup of switches
(Ky, Ko, K3, Ky), is controlled using complementary signals
for the switches in the same half-bridge: (K, K3) on the one
side and (K3, K4) on the other side, in order to avoid short
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circuits in the voltage source V.. At this stage, no hypotheses
concerning the effective control of the two half-bridges will be
made, with the exception of the period. Thus, while
considering the inverter’s output voltage v, with the period T,
it can be decomposed as the sum of a (possibly infinite) set of
simple oscillating functions, namely sines and cosines (or,
equivalently, complex exponentials). The Fourier transform is
a periodic function, often defined in terms of a Fourier series:

> 2kt . 2kt
Vo(t) = ap + Zak. cos <T> + by, sin (T) [3.6]

k=1

Evidently, the capacitance Cj placed in series with the load
means that no DC current will be able to circulate, and the
average component ag which may be produced by the inverter
is useless. The control process should therefore aim to make
this component as small as possible to enable optimal use of
the converter.

3.2.2. Operating model

A simple (but nonetheless satisfactory) model of the
converter consists of approximating the voltage wave of v, to
the first harmonic, for two main reasons:

—as the load resonates with angular frequency wg, the
converter should operate around this angular frequency, in
order to maximize the power factor of the load and the
amplitude of the supplied voltages;

—the damping coefficient z of the load is presumed to
be high (although at this stage, this hypothesis is purely
arbitrary).

3 It is clearly not desirable to base the resonance on a harmonic of
the voltage v,, which will generally have a lower amplitude than the
fundamental, in the case where the inverter only switches twice per half-
bridge and per period 7.



Resonant Converters and Soft Switching 45

In these conditions, only the fundamental component of the
voltage wave v, will be able to produce a current i( (sinusoidal)
in the load. Hence, all of the harmonics of v, may be omitted,
so we may simply write:

27t ) 2mt
Vo(t) = ay.cos (T) + by.sin (T) [3.7]

As the choice of a time origin is arbitrary, one can consider
that:

Vo) = Viyma. €O <2;f) [3.8]

with a period T close to the natural period of the load:

T ~ To = 2£ = 274/ L()Co [39]

wo

3.2.3. Impact of the operating frequency

In the simple case where the control signals of the two half-
bridges are complementary with a 50% duty ratio, voltage v,
will be a square wave, with two plateaux at £V, each of width
T/2. In a Fourier series decomposition of this type of signal,
the amplitude of the fundamental can be written as:

_

™

Vimaz [3.10]

In the case where T is strictly equal to Tj, the current g is
perfectly in phase with the fundamental of the voltage. This
means that at switching instants, the current is strictly null,
thus the switching losses are negligible. However, the result is
different if frequency 1/7 varies:

—if the switching frequency is slightly higher, the load
becomes inductive; therefore, the current presents a lag in
relation to the voltage;
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—if the switching frequency is slightly lower, the load
becomes capacitive, and the current will be in advance of the
voltage.

Voltage wave (and fundamental)

Vv,

°

vy

Soft switching (ZCS) of transistor (turn-on)

Cas F=1/T>F, Hard switching of transistor (turn-off)
7N

LV,

)/
)y :

- Inductive load

7

. . DON | TON . .
2 Soft switching (ZCS) of transistor (turn-off;
Hard switching of diode (turn-on) TOFE T DOFF g (2CS) ( )
Cas F =1/T <Fq Hard switching of diode (turn-on)
7N\ N N
’ / \ \
Vo1 it | (0 N
I / s/
/ ‘ /] \ Lt Capacitive load
A\ [y !
\[', ;
N /
/
o
N
o
TON | DO

Hard switching of transistor (turn-on) DOFF TOFF '

Figure 3.2. Current /voltage waveforms at the first harmonic for

@wo

output of a resonant inverter with Fy = 52

These two situations have an effect on switching losses, as
shown in Figure 3.2. The information given on the nature of
switching in the figure refers to K; (made up of a transistor
and an antiparallel diode). If hard switching is not considered
problematic for the diodes (as an initial hypothesis,
spontaneous switching is presumed to be non-dissipative?),
situation F' > Fj is clearly better for the transistor, insofar as
the switch-on is soft, and minimizes the current peak effect

4 With the exception of losses which may occur when covering the potential
barrier.



Resonant Converters and Soft Switching 47

which occurs as a result of covering the potential barrier of
the diode. In these conditions, the diode presents mediocre
behavior in relation to this phenomenon, with a high stored
charge Q..; the structure diode of a MOSFET may be used in
this case.

3.2.4. Power behaviors at variable frequency

When operating using a variable frequency, using the
hypothesis that the current iy absorbed by the load is
quasi-sinusoidal, the complex current (for a phase voltage
reference 1)) may be written as:

_ Vomaz _ jCOWVZ)max
Ry + jLow + jC’ﬁ 1+ jRyCow — LQCsz

Iy [3.11]

which gives the following expression of a power P, dissipated
in Ry:

RO (COWV;Jmaw>2

[3.12]
(1-— L000w2)2 + (R()CQU.))2

1 s 1
Py==Ry.|Io]*==-
0 20|0| 2

The maximum value Py, of this power, obtained for
w = wy = 1/v/LyCy, can then be noted as:

POma:L" = oot [313]

It is now useful to reformulate the expression of P to
explicitly include Ppy,,q. and wy:

2
PO _ 1 . (Rocowvoma:c) _ POmaac [314]

2Ro (1 - LoCow?)” + (RoCow)®  (1-(=)*”
RoC +1
0Cow

wo
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Note that RyCow = Qj—;’, leading to the expression:

Pmax
Py (w) = — omar__ [3.15]
.7 (UO—UTO) +1

The normalization of this power in relation to Py
(introduction of a reduced power y = PFPy/Pomnas) and the
introduction of a reduced angular frequency = = w% gives the
following expression, of which traces are shown in Figure 3.3
(for different values of z, between 0.1 and 1):

y(x) = [3.16]

3.3. Study of the full converter
3.3.1. Analysis of the diode rectifier

Based on the hypothesis that operation can be assimilated
to the first harmonic, the current circulating between the
inverter and the rectifier (due to the presence of the series
circuit LyCp) is sinusoidal. In this situation, the rectifier no
longer operates in a “classic” manner (as in Chapter 3 of
Volume 2 [PAT 15b]) as a voltage rectifier/current inverter,
but rather as a current rectifier/voltage inverter. When
imposing a positive current ip, we know that diodes D; and
D4 will necessarily be in a state of conduction; when the
current is negative, diodes Ds and D3 will conduct. Using the
hypothesis of a load circuit (5, C;), such that the ripple of the
output voltage v, remains negligible in relation to its average
value (denoted as V;), we may state that v, will be equal to
+V; if ig is positive and —V if iy is negative. As the current is
sinusoidal with frequency F' = 1/T (to use the same notation
as before), the time durations at +V,; and —V, will be equal
(T'/2). In these conditions, a square voltage v, of amplitude V;
is obtained, with a null average value in phase with the
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sinusoidal current; the current has an amplitude denoted as
Igmaz- The rectifier load assembly may thus be considered as
a pure resistance R., from the perspective of the resonant
inverter (in the context of modeling around the first
harmonic). We therefore need to determine the expression of
this equivalent resistance. To this end, a link must be
established between the current amplitude ¢y and the value
of the current I, absorbed by the load. To do this, note that
our study concerns the converter in permanent mode; to
guarantee periodic evolution of all quantities, the average
current in the output capacitor C, over a characteristic period
T must be null. Hence, the average value of the rectified
current i,(t) = |ip (t)| must be equal to /5. We have:

‘ I (2t 2Tomaz
<ZT> = T/O Tomaz |sin <T> ‘ dt = - [3.17]
Thus:
2lomas _ [3.18]
T

In fact, when the load is considered to be a current source,
the amplitude Iy, of the current iy is independent of the
applied voltage; hence, it is not possible to give an expression
for the equivalent resistance. For this, we need to relate the
current I, to the voltage V; by a load resistance R, = V,/I;
under these conditions, we obtain:

2RI
V, = £itsTOmax [3.19]
T
The amplitude V;1,,4. of the voltage fundamental applied to
the rectifier input terminals is expressed as:
4Vy  8R
V;‘lma;t =—= ?25 ' IOmaz [3.20]
Req

where the equivalent resistance R., of the rectifier + parallel
load (R, Cs) naturally appears.
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This equivalent resistance model shows that the results
established for a resonant inverter with a series load
Ry, Lo, Cy are still applicable, even with a more complex load.

3.3.2. Characteristics and control modes

3.3.2.1. Output characteristics

Once the relationship between the load resistance R; and
the equivalent resistance R., has been established from the
inverter’s perspective, the relationship between the inverter’s
input voltage V. and the rectifier’s output voltage V; may be
established as a function of the way in which the inverter and
the load are controlled. To achieve this goal, the operating
conditions of the system must be clearly identified; note that,
in any case, this study is based on modeling around the first
harmonic, and the results obtained will always be dependent
on the amplitude of the voltage v, supplied by the inverter
(denoted as V,,4.). Note, simply, that the power dissipated in
the equivalent resistance is always expressed in the form:

Pma:ﬂ
Py (w) = — maz__ [3.21]
.7 (UO - m) +1

with, in this case:

w2V32
Py = ——2nax 3.22
0 SR, [ ]

noting that this power can only be dissipated in the load R;
(all other elements are presumed to be ideal, and thus non-
dissipative). Thus, we have:

vz r?v2 1

= = omaz . [3.23]

R SR (w2
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Hence:

T™Vomaaz

1
Vs = :
2v/2 2

Vet (- 2) 1

From this expression, it might seem that the converter’s
output voltage is independent of the load R,; however, this
parameter still has an effect via the damping coefficient z,
expressed, in this case, as:

4R, [Cy
2= ’/LTJ [3.25]

Using these results, a converter control law may be
proposed, with the aim of tuning the amplitude of V., or
the angular frequency w. These two solutions will be covered
in the two following sections, and are known, respectively, as
phase angle control and variable frequency control.

[3.24]

3.3.2.2. Phase angle control mode

In phase angle control mode, frequency F' = Fy = 32 is

used. The waveforms of the controls are shown in Figure 3.4.

Using a phase angle v, the obtained voltage v, returns to
zero for periods of time which increase as v increases. This
means that the amplitude of voltage fundamental component
is expressed as:

AVe cos Y [3.26]
T

Vomaz =

Presuming that this component affects the current
injected into the load, the objective in controlling V,,,.. has
been reached. Next, to determine the action of the control
input on the output voltage, the following equation is used:

TVomaz

1
2v2 2
EHCEE R

V. = [3.27]
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replacing V... by its value and taking w = wy. Hence:

2Ve

V2

‘/; — . Cosw [3.28]

s 55— R K
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R v b
ig

e e

Co on
off H t
0 T
Cp on
off |t
0 1 T
¥
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Figure 3.4. Diagram and waveforms for a resonant inverter
using phase angle control

This control scheme is interesting in that V, may be
directly controlled. Although the relationship is not linear, it
is easy to regulate the output voltage; the performance of this
strategy can be further improved by making the system
linear in relation to the control input (), integrating the
“arccos” function into the controller.
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3.3.2.3. Variable frequency control mode

In the case of variable frequency control, a square
waveform +V, is also observed, generated very easily using
two complementary control signals ¢, and ¢, produced by a
voltage-controlled oscillator (VCO). In this case, we still have
an amplitude V. for the fundamental component of voltage
v, Which is expressed as:

4V,

Vomam — £ [329]
T

This time, however, the output voltage is controlled by the

angular frequency w:

Vs = V2V [3.30]

2
ENCEE R

To reintroduce the load resistance into this expression, z
is simply replaced by the relevant value. It is also possible
to replace Rs; with V;/I; to give an expression of the output
voltage V; in a more “traditional” form from a user perspective,
i.e. as a function of the control input w and the load current I:

74 LoI? ([ wy w2 9
s = - = 1| .vi=2v2 3.31
(64‘/;200 (w w0> + V; ‘/6 [ ]

To simplify this expression, the following parameter may
be used:

2
- <w° - “) [3.32]

This gives the following equation:

T4 LoAI?

e 2 =9yp? .
Gic, -tV = [3.33]
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which may be reformulated as:

VZ=2v? (1 — m> [3.34]
Introducing the normalized output voltage y = \/‘i/éi/e and
the normalized output current x = % . {/— . é—g, we obtain

the equation:
P =1— \a? [3.35]

This is an ellipse equation, parameterized using \. All of
the obtained curves therefore take the value y = 1 for z = 0,
whatever the value of \. Moreover, these curves intersect
with the x-axis (y = 0) at a value of x referred to as xz..
(corresponding to a short-circuit current I,.), which is
expressed as:

Toe = —F7= = 57— [3.36]

Note that there is a borderline case (w = wg) where the
value of z.. tends toward infinity. It is easy to verify that at the
resonant point, the obtained output voltage is independent of
the load current as:

Ve = V2V, [3.37]

A set of reduced characteristics y(x) of the full converter
(for different values of \) is shown in Figure 3.5. Note that
with this type of behavior, a converter controlled using
variable frequency naturally produces an interesting
operational safety property, in that it guarantees limitation of
the load current, even allowing the output to short circuit.
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3.3.3. Application to contactless power supplies

A modification to the structure of the converter allows an
isolated version to be created, replacing the coil by a
transformer (see Figure 3.6). As we saw in Chapter 5 of
Volume 1 [PAT 15a], this component may be modeled by an
ideal coupler associated with a magnetizing inductance and a
leakage inductance (as before, note that these elements may
be localized either in the primary or the secondary of the
transformer when modeling).

0

D =
K3 = - El} K,

Figure 3.6. Isolated DC-DC converter based on
a resonant inverter and a rectifier

CU
v [ w8 b ke ‘
1

This device clearly allows the introduction of the inductive
element necessary for resonance, and also allows the
impedance located in the secondary to be returned to the
primary via a simple impedance transformation. It is easy to
verify that the equivalent impedance Z., of an impedance Z
viewed through a transformer with ratio m can be expressed
as:

Z

Zeg = poec [3.38]
Thus, if a rectifier associated with a parallel RC charge is
placed at the secondary of the transformer, and given the
resistive nature of this assembly, as demonstrated in the
previous sections, the same result is obtained, with a series
RLC charging a resonant inverter. The previous results

remain valid.
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One interesting application using this type of structure is
contactless energy transmission, where the primary and
secondary windings of the transformer are connected
magnetically by a two-part magnetic circuit, allowing the two
elements to move freely in relation to each other. This type of
device allows users, for example, to supply electrical power to
an element located at the extremity of a robotic arm without
limiting the movement of the arm itself by the use of wires;
we also avoid the use of friction contact (slip ring and brush
systems), which present drawbacks including wear and tear,
sparks (which can be problematic when designing
intrinsically safe equipment), etc. Note, however, that the
magnetic circuit includes an air gap which goes against the
desired objective; in this application, unlike a flyback
transformer, where we like to store energy, we simply like to
transfer energy directly between the primary and the
secondary (a true transformer function, as in forward power
supplies, with no air gap). In these conditions, the
magnetizing inductance of the transformer will be relatively
weak, leading to a high magnetizing current.

REMARK 3.1.—We have only considered the case of a
resonant series circuit, but parallel resonant circuits may
also be used. Although the two solutions are equivalent in
theory, they are dimensioned differently, and solutions will be
selected based on their advantages for specific applications.
Furthermore, note that the association of capacitors with the
inductive elements placed in resonant circuits may be
addressed in terms of an increase in the power factor, as in a
classic electrical engineering problem using a 50 Hz network.
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Converter Modeling for Control

4.1. Principles

The aim of this chapter is to present a method of modeling
switch-mode power supplies which allows establishing their
transfer functions. On this basis, a classical control design
methodology can be applied in order to achieve an output
voltage regulation for instance. To do this, the average switch
model, proposed by Middlebrook in 1976 at the IEEE Power
Electronics Specialists Conference (PESC) and published
[MID 77] in 1977, is used. For this, the switches in a
switching cell (a transistor and a diode) are replaced by two
equivalent sources (voltage and current) linked to the state
variables (voltage at the capacitor terminals or current in an
inductance) and to the constant sources in the system. An
equivalent means of carrying out this modeling is to apply a
state formalism, which describes the system in question in
the form of a first-degree differential (vector) equation:

d

dit‘ = Ax+ Bu [4.1]
where x is the system state vector and u is the input. Note
that in these conditions the system is linear; further note
that all switch-mode power supplies are hybrid linear
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systems (switching from one linear equation to another in a
period of time determined by the controller). Using the
equations obtained for each time interval, an average state
equation can be established in order to obtain the desired
transfer functions for the system.

4.2, Continuous conduction modeling

This section is devoted to non-isolated converters,
examining the case of the buck, boost and buck—boost
converters; this approach is easily applied to the
corresponding isolated converters (except for the boost, where
no isolated version exists). Generally speaking, all of the
considered quantities z(t) (voltages and currents) take the
form:

z(t) = (z) + Z(t) [4.2]

where z(t) is the fluctuating component (with an average
value of zero) of z(t). For reasons of simplicity, (z) (for the
average value of z(t)) will be replaced by z(. Generally
speaking, the following sections will only consider the
converters using small signals, and therefore concern only the
fluctuating components. To do this, linearization is required
around an operating point in the converter equations.

The equations for a switch-mode power supply can easily
be placed into state form by identifying the elements carrying
each state variable: these are all energy storage elements,
specifically:

—inductances: the current traveling through an inductance
is a state variable;

— capacitors: the voltage at the terminals of a capacitor
(ideal) is a state variable.

Given that the converters in question involve both an
inductance and a capacitor (in the case of non-isolated
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converters), second-order systems must be used. The state

vector of the switch-mode power supplies studied in the next

few sections is, therefore, always of the form x = (z I vst),

where v is the converter output voltage (as the capacitor is
always placed at the converter output point — buck, boost and
buck—boost).

4.2.1. The buck converter

The state equation formulation of the model of a buck
converter consists of associating the equations related to the
inductance and the capacitor in a vector-based system:

dip, 1 _
@ Lfk e fff) [4.3]
i =cliL—%)

where £k is the instantaneous control of the transistor (0 when
OFF and 1 when ON). Note that the average of these
equations at the level of the switching period T, simply
consists of replacing k£ by the duty ratio « = (k) in these
instantaneous equations in order to obtain the average
equations (average model):

dip — 1 (v — vs)
{ ey T [4.4]

Thus, the state equation becomes:

dx
i Ax+ Bu [4.5]

with:

o

[4.6]

S~
SN—

Q- o
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The stability of this system can be easily analyzed by
calculating the roots of the characteristic polynomial;
however, in this case, we simply wish to establish a usable
model for control purposes. The control signal appears in the
second term of the state equation, B.u; in our case, the term
cannot be directly identified with a linear model, as we have
a vector (denoted as w) expressed as:

W = (;Vﬁk) [4.7]

The first coefficient is clearly nonlinear, given that the
input voltage v, may fluctuate. In this case, w may be
linearized as follows:

. Oé().VeQ Oé().f)e d.Veo
w_<0 >+<0 >+<0 > [4.8]
——

wo

From the state equation, the static operation point x; is
easy to identify:

0=Axo+wy = x0=-A"1.wy [4.9]
ie.:
I = aogeo
4.10
{ Vso = ao.Veo 14.10]

The equation form of the variations, denoted as x (“small
signal” model), of state x is obtained as follows:

dx 5 1 o N 1 Veo ~
— = A. — . D + — - . 4.11
7 x+L <0>U+L (0 )a [ ]

The transfer functions of the system can be easily deduced,
for example, taking 7. = 0 to obtain the relationships linking
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& to components i;, and o5 of Phe state vector.NTo do this, note
that in the Laplace domain, ?j—’t‘ is written as sX. Furthermore,
note that:

i = (1 o).fc [4.12]
——
C
and:
vy = (01).5{ [4.13]
——
Ca
hence:
I _ Vio/L
H;(s) = 5((;)) = C. (sl — A)7", (0 o/ )
B @ ' 1+ RCs
R 1+ 41082 [4.14]
and:
Ve 1 [ Veo/L
H, (s) = @((5)) = Cy. (sl — A)7". (O o/ )
Veo [4.15]

- 1+%+L052

In the same way, a relationship linking ¢; and 9. can be
established, taking:

Hes (s) = = (5) = Cy. (sly — A)7". (aO/L>

= [4.16]
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4.2.2. The buck-boost converter

The same approach may be used for the buck-boost
converter, but the average equations cannot be written
directly, as:

di L Ve
— == 4.17

dt L [ ]
during the first part (phase 1) of the switching period (0 < ¢ <
a.Ty,) and:

dig, Vs

LT 4.18

dt L [ ]
for the remaining of the period (a.Ts,, <t < Ty, i.e. phase 2).
Consequently, the average equation relating to i;, becomes:

dip,  ave (1—a).vs

— = - 4.19
dt L L L ]
We can then note that, during phase 1:
dv v
2= 4.20
dt RC [ ]
and, during phase 2:
dv 1 v
2 =— iz — = 4.21
it C (“ R) [4.21]
giving an average equation of the form:
dvg avs l—a /. Vs
- _ _ = 4.22
dt RC T C (ZL R) [4.22]
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The equations of the state system obtained in this way are
nonlinear, and must be linearized around an operating point,
by considering the following:

Ve = Veo + Ve
a=ay+a

ip =1Io+iL
vs = Vo + 0s

[4.23]

The equations relating to the bias point can then be
established:

ap.veg (1 —ap).Vio

0= T 7 [4.24]
hence:

Vg = f‘o_‘;‘; [4.25]
and:

O:_a;.gso+1—cao <IL0_V;20> [4.26]
giving the result:

I = (1—‘2(()))-3 [4.27]

Vso0 may then be replaced by its expression as a function
of the system input quantities (g and Vo) and the load R to
obtain:

ap-Vso

Inp=——5— 4.28
£o (1 - 040)2 R [ ]

By linearizing the state equations, it is possible to write:

dig, (1 — ap) .75 VoG . e
=== 4.29
a I Tl-anl L [4.29]
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and:

d1~)3 . 1-— ag o~ 1 Ctg.‘/e()

a ~  C 'ZL_ﬁ'US_(l—ao)Q.RC'

a [4.30]

This gives a linearized state system of the form:

di 0 _1—0[0 _ ag ) _‘/% )
dt=<1—a0 _%).x+<OL>.ve+<(_1% & [4.31]
c e N—— (1_a0)2-RC

A B1 B>

This system can then be used (as for the buck converter) to
deduce the following transfer functions:

‘75 (s) -1
H, = =Cy. (sl — A .B
(s) G (s) Cy. (sl — A) 2
1— apLs
Veo (1I—a0)?.R
= . [4.32]
2 Ls LCs?
(]‘ - Oéo) 1 + (1—0[0)2.R + (1_a0)2
and:
H,,(p) = = (s) _ Cy. (s, — AL By
e (5)
Q) 1
=1 o ) " I Rer [4.33]

(1—a0)®.R ' (1—ap)?

Note that matrices C; and Cs are the same as for the buck
converter, in that the configuration of the state vector
remains the same (with i; as the first component and v, as
the second component). The specificity of this chopper lies in
the fact that it is a non-minimum phase system, as seen in
the transfer function H,(s) where the real positive part has a
value of zero. With this transfer function, the increase in the
duty ratio leads, temporarily, to a reduction in the output
voltage, and then to an increase, in accordance with the static

behavior, for which the output voltage is written as O{‘L—ZOU
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4.2.3. The boost converter

Using the same approach as for the buck and buck—boost
converters, the following transfer functions are obtained:

~ 1— Ls
Vs Ve “ao).
H, (s) = &((j)) T 1 —(;z 1 Ls(1 " RL6’32 [4.34]
0 It G Zr T Gcao?
and:
Vs (s) 1 1
He (s) = = = . [4.35]
( ) V:z (3) l—ag 1 + Ls LCs?

(1—a0)?.R (1—ap)?

4.3. Discontinuous conduction modeling

Static converters can be shown to be more stable in
discontinuous conduction than in continuous conduction,
resulting in first-order transfer functions. These functions are
shown in Table 4.1, using results taken from [FER 02]. Note
that the converter output voltage (in static mode) is no longer
a function of the duty ratio oy and the input voltage V., but
also of the load. All of the transfer functions include a
reduced static output voltage (i.e. around an operating point)
yo = Vso/Veo. To simplify the equations, given that these
parameters exist for all of the converters in question, we will
use coefficient K and a characteristic angular frequency w,,
defined as follows:

K = 2L Fsqy
{ _ 1" o [4.36]

4.4. PWM control modeling and global modeling for
control

A model of pulse width modulation (PWM) control needs to
be established before designing a control strategy for the
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converter output voltage, as we develop analog or
pseudo-analog controll to produce binary or digital-type
control of the transistor in the electrical power converter. The
interface between the “analog” control of the system and the
digital control of the transistor is provided by a PWM
controller, allowing control of the duty ratio « of the control
output2.

Converters H, Hes
Buck | Y4 1 ) \/1 T E | iowi

Buck—boost "1 n chp 1_54703%
Boost 2;0‘/6_01 \/ﬁ 1+ 1_3:0wic

Table 4.1. Transfer functions for switch-mode power supplies
in discontinuous conduction mode

Note that the creation of a PWM controller in an analog
form consists of comparing a reference value V. which is
constant (or varies slowly in relation to the length of the
switching period) with a triangular carrier V), varying, for
example, between 0 and a voltage Vi,.x. Within this variation
range, a value of 0 (OFF) or 1 (ON) is associated with the
output according to the following conditions:

— control signal = 1 if Vier > V)5

— control signal = 0 if Vies < V).

1 Using a digital controller, for example, the digital signal processor (DSP).
2 In this case, we will only consider fixed frequency control, using a
converter with a controllable duty ratio. We will not consider hysteresis or
“current bracket”-type controls, which are also widely used in this context,
and form part of sliding mode control approaches in automatics.
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Note that the control signal then presents a duty ratio «
with an expression which evolves in a linear manner with V,:

V}ef
= 4,
“ Vinax [4.37]

The modulator (PWM controller) is, therefore, equivalent
to a pure gain (Kpwjy = 1/Viax) linking the duty ratio a to
the reference signal V,.s. Furthermore, note that, somewhat
surprisingly, this control approach does not introduce a lag,
as we might expect. PWM control only results in a delay in
the case of a digital implementation, where the reference is
sampled (and mathematically blocked with a zero-order hold).
In this case, our model must include a transfer function, By(p),
of the form:

1— —Tsws
Bo(s)=-—5 [4.38]

S

With the delay, this may be approximated to:

_Tsws

H.(s)=e [4.39]

4.5. General block diagram of a voltage-regulated
power supply

Based on these findings, a full block diagram of closed-loop
regulation of the output voltage of a switch-mode power
supply, such as the one shown in Figure 4.1, can be
established. The physical elements of the system (converter,
PWM controller and voltage capacitor) must all be
characterized in order to determine the transfer function for
a regulator C(s) placed in the loop. This is a classic problem
in control, where a given response time needs to be obtained
while limiting oscillation, and avoiding the disturbances
induced by the load and/or by fluctuations in the input
voltage. Moreover, it is necessary to ensure that the regulator
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is robust in relation to variations in the system parameters,
which may fluctuate, notably as a function of temperature.

Disturbance input

“ ol Hs)

f a
v

;
Cls) Kewm Hy(s)
: TN ‘ N

A zero-order hold B (s) may be placed here in case of digital
control

K sens

Figure 4.1. Generic block diagram of output voltage regulation
in a switch-mode power supply
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Case Study —
the Flyback Power Supply

5.1. Specification

In this chapter, we wish to design an “isolated” type switch-
mode power supply, intended to supply a 15W load using 15V
(i.e. with an output current of 1A) from a 5V source. In this
context, the output voltage should have a quality value of +1%
of the nominal voltage. To achieve this, a converter, operating
at a frequency considerably higher than the audible spectrum
(Fsw = 50kHz) and allowing miniaturization of the passive
components, is used. These starting hypotheses mean that a
Flyback-type power supply (see Figure 5.1) is a good choice, as
the converter:

—includes galvanic isolation between the input and the
output;

—has a boost operating capability (output voltage higher
than the input voltage) independently of the turns ratio of the
coupled inductances;

—is simple (in comparison with a Forward converter) and
suitable for use at the low power levels required.
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Based on this choice, we first need to establish the rated
voltage and current of the required switches (transistor and
diode), then design the coupled inductances (selection of a
core and calculation of the number of turns required for the
primary and secondary windings). Once these inductances
have been created, measurements need to be carried out in
order to evaluate the quality of the magnetic coupling and the
value of the leakage inductance localized at the primary
winding in order to dimension a snubber. Finally, a
closed-loop control circuit will be implemented to ensure that
the output voltage remains at 15V in spite of potential
variations of consumption in the load. Figure 5.2 shows a full
diagram of a Flyback power supply designed using this
method (with the exception of the digital control circuit,
which, in this case, is a Microchip dsPIC33FJ06GS101
microcontroller — including a DSP core designed for the
control of switch-mode power supplies).

Figure 5.1. Simplified diagram of a Flyback power supply

5.2. Dimensioning switches

In Chapter 1, the constraints applicable to switches in a
Buck-Boost converter were established; we also showed that
these results can be transposed to the Flyback power supply
(see Table 5.1) from which this converter chopper is derived,
via the turns ratio m = ny/n;.
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Quantities Values
Max. transistor voltage Vrmax | Ve + %
Max. inverse diode voltage Vimax | — (m.Ve + V5)

Current ripple in primary a.Ve
inductance Air1 L1.Fsy
Average output voltage (Vs) %'ave
a.ls
1 ipple Avs
Output voltage ripple Av CFn
Max. currents (transistor and ; _aVe and
diode) (as there are two) e = Fow
- _ a.Vg . a. Vg
tDmax = T Fow — M.Fag
Average current in the transistor | o®.Ve
(Ir) 2L1 Fau
. . a(l—a).Ve
Average current in the diode (1) M P

Table 5.1. Summary of critical conduction
in the Flyback power supply

Semiconductor design is closely linked to the turns ratio m
at this level. The turns ratio is also involved in the
relationship between input and output voltages. An arbitrary
choice therefore needs to be made, as there are an “infinite”
number of (m,a) couples which will lead to the desired
solution. In this case, a duty ratio close to 1/2 (g = 0.5) will
be used. This leads us to choose a turns ratio m = 3.

On this basis, the voltage values which the transistor and
diode will need to withstand can be determined as follows:

max — 2= 1
Vimax =5+ 4 0V 5.1]
Vomax = —(15 4+ 15) = =30V

Security coefficients must be included when choosing
voltage calibers for the two components.

In terms of current, as the nominal output current is 1A,
the average current in the diode will be equal to this value.
With a duty ratio of 0.5 and in the context of critical
conduction, we note that the RMS value of this current is
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easy to calculate, with a high frequency ripple of amplitude
Ipmax such that:

dt — IDmax [52]

Ip) = —
{Ip) 0.5 4

Ty

1 /0'5Td IDmaxt
0

This gives a maximum current of 4 A, from which the RMS
value can be calculated:

1 0,574 IDma t 2 12 !
I _ X dt = Dmax 24
DRMS \/Td/o ( 0.5T, ) o /0 u“au

IDmax
= =1.63A [5.3]
V6

As the waveform of the current in the transistor is exactly
symmetrical to that of the current in the diode within a
switching period, the results take the same form; we simply
note that, by using the identity between the converter input
and output powers (unitary efficiency hypothesis for switch
dimensioning), the average input current is equal to 3A.
From this, a maximum current value I, of 12 A is deduced,
hence:

ITRMS ~490A [54]

In summary, we require:

— a transistor (MOSFET) able to withstand minimum RMS
values of 10V and 4.90 A;

—a diode (Schottky, for example) able to withstand an
inverse voltage of at least 30V and an average current of 1 Al

1 The RMS current is less significant for a diode, as the voltage dropoff
in the ON state is generally almost constant as a function of the current.
Nevertheless, the RMS current may be used, if we take account of the
dynamic resistance in the ON state (which is generally very low).
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For example, we may use the following components, chosen
notably for their wide availability from the usual sources
(Farnell, Radiospares, Digikey, Mouser, etc.):

—the MOSFET transistor (ST  Microelectronics)
STD17NF03 in a SMD DPAK package with a rated voltage
and current of 30V/17A. CHIFFRES MANQUANTES;

—a Schottky diode (Diodes Incorporated) B240-13-F with a
rated voltage and current of 40 V/2 A2,

Figures 5.3 and 5.4 show extracts from the datasheets
relating to the two components.

5.3. Calculation of passive components
5.3.1. Output capacitors

The ripple of the output voltage Av, is dependent on the
load current I, the duty ratio «, the (overall) capacitance C of
the output capacitor and the switching frequency Fy at which
the converter operates. In this case, we have:

— Avs = 0.02 x 15 = 0.3V, from the specification established
at the beginning of the study;

—I; = 1A, again from the specification;

—F; was fixed at 50kHz in the same way, for
miniaturization purposes (acoustical aspects cease to be
problematic above 20 kHz);

—the operation of the power supply has been fixed
arbitrarily at a duty ratio « of around 0.5.

2 This diode is suitable in terms of the voltage caliber, but it is considerably
overdimensioned in terms of the current caliber. All of the Schottky diodes
contained in the IRF catalog are overdimensioned; although diodes with
lower calibers exist, this particular option was selected as it is a SMD
component, and can easily be obtained from the same supplier as the
transistors (component acquisition can itself be problematic).
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STD17NFO3L

N-CHANNEL 30V - 0.038Q - 17A - DPAK/IPAK
STripFET™ POWER MOSFET

TYPE Vpss

STD17NFO3L 30V <0.05Q

TYPICAL Rps(on) = 0.038Q

EXCEPTIONAL dv/dt CAPABILITY

APPLICATION ORIENTED CHARACTERIZATION
ADD SUFFIX “T4” FOR ORDERING IN TAPE &
REEL

ADD SUFFIX “-1” FOR ORDERING IN IPAK
VERSION

Rps(on)

17A

DESCRIPTION

This Power Mosfet is the latest development of STMi-
croelectronics unique “Single Feature Size™” strip-
based process. The resulting transistor shows ex-
tremely high packing density for low on-resistance,
rugged avalance characteristics and less critical align-
ment steps therefore a remarkable manufacturing re-
producibility.

APPLICATIONS

= DC-DC & DC-AC CONVERTERS

= MOTOR CONTROL, AUDIO AMPLIFIERS
= SOLENOID AND RELAY DRIVERS

= AUTOMOTIVE ENVIRONMENT

ABSOLUTE MAXIMUM RATINGS

IPAK

DPAK

0(2)

o(1)

s(3)
$C06140

INTERNAL SCHEMATIC DIAGRAM

Symbol Parameter Value Unit
Vps Drain-source Voltage (Vgs = 0) 30 \
VpGR Drain-gate Voltage (Rgs = 20 kQ) 30 \
Vas Gate- source Voltage +20 \
Ip Drain Current (continuos) at Tc = 25°C 17 A
Ip Drain Current (continuos) at Tc = 100°C 12 A
Ipm (@) Drain Current (pulsed) 68 A
ProT Total Dissipation at T¢c = 25°C 20 w
Derating Factor 0.13 W/°C
dv/dt (1) Peak Diode Recovery voltage slope 6 V/ns
Eas (2) Single Pulse Avalanche Energy 200 mJ
Tstg Storage Temperature —65 to 175 °C
Tj Max. Operating Junction Temperature 175 °C
(®) Pulse width limited by safe operating area (1) Isp s17A, di/dt s300A/us, Vpp = V(BR)DSS, Tj s TumAx
(2) Starting Tj=25°C, Ip=11A, Vpp=15V
Aug 2000 1/9

Figure 5.3. Extract from transistor documentation

(ST Microelectronics)
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® Green

2.0A SURFACE MOUNT SCHOTTKY BARRIER RECTIFIER

Features Mechanical Data
. Guard Ring Die Construction for Transient Protection . Case: SMA/SMB
. Ideally Suited for Automated Assembly . Case Material: Molded Plastic. UL Flammability Classification
s Low Power Loss, High Efficiency Rating 94V-0
*  Surge Overload Rating to 50A Peak *  Moisture Sensitivity: Level 1 per J-STD-020
e For Use in Low Voltage, High Frequency Inverters, Free e  Terminals: Lead Free Plating (Matte Tin Finish). Solderable per
Wheeling, and Polarity Protection Application MIL-STD-202, Method 208~ @3
e High Temperature Soldering: 260°C/10 Second at Terminal «  Polarity: Cathode Band or Cathode Notch
e Lead Free Finish/RoHS Compliant (Note 1) e Weight: SMA 0.064 grams (Approximate)
e Green Molding Compound (No Halogen and Antimony) SMB 0.093 grams (Approximate)
(Note 2)
Top View Bottom View

Ordering Information (Note 3)

Part Number Case Packaging
B2xxA-13-F SMA 5000/Tape & Reel
B2xx-13-F SMB 3000/Tape & Reel

* x = Device type, e.g. B260A-13-F (SMA package); B240-13-F (SMB package)

Notes: 1. EU Directive 2002/95/EC (RoHS). All applicable RoHS exemptions applied, see EU Directive 2002/95/EC Annex Notes.
2. Product manufactured with Data Code 0924 (week 24, 2009) and newer are built with Green Molding Compound.
3. For packaging details, go to our website at http://www.diodes.com.

Marking Information

B2X0A = Product type marking code, ex: B220A (SMA package)
i Yww B2X0 = Product type marking code, ex: B230 (SMB package)
D11 = Manufacturers’ code marking

YWW = Date code marking

Y = Last digit of year (ex: 2 for 2002)

'WW = Week code (01 to 53)

[ B2X0(A)

B220/A - B260/A 10of4 September 2010

Document number: DS13004 Rev. 16 - 2 www.diodes.com © Diodes Incorporated

Figure 5.4. Extract from diode documentation (Diodes Inc.)
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This enables us to calculate the capacitance:

adg 0.5

C == ==
Avg.Fy 0.3 x 50000

~ 33 uF [5.5]

A normalized value for the capacitor of around 68 uF can
therefore be used. We then need to identify capacitors with a
nominal operating voltage of over 15V. The normalized value
closest to 30V is 35V (30V capacitors are also available, but
there are fewer possible choices). One possible solution is
shown in Figure 5.5 with aluminum electrolyte capacitors in
SMD format, produced by Vishay.

However, the output ripple must be shown to conform to
requirements, in spite of imperfections. Capacitors do not
behave in the same way as ideal (pure) capacitances, but
include an equivalent series resistance (ESR), linked to tand,
according to the Vishay documentation (see Figure 5.6), by
the relationship:

tan o

E =
SR 2 FyC

[5.6]

In the case of the 100 uF/35V capacitor, we have an ESR of
15.7m€) at 100 Hz. Note that this very low value appears to
correspond to the aforementioned requirements, but it is
important to remember that this value is liable to change at
different frequencies. Verifications may be carried out by
considering the indication of the capacitor impedance at
100kHz, with a value of 0.42. We may consider that, at this
frequency, only the resistive part of the impedance remains
(unless an inductive behavior emerges); in this case, the ESR
is 0.4Q). We therefore have an increase in ESR by a factor of
between 30 and 40 across three decades of frequency range.
At switching period level, a resistance-based voltage ripple of
the form ESR.I4c may be expected with:

Ino = /s — 12 = 1.29A [5.7]
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\ 4
140 CRH VISHAYm
Vishay BCcomponents

Aluminum Capacitors
SMD (Chip), High Temperature

FEATURES
* Polarized aluminum electrolytic capacitors,

non-solid electrolyte, self healing

* SMD-version with base plate, lead (Pb)-free 5::{13
reflow solderable

« Charge and discharge proof, no peak current limitation

. * Parts for advanced high temperature reflow soldering
Fig-1 Component outline according to JEDEC J-STD-020 available

* Compliant to RoHS directive 2002/95/EC
 Vibration proof, 4-pin version and 6-pin version
* AEC-Q200 qualified

solid SMD APPLICATIONS

« SMD technology, for high temperature reflow soldering

. . ional aplicati
Industrial and professional applications

* Automotive, general industrial, telecom

Lower temp.

* Smoothing, filtering, buffering

MARKING
« Rated capacitance (in uF)

QUICK REFERENCE DATA

DESCRIPTION VALUE
« Rated voltage (in V)
Nominal case sizes 8x8x10 _
(Lx W x Hin mm) to18x 18 x 21 « Date code, in accordance with IEC 60062
Rated capacitance range, Cg 10 LF to 4700 uF * Black mark or *-’ sign indicating the cathode (the anode is
identified by bevelled edges)
Tolerance on Cr £20%
* Code indicating group number (H)
Rated voltage range, Up 6.3V1063V
Category temperature range -55°C o+ 125 °C PACKAGING
Endurance test at 125 °C 1000 h to 3000 h Supplied in blister tape on reel
Useful life at 125 °C 1500 h to 5000 h
Useful life at 40 °C
1.8 x Inapplied: 150 000 h to 350 000 h
Shelf life at 0 V, 125 °C 1000 h
Based on sectional specification | IEC 60384-18/CECC 32300
Climatic category IEC 60068 55/125/56
www.vishay.com For technical questions, contact: aluminumcaps1 @vishay.com Document Number: 28396
66 Revision: 23-Apr-10

Figure 5.5. Extract from capacitor documentation (Vishay)

In order to ensure that the ripple remains well below
that generated by the capacitance alone, ESR.I4c must be
maintained at a level considerably lower than 0.3V (for
example 0.03 V). From this, we deduce that the target ESR is of
the order of 23 m(). However, the greater the reduction in ESR,
the higher the capacitance, and the purely capacitive-based
ripple is therefore reduced. The combination of these two
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effects make dimensioning more complicated. Nevertheless, it
is possible to verify that a capacitor of 330 uF will satisfy the
specification, with:

— a “capacitive” voltage ripple of 30.3mV;

— a “resistive” voltage ripple of 0.155V (RMS).

—_— 140 CRH
VISHAY.
Aluminum Capacitors Vishay BCcomponents
SMD (Chip), High Temperature
ELECTRICAL DATA AND ORDERING INFORMATION
Up Cr gfsnglgleé 100|in ha tan IOOZkHz ORDERING ORDERING
W) (uF) LxWxH 125°c | 2MN | q00Hz | 20°C CODE (1 CODE )
(mm) (A (uA) @ MAL2140... MAL2140...
68 8 x8x10 180 24 0.14 0.40 97003E3
100 10 x10x 10 255 35 0.14 0.25 97001E3 99001E3
150 10x10x 14 317 53 0.14 0.20 97002E3
220 125x12.5x13 750 77 0.14 0.12 97011E3 99011E3
330 125x12.5x13 750 115 0.14 0.12 97012E3 99012E3
35 470 125x12.5x16 900 164 0.14 0.09 97013E3 99013E3
680 16x16x 16 1100 238 0.14 0.08 - 99014E3
820 16x 16 x 21 1200 287 0.14 0.06 - 99015E3
1000 18x18x 16 1200 350 0.14 0.08 - 99016E3
1200 18x 18 x 21 1550 420 0.14 0.06 - 99017E3
1500 18x 18x21 1550 525 0.14 0.06 - 99018E3
47 8x8x10 145 24 0.14 0.70 97103E3
68 10x10x 10 205 34 0.14 0.50 97101E3 99101E3
100 10x10x 14 255 50 0.14 0.40 97102E3
220 125x12.5x13 750 110 0.12 0.23 97T111E3 99111E3
330 125x125%16 900 165 0.12 0.18 97112E3 99112E3
50 470 16x16x 16 900 235 0.12 0.15 - 99113E3
680 16x 16 x 21 1000 340 0.12 0.13 - 99114E3
680 18x18x 16 1000 340 0.12 0.15 - 99115E3
820 18x18x 16 1000 410 0.12 0.15 - 99116E3
820 18x18x21 1050 410 0.12 0.13 - 99117E3
1000 18x 18 x 21 1050 500 0.12 0.13 - 99118E3
10 8x8x10 145 6.3 0.12 0.70 97805E3
22 8x8x10 145 14 0.12 0.70 97803E3
33 8x8x10 145 21 0.12 0.70 97804E3
47 10x10x 10 205 30 0.12 0.50 97801E3 99801E3
68 10x10x 14 255 43 0.12 0.40 97802E3
100 125x125x13 500 63 0.10 025 97811E3 99811E3
. 220 125x125%16 600 138 0.10 0.20 97812E3 99812E3
330 16x16x 16 700 208 0.10 0.18 - 99813E3
330 16x 16 x 21 750 208 0.10 0.15 - 99814E3
330 18x18x 16 750 208 0.10 0.18 - 99815E3
470 16x 16 x 21 750 296 0.10 0.15 - 99816E3
470 18x18x 16 750 296 0.10 0.18 - 99817E3
470 18x18x 21 900 296 0.10 0.15 - 99818E3
680 18x 18 x 21 900 428 0.10 0.15 - 99819E3
Notes
(1) Standard reflow soldering profile, see fig.4 and table 4
(2) Advanced reflow soldering profile, according to JEDEC J-STD-020, see fig.5 and table 5
Document Number: 28396 For technical questions, contact: aluminumcaps1 @vishay.com www.vishay.com
Revision: 23-Apr-10 73

Figure 5.6. Extract from capacitor documentation (Vishay) (contd.)
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This gives a total of 0.230 V (maximum), which conforms to
the requirements set out in the specification. It is best to
maintain a safety margin, as the resistive ripple is calculated
based on an RMS value of the alternating current in the
capacitor and not on the “peak” value, which is equal to 3A
(1A of average current in the load and 4A peak). The
instantaneous voltage peak induced by a step of 3A in the
ESR of the resistance gives us a voltage of 0.36 V: this voltage
is too high for the specifications.

SUMMARY 5.1.— Finally, we note that the decoupling
capacitor needs to be dimensioned on the basis of the ESR.
The 330 uF capacitor does not offer a sufficiently comfortable
safety margin, so a 470 uF will be preferred in this case; this
new component is not much larger (in terms of height) and
the issue is not critical if we use a transformer based on a
classic ferrite core (and not a “planar” type core). This
transformer will be studied in the following section. The
sizing process has demonstrated that the “capacitive” voltage
ripple is not particularly important when dimensioning an
electrolyte capacitor; it is better to calculate the ripple
resulting from the ESR. Moreover, the decoupling may be
considerably improved (with a consequent reduction in the
failure risk) by associating the electrolyte capacitor with a
non-polarized capacitance (film or ceramic), placed in series;
this capacitance plays a role in HF mode, and may be
dimensioned so as to maintain a low impedance over a range
of high frequencies. This result may be obtained using the
Taiyo Yuden 10 F/35V capacitor GMK325BJ106KN-T, with a
reduced volume and in SMD 1210 format (2.5 mm x 3.2 mm x
1.9mm).

5.3.2. Coupled inductances

The turns ratio m = 3 has been defined arbitrarily. The
primary inductance required for the application may be
calculated based on the hypothesis of full demagnetization, as
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we know the switching frequency (F; = 50kHz) and the
required output power of the converter (Ps = 15W). The
energy to store in each switching period can then be deduced:

E =0.3mJ [5.8]

Wmag = Fd

Given that the maximum current in the primary (at the
end of the first switching phase a.Ty; = T;/2) is equal to 12A
(I7max), the required inductance L; can easily be calculated,
as:

1

Winag = §L1.I:2pmax [5.9]
hence:
2Wma
Ly = —"% ~42,H [5.10]
ITmax

Given that L1 = az.n? and ny/n; = 3, we can also state that
Lo = 37.5uH if the magnetic coupling between the primary
and the secondary is perfect.

5.4. Dimensioning coupled inductances

The input data for the coupled inductance dimensioning
process is obtained partly from the application specification,
but also from “trade” information concerning the use of the
magnetic material (B,,,,) and copper (J,..;) and the quality of
the winding (K3). In this case, we will use the following values:

— Buax = 0.27T;
— Jimax = 5A/mm? =5 x 108 A /m?;
— Ky =0.5.

Given the limitations of the specification with an output
power P of 15W and a switching frequency F; of 50kHz, we
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can carry out the numerical application corresponding to the
minimum required product A..S:

2 P
Ae.Sy > 24/ =9.8x10""m? = :
Sy > \/;Bmax'Kb-Jmax-Fd 9.8 x 107" m 98 mm

[5.11]

5.4.1. Choice of a ferrite core

The first stage in selecting a ferrite core is to identify the
appropriate family of cores. In power electronics, the most
interesting cores “surround” the winding, insofar as they
prevent magnetic leakage from the component; this leakage
can cause parasite effects for the closest elements on a PCB.
There are two distinct families in this category of cores, as
shown in Figure 5.7: RM cores (left) and PM cores (right).

Figure 5.7. Low-radiation ferrite cores (left: RM;
right: PM — source: Kolektor Magma)

In this case, we have arbitrarily chosen an RM type core.
We now need to determine the size required for our
application. This is carried out using the values of A, S, and
the product A..S, of the full RM range (from the smallest,
RM4, to the largest, RM14/ILP) as shown in Table 5.2.

Based on these results, any of the cores may be used;
however, a certain space margin should be left for the
winding, which will have an impact both on the coupling
between the primary and secondary windings and on the
optimization (or otherwise) of the windable window. In our
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winding coefficient, we have taken account of the fact that
empty spaces always exist between conductors (with a
circular cross-section) and due to the plastic frame (generally
made of nylon) used for windings, which are never created
directly on the ferrite core itself. For this reason, we should, a
priori, consider a core of type RM4, RM4/I, RM5, RM5/1 or
RM5/ILP. While the latter options are considerably
overdimensioned, it is important to note that the footprint of
a converter does not simply concern the volume (in cm?), but
also the location. Depending on the application, an
over-dimensioned core may be chosen due to its low profile
(LP) type geometry.

Size A, (in mm?) [ Sy (in mm?) [ A..S, (in mm?*)
RM4 11 14.9 156.2
RM4/1 13.8 267
RM4/ILP 14.5 8.71 126.3
RM5 21.2 16.7 354
RMS5/1 24.8 ) 414.2
RM5/ILP 24.5 9.54 233.7
RM6S 31.4 o4 753.6
RM6S/1 37 888
RM6S/ILP 37.5 13.5 506.3
RM6R 32 24 768
RM7/1 44.1 31.5 1389
RM7/ILP 45.3 19.2 869.8
RMS8 52 2371
RMS8/1 63 456 2873
RMS/ILP 64.9 24.9 1616
RM10/1 96.6 63.9 6173
RM10/ILP 99.1 34.5 3419
RM12/1 146 102.5 14970
RM12/ILP 148 54.9 8125
RM14/1 198 145.6 28830
RM14/ILP 201 77.7 15620

Table 5.2. Geometric characteristics of the
RM family of cores (source: Ferroxcube)
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In this case, if component height is a priority, it is best to
use LP-type components. However, the gain is relatively
modest, and on closer inspection of the technical
documentation, these cores are not available with an air gap
(required in a Flyback power supply, which is based on the
storage of magnetic energy). For this reason, an RMx or
RMx/I type core is required. The difference between these two
cores lies in their central axis, which may (RMx core) or may
not (RMx/I) include a hole. The two cores are geometrically
identical: however, the RMx cores are lighter, while still
offering a significant margin in relation to the product A..S},
given our minimum required value of 98 mm®* An extract
from the Ferroxcube documentation for an RM5 core is
provided for illustrative purposes in Figure 5.8, with different
specific inductance values a;, as a function of the air gap.

Once a core has been selected, the following choices must be
shown to conform to the specification, particularly in terms of
maximum magnetic flux density. We know that the application
requires an inductance L, of 4.2 uH. Using relationship L; =
ar.n?, it is possible to calculate the number of turns required
for all available specific inductances:

ar,

A summary of the results is shown in Table 5.3 with an
indication of the corresponding maximum magnetic flux
density, given that we have:

Brax.Ae
n1-Jimax = R-Bmax'Ae === c [5.13]

ar,
hence:

n1.ar.Jimax
Bpax = ——m——— 14
o [5.14]
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and:

— Iimax = 12 A for this converter;

— A, = 21.2 mm? with the RM5 core.

REMARK 5.1.— With the exception of the case where the

calculated number of turns is of the form z.0---

(value

rounded to z), the values shown in Table 5.3 are rounded to

x+ 1.

Ferroxcube

RM, RM/I, RM/ILP cores and accessories RM5
CORE SETS
Effective core parameters
SYMBOL PARAMETER VALUE | UNIT \
Z(I/A) core factor (C1) 1.01 mm-! ‘M4 O 12.3,8_5
Ve effective volume 450 mm3 = & \
le effective length 21.4 mm 6.8 —/
A effective area 21.2 mm?2
Anin minimum area 14.8 mm?2
m mass of set =3.1 g
0
04.9_
02 204" 3%
70V
i N ml
9.1 4.2 é. 4 . .+04 104
+0.2 N S‘“Q. N 63 0 ot
NI
' AR
MGCo49
Dimensions in mm.
Fig.1 RMS5 core set.
Core sets for filter applications
Clamping force for A_ measurements, 25 +10 N.
GRADE AL TOTAL AIR GAP TYPE NUMBER TYPE NUMBER
(nH) He (um) (WITH NUT) (WITHOUT NUT)
3D3 40 3% =32 =990 RM5-3D3-E40/N RM5-3D3-E40
63 £3% =51 =540 RM5-3D3-E63/N RM5-3D3-E63
100 3% =80 =300 RM5-3D3-E100/N RM5-3D3-E100
800 +25% ~640 =0 - RM5-3D3
3H3 160 £3% =129 =180 RM5-3H3-A160/N RM5-3H3-A160
250 3% =201 =110 RM5-3H3-A250/N RM5-3H3-A250
315 £3% ~253 =80 RM5-3H3-A315/N RM5-3H3-A315
400 £5% =321 ~60 RM5-3H3-A400/N RM5-3H3-A400
1650 +25% =1310 =0 - RM5-3H3

Figure 5.8. Extract from RM5 core documentation
(source: Ferroxcube)
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Material-Grade [ Air gap (in pm) |aL (in nH) |n1 required |Bmax (in T)|

3D3/990pm 40 11 0.249
3D3/540pum 63 9 0.321
3D3/300um 100 7 0.393

3D3/0pm 800 3 1.36
3H3/180pm 160 6 0.543
3H3/110pm 250 4 0.566
3H3/80pm 315 4 0.713
3H3/60pm 400 4 0.906

3H3/0pm 1,650 2 1.87

Table 5.3. Number of turns n; required as a function of the specific
inductance ar, of the core and the corresponding magnetic flux
density Bmax (@ i1 = I1max = 12A)

The maximum magnetic flux densities are too high. A
magnetic flux density induction slightly higher than 0.2T
might be acceptable, but even the lowest air gap value (grade
3D3) is close to 0.25T, which is the “saturation knee” of the
material at 100°C. This operating mode would generate
nonlinearity, but also lead to excessive losses, with a risk of
thermal runaway. While the RM5 core is theoretically
compatible with our specifications and physical constraints,
the air gaps offered by the manufacturer do not allow us to
obtain the desired result. We therefore need to consider a
larger core. Generally speaking, the presence of the air gap
(with normalized available values) means that the
dimensioning of a Flyback transformer is an iterative process,
and is more “complicated” than for the Forward transformer.

The calculation approach may easily be inverted in order
to verify whether the specific inductances offered for an RMx
core model are suitable. To do this, we use the equation:

. L. Iimax

e Bmax-Ae [515]
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The number of turns required can be established for all
cores compatible with the constraint regarding the product
A..Sy (see Table 5.4).

| Core |Ae(in mm?) |n1 required |aL required (in nH)|
RM6S 314 8 65.6
RM6S/1 37 7 85.7
RM6S/ILP 37.5 7 85.7
RM6R 32 8 65.6
RM7/1 441 6 117
RM7/ILP 45.3 6 117
RMS8 52 5 168
RMS&/1 63 4 263
RMS/ILP 64.9 4 263

Table 5.4. Number of turns n; required as a function of the specific
inductance ar, of the core and the corresponding magnetic flux
density Bmax (@ i1 = I1max = 12A)

Clearly, we require a considerably larger core to that
deduced based on the product A..S, alone, in order to
guarantee satisfactory levels of maximum magnetic flux
density in the material. An RMS8 core (a version with a
specific inductance of 160 nH is available) or an RM&/ILP core
(with a;, = 250nH) may therefore be used. The second
solution is preferable, as the profile of the core is lower,
making it interesting when designing a compact power
supply. The reduction in the winding cross-section is not
problematic, as the core is considerably over-dimensioned
from this perspective. An extract from the documentation for
this component is shown in Figure 5.9.

5.4.2. Windings

The summary of the RMS8/ILP core selection process in the
previous section provided us with a full characterization of
the magnetic circuit, with the choice of an air gap suited to
the specification and to the physical limitations of the
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material. For our study, we have selected model
RMS/ILP-3D3-A250, with a specific inductance a;, of 250 nH.
Thus, if we wish to obtain an inductance I, of 4,2uH, the
number of turns required on the primary winding is n; = 4.
In practice, using this rounded value (slightly lower than the
required value), we obtain an inductance of 4 4H (around 5%
lower than the theoretical value). This difference is not a
problem, as it is always possible to adjust the switching
frequency in order to enter critical mode, and compensate for
the slight reduction in stored energy during each switching
period. However, this choice does guarantee that the material
will not become saturated, facilitating the converter to
operate (a priori) with no risk of thermal runaway. Once the
number of turns on the primary conductor has been selected,
the value of n, is also defined as, from the outset, we have
stated that ny/n; = 3 (hence ny = 12).

We still need to define the required cross-section of the
conductors and choose an appropriate standardized
cross-section: a posteriori verification of the fullness of the
windable window S, will therefore be required.

The RMS values of currents are used to calculate conductor
cross-sections:

— Iirms = ITrms = 4.90A;

— Ibrms = Iprms = 1.63 A.

With an acceptable current density of 5A/mm” in the
conductors, we require cross-sections of:

—0.98 mm? in the primary winding;

—0.326 mm? in the secondary winding.
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Ferroxcube
RM, RM/I, RM/ILP cores and accessories RM8/ILP
CORE SETS
Effective core parameters
SYMBOL PARAMETER VALUE | UNIT
Z(VA) core factor (C1) 0.440 [mm-!
Ve effective volume 1860 |mm3
lg effective length 287 mm
As effective area 64.9 mm?
Anmin minimum area 55.4 mm?2
m mass of set =10 g
727 % =
I /’7/' ‘ 5.9*3‘ 16_9,
NN
MBEBST
17"
Dimensions in mm.
Fig.1 RMB8/ILP core set.
Core sets for filter applications
Clamping force for A_ its, 30 +10 N.
GRADE (:ﬁ) te A':ﬂﬁ;"’ TYPE NUMBER
3846 EA 6500 +25% =2280 =0 RMB8/ILP-3B46
303 250 +3% =88 =330 RMB8/ILP-3D3-A250
315+3% =111 =250 RMB8/ILP-3D3-A315
400 £5% =141 =180 RM8/ILP-3D3-A400
1850 +25% =650 =0 RM8/ILP-3D3
3H3 400 £3% =141 =210 RM8/ILP-3H3-A400
630 5% =222 =120 RM8/ILP-3H3-A630
1000 +8% =352 =70 RM8/ILP-3H3-A1000
4100 +25% = 1440 =0 RMB8/ILP-3H3
Core sets for general purpose transformers and power applications
Clamping force for AL measurements, 30 +10 N.
GRADE (:ﬁ) e A':ﬂﬁ;" TYPE NUMBER
3C90 4100 £25% =1440 =0 RMB8/ILP-3C90
3C94 4100 +25% =1440 =0 RMB8/ILP-3C94
3C95 4800 +25% = 1690 =0 RM8/ILP-3C95
3C96 3800 +25% =1330 =0 RM8/ILP-3C96
3F3 3800 +25% =1330 =0 RM8/ILP-3F3
3F35 @ 3100 +25% =1090 =0 RM8/ILP-3F35
3F4 2200 +25% =770 =0 RM8/ILP-3F4
3F45 @ 2200 +25% =770 =0 RMB8/ILP-3F45
2008 Sep 01 2

Figure 5.9. Extract from the documentation for the selected core
(RM8/ILP - source: Ferroxcube)

Note that the skin thickness in copper at 50 kHz may be
calculated using a formula already seen above:

5= ] [5.16]
wHo
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where y = jg = 47 x 107" H/m, 0 = 0¢, = 59,6 x 10°S/m and
w = 27F; = 27 x 5 x 10*rad/s. This results in a skin thickness
07 of 0.29 mm. The maximum cross-section of a wire can then
be calculated based on copper with a diameter of 26;. This
gives a cross-section of 0.267 mm?. Conductors therefore need
to be split in order to improve efficiency, as the cross-sections
required for the primary and secondary conductors are
higher.

It is not strictly correct to consider that all of the current
circulating in the windings will be affected by the skin effect,
as a significant part of the current is constant. We will
therefore presume that the secondary conductor does not
need to be split, and a cross-section directly superior to the
value of 0.326 mm? will be used (in this case, a wire with a
cross-section of 0.4mm?, reference ECWO0.71, produced by
PRO POWER). However, to ensure correct operation of the
primary winding, three twisted parallel strands of this wire
are used3. This multi-strand winding can be produced in a
satisfactory manner by clamping one end of the three strands
in a vise, and placing the other end of the strands in a drill
chuck. By placing sufficient mechanical tension on the three
wires (which should all be correctly tensed) and rotating the
drill, a regular twist may be obtained, as shown in
Figure 5.10.

5.4.3. Tests and leakage measurements

Once the parameters of the transformer have been fully
determined (choice of a core — including the air gap,
calculation of the numbers of turns n; and n», identification
of the required cross-section of conductors and wire splitting,
where necessary), the next stage in the converter design
process is to create the windings for the coupled inductances,

3 This solution is an effective response to the skin effect, and much more
affordable than the use of Litz wire, as mentioned in Chapter 2.
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and to identify one key parameter, which cannot be
determined by theoretical means: the leakage inductance of
the transformer. The quality of the coupling between the two
windings is dependent on a number of factors:

— the quality of the winding;

—the ease of production of the winding, based on the
required cross-sections (which are often very different);

— the number of turns required;

—the way in which the two windings are associated on the
base.

Figure 5.10. Economical production of a conductor with
three isolated twisted strands

A highly detailed study of these aspects of transformer
design is given in [FER 02]. In this case, we will simply
present the leakage inductance identification process. To do
this, a power source (such as a GBF) is needed; it should be
possible to set the frequency of the source to a value close to
the switching frequency used for the converter (in this case,
50kHz). For the purpose of this study, we will consider
operations in sinusoidal mode, which 1is the classic
configuration for measurements in a transformer (this is
equivalent to the study of a 50 Hz transformer). In this case,
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the magnetizing inductance is low, and it is a priori not
possible to identify a leakage inductance through
short-circuit testing. However, we can easily carry out open
circuit identification of the inductance L, powering the
primary with the secondary left open (i, = 0) and observing
the resulting voltage vy. This enables identification of the
turns ratio m, and consequently the mutual inductance M
between the two windings. A symmetrical process for the
secondary conductor (with the primary left open) can then be
carried out to identify L, (this test also allows re-evaluation
of the mutual inductance M). Once these parameters have
been established4, we may evaluate the quality of the
coupling by calculating the dispersion coefficient of the
transformer:

[5.17]

In practice, a coupling with a dispersion of the order of 5%
may be expected. In this case, the leakage inductance totaled
in the primary is written oL; in our case, it has a value of
0.05 x 4uH = 200 nH.

5.5. Transistor control and snubber calculation
5.5.1. Determining gate resistance

To determine the gate resistance needed for switching in
the transistor, we begin by analyzing the expected operation
of the converter. We know that the converter must operate at
a switching frequency of 50 kHz, i.e. with a switching period
of 20 us. A transistor with a switching period of 200ns is
therefore selected, so that these switching operations will be

4 In practice, it is also possible to evaluate the resistances of the windings,
which should be low if conductors have been correctly split in order to
minimize the skin effect.
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negligible in relation to the switching period. Once the
switching time has been defined (t,, = tog = 200ns), a
suitable gate resistance is determined as a function of the
gate capacity and the power voltage. In this case, we will
assume that the grid is controlled using 5V. We then use
characteristic Vgs = f(Q¢) of the transistor, provided by the
manufacturer (see Figure 5.11). Using 5V indicates that the
charge stored by the transistor gate is of the order of 10nC.
Given that the capacitance C of the gate may be considered
to be equal to 2nF (this is, in fact, a variable capacitance)
using the relationship Q¢ = Cg.Vgs, a suitable gate
resistance may be evaluated by considering, as a first
approximation, that t,, = t.g = 37 = 3RgCq. A gate
resistance of around 33 {2 is therefore required. At this point,
we note that the gate control does not require a significant
pulsed current (approximately 150 mA maximum): therefore
it should be easy to find a driver suited to this function.

14.0 T
Ip= 6.3‘A
12.0 i
Vpg= 16\ //
10.0 Vpg=10VS
Vpg= 4.0\ y

Z:Z /4
/)

0.0

Vgs: Gate-to-Source Voltage (V)

0 5 10 15 20 25
Qg, Total Gate Charge (nC)

Figure 5.11. Vs = f(Qc¢) characteristic of the
transistor (source: ST Microelectronics)

REMARK 5.2.— Note, however, that the calculation of the gate
resistance should be refined using a SPICE-type simulation,
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in order to give sufficient consideration to the real (nonlinear)
behavior of the transistor.

5.5.2. RCD snubber circuit

It is then easy to calculate the magnetic energy Wy stored
in the primary leakage inductance of the transformer at the
moment of switching, as we know that current i; has a value
of 12 A at this point:

Wi =1/2.0L1. 17, = 14.40] [5.18]

We have shown that for an RCD snubber, we need to include
a resistance R with a value expressed as:

2
R— W [5.19]
Fy

Given that V. = 5V and F; = 50kHz, we must simply
choose a maximum voltage value at the transistor terminals,
for example 12V (2V more than the normal voltage V. + %),
given a resistance of 58 2. In practice, it is better to choose a
slightly weaker resistance in order to reduce the snubber
output voltage (i.e. the voltage at the capacitor terminals);
this resistance must also be correctly dimensioned in power
terms. In this case, the resistance should be able to withstand
a power of Wy.F; = 0.72W on a permanent basis; we might
select, for example, a resistance with a caliber of 1 W.

5.6. PWM control and regulation
5.6.1. PWM controller

In this case, PWM control is carried out by a
dsPIC33F06GS101 type microcontroller (Microchip). This
family of components is designed for the control of switch
mode power supplies, with clocking carried out by a quartz
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element at 10MHz and a PLL, internally multiplying this
frequency by 8. This allows treatment of 37.5 MIPS (MIPS =
million instructions per second). The peripherals in the
microcontroller include timers, which may be used to
generate one or more PWM outputs. In this case, this
function is used to control the single transistor in the Flyback
structure, and we have fixed the switching frequency at
50kHz (a frequency outside the audible spectrum, but
sufficiently low to avoid interactions with parasite
components linked to non-optimal card routing; this
frequency also limits switching losses and iron losses). This
means that the device will generate a lag in the model of the
regulation loop; we will suppose (for safety reasons) that this
lag is equal to a full switching period (e~7¢%) rather than to

the lag e‘% introduced in Chapter 4. An alternative to the
microcontroller would be the use of a dedicated Pulse Width
Modulator Control circuit, such as the SG3525 available from
ON Semiconductor.

REMARK 5.3.— A pure delay of 200 us is negligible in practice,
when considered in relation to the other time constants in the
system (particularly the converter output filter). It can
therefore be ignored when parameterizing the corrector used
for closed-loop operations.

5.6.2. Galvanic isolation of controls

The measurement of the converter output voltage must be
transmitted to the control circuit, entirely situated on the
“primary” side. We have developed a power structure
including galvanic isolation, and this property needs to be
conserved at control level: the output voltage measurement
should not, therefore, be directly transmitted through a wire
to the microcontroller on the primary side. The chosen
solution (see Figure 5.12) is based on an integrated IL300
linear optocoupler, developed by Vishay.
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wesour Isolated output voltage measurement
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Figure 5.12. Block diagram of the linear optocoupler circuit

Despite the “linear” element of the name, this optocoupler
is based on an emitting diode and on photodiodes (used as
receivers) and is thus fundamentally nonlinear. The linearity
of the global characteristic of the optocoupler is based on two
key elements:

— the closed-loop operation of the device;

— the coupling between the emitting diode and the identical
characteristics of the photodiodes.

On this basis, the operation of the optocoupler may be
analyzed using a block diagram. We have seen that the
emitter is controlled based on a signal captured by one of the
receiving diodes. A current quasi-proportional to the
VMESOUT voltage (VMESOUT/R7 if we ignore the VBE
voltage of the transistor) is injected into the base of transistor
Q3. From this current, we subtract the current circulating in
the receiving diode, with terminals denoted as C2 (3) and A2
(4). The difference between these currents is then multiplied
by the product of the gains of transistors Q3 and Q2
(presumed to be identical in this case, and denoted as (3) to
obtain the current circulating in the emitting diode. This
structure means that the diagram clearly represents the
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closed-loop structure shown in Figure 5.13. The second
photodiode is placed directly in line, and is linked to the same
current, denoted as i.,;. The nonlinear blocks represented on
the block diagram describe the emitting/receiving diode
assembly (DE/R), which we will consider to be strictly
identical in both cases; manufacturers are able to produce
this identity by construction and by integration in the same
casing, with a temperature which is as uniform as possible.

i7 + ibase icoll i(RD2)

— B2 D.ER | —
>~ (Q3) J Q2 RD2: receiving diode no. 2

D.E/R: emitting/receiving diode assembly

Figure 5.13. Block diagram of the linear optocoupler circuit

We know that a closed-loop system with a gain in the
action chain behaves as the inverse function of the return
path: this is true of both linear and nonlinear systems.
Overall, we therefore obtain a nonlinearity in cascade with
the inverse nonlinearity. Thus, the structure behaves,
globally, with a unitary gain over a range of frequencies
including the “continuous” element. This is our aim in this
case, as we wish to regulate a voltage which should be
constant. In practice, the bandwidth (upper limiting
frequency) of our regulation is limited by the bandwidth of
the opto-isolated voltage measurement, in this case of the
order of a few hundred Hertz.

5.6.3. Notes on modeling and control

In this study, we have already seen that the PWM
controller can be assimilated to a simple gain, and the
previous section showed that the isolated measurement of the
output voltage, while nonlinear, may be linearized by
calibration and programmed into a microcontroller. The
whole regulation loop (with the exception of the controller)
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can therefore be summarized as a gain. We will arbitrarily fix
this gain value at 1: the value can be corrected artificially in
the microcontroller. We then need to establish the transfer
function of the Flyback power supply, or, more precisely, the
transfer functions relating to control signal « and to the
input voltage v, (which is, in fact, a disturbance input).

The broad principles of converter modeling for control
purposes were discussed in the previous chapter in the
context of non-isolated structures; we noted that the results
obtained for Forward and Flyback power supplies were close
to those for the Buck and Buck-Boost systems, respectively.
From an experimental perspective, we simply (to obtain an
almost perfect model) control the switch-mode power supply
in an open loop when it is charged (non-infinite load
resistance), producing a control signal of the form
a(t) = ap + k.cos(wt+ ¢p), taking ap = 1/2 (the static
operating point selected for our application) and choosing an
oscillation amplitude k& which is sufficiently small for a linear
model (by transfer function) of the power supply to be valid,
but sufficiently high to enable observation of ripples at
angular frequency w of the output (which, in practice, is
subject to noise at frequency Fy; due to switching). Clearly, in
this context, frequency analysis (creation of a Bode or Black
diagram) of the open loop transfer function may be applied to
synthesize a corrector for closed-loop operation of the power
supply.

5.6.4. Regulator tuning

For regulator tuning purposes, a classic approach used for
design in automatics (see [COH 00]) is applied, establishing
closed-loop performances in terms of:

— stability (phase and/or gain margin);

— precision (static and dynamic, with a response time).
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In the context of switch mode power supplies, a reasonable
response time should not be too close to the switching period
Ty = 1/F,. In practice, we aim to establish a response time of
the order of 5 or 10 times the switching period. If we then
choose to cancel the static error, an integrator must be added
to the regulation loop in order to achieve this result. In these
conditions (increase in the loop gain in terms of rapidity and
the addition of an integral action to cancel the static error),
the system is liable to be highly unstable (with a low
phase/gain margin, or even full instability); in these cases, a
phase offset is generally used to guarantee stability, and
possibly sufficiently damped transitory behavior.

5.6.5. Production

This circuit was built industrially on a PCB by Eurocircuits
(www.eurocircuits.com)?. The components (mostly SMD) were
reflow soldered (using a soldering paste and a reflow oven) at
the Université de Technologie de Compiegne (UTC), France.
The position of the components is shown in Figure 5.14, and a
photograph of the finished model is shown in Figure 5.15.

The embedded program for the microcontroller was
developed using MPLAB X software, distributed free of
charge by Microchip, and the XC16 compiler for components
PIC24 and DSPIC, from the same source (we used the free
Lite version). The presence of an integrated programming
port enables students to modify the program in order to
adjust closed-loop controls (for example modifying the
regulator).

5 Eurocircuits uses a pooling approach to manufacture PCBs for prototypes
or small product runs.
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Figure 5.14. Installation diagram for components
in the Flyback power supply

Figure 5.15. Photograph of the finished “Flyback ” evaluation board

5.6.6. Simulations and experimental results

Simulation is a useful means of validating the design of a
switch-mode power supply. The Simulation Program with
Integrated Circuit Emphasis (SPICE) program, developed at
the University of Berkeley (California) in the early 1970s, is
ideal for this purpose. The software is now available in the
public domain, and constitutes a de facto standard in the
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electronics industry, as most manufacturers of analog
electronic components offer SPICE models of their integrated
circuits (transistors, diodes, operational amplifiers, etc.).
SPICE has been embedded in several industrial EDAS
software suites (including Cadence, Mentor Graphics and
Altium). These versions are distributed via software chains,
which may be very costly. However, free versions are also
available, such as LTSpice IV, provided by Linear Technology
(the main activity of the company lies in designing integrated
circuits, and especially analog circuits, as the name suggests).

Figure 5.16 shows the software user interface, with a
schematic of the Flyback power supply. This illustration
shows several measurement points (from top to bottom, the
primary and secondary currents and the secondary voltage of
the transformer). Figure 5.17 gives a more detailed view of
the voltage at the transistor terminals in discontinuous
conduction mode (with a resistive load of 302). Compared to
the theoretical basis, this illustration presents a significant
difference: when the current in the diode cancels out, the
voltages in the primary and secondary of the transformer
should be zero, and we should therefore obtain a voltage of
5V at the transistor terminals. If the average value of this
voltage is around 5V, we have a high ripple, characteristic of
a resonant circuit. This resonance is the result of an
interaction between the transformer inductances and the
parasite capacitances of the two switches in the OFF state
(transistor and diode). This phenomenon is also seen in
practice, and demonstrates the interest of SPICE simulation,
which allows us to take account of complex parasite
phenomena in the selected components (on the condition that
the models used are sufficiently close to the real components
which they claim to represent).

6 EDA: Electronics Design Automation.
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Figure 5.16. Simulation of the Flyback
power supply using LTSpice IV

Based on this simulation, correct operation of the power
supply may be validated using a number of measurements.
First, we may verify the waveform of the transistor gate
control signal. This waveform is shown in Figure 5.18. We see
that this signal (denoted as Vgate) has an amplitude of 4V
(2 divisions, to give a caliber of 2V/div.)). It takes a
quasi-perfect rectangular form, with rapid switching and no
crossing of limits, due to a driver (Microchip MCP1416)
placed between the microcontroller output point and the
resistance connected to the transistor grid. This driver is able
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to deliver a current of 1.5 A to the transistor grid; as we have
a gate resistance of 4.7 Q (resistance specified in technical
characteristics: the internal resistance when accessing the
MOSFET gate should be added to this value), the driver is
perfectly suited to our application.

Switching frequency: 50 kHz
14 T T T T

121

10

Voltage v, at transistor terminals (in Volts)

L L 1 1 L i 1 L
0.0295 0.0295 0.0295 0.0295 0.0295 0.0295 0.0295 0.0295 0.0295 0.0295
Time (s)

Figure 5.17. Voltage waveform at the transistor terminals
(discontinuous mode)

Déclenché

t '
Di Front] (1]
Figure 5.18. Oscilloscope screenshot (Vgate). For a color version of
the figure, see www.iste.co.uk / patin [ power3.zip
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Figure 5.19 shows the waveform of the voltage at the
transistor terminals (denoted as wvr): this is characteristic
of discontinuous conduction. The theoretical values are
respected (using a caliber of 5 V/div. for the graph):

—voltage zero during the transistor conduction phase;

—voltage of 10V (5V+15V/3) during the diode conduction
phase (if the output voltage is 15V);

—average voltage equal to 5V when the transistor and
the diode are switched off (oscillations are present, as in
the SPICE simulation, but with more damping, as losses are
under-evaluated in the simulation).

Figure 5.19. Oscilloscope screenshot (vr). For a color version of the
figure, see www.iste.co.uk [ patin [ power3.zip

The secondary voltage of the transformer is shown in
Figure 5.20. As this is the output voltage of a transformer
(denoted as v3), we may verify that this conforms perfectly
(with the turns ratio m = 3) to the primary voltage,
subtracting the continuous component.

Figure 5.21 shows both the voltage at the transistor
terminals and the primary current (measured using a
Rogowski coil — so without the continuous component). We
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notice that the current evolves in a linear manner as a
function of time when the transistor is on, and that it starts
this phase with a value of zero. This corroborates our
hypothesis for the discontinuous operation mode, with the
voltage waveforms shown in Figures 5.19 and 5.20.

Déclenché

Figure 5.20. Oscilloscope screenshot(vs). For a color version of the
figure, see www.iste.co.uk / patin [ power3.zip

Déclenché

Figure 5.21. Oscilloscope screenshot (top: vr,
bottom: i1 — AC component alone). For a color version
of the figure, see www.iste.co.uk [ patin [ power3.zip
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One final point needs to be tested in order to verify the
correct operation of the system: the regulation of the output
voltage (i.e. closed-loop operation). To do this, two separate
tests are carried out (successively):

— switching on the power supply;

— observing the voltage regulation following a sudden load
variation.

Figure 5.22. Oscilliscope screenshot (starting from load R = 30 Q).
For a color version of the figure, see wwuw.iste.co.uk / patin / power3.zip

In the first case (shown in Figure 5.22), we start the power
supply with a load equal to 302 (note: open start-up would be
the most destabilizing case for the system). To avoid
excessive current draw, we generally carry out a soft start; in
this case, this consists of applying a ramped voltage output
reference value. The oscilloscope reading for this process
shows that the response is characteristic of a non-linear
device: note that the equivalent models established in
Chapter 4 with the Middlebrook approach are deduced from
“small signal” variations, and a power-up from 0 to 15V in
this way lies outside of the modeling framework. This means
that the system dynamics may differ considerably from
theoretical predictions made on the basis of a linear model.
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The second test is more compatible with a “small signal”
modeling (resistor step variation) in that we wish to evaluate
the response of the regulated power supply to a load impact,
while the initial voltage is already equal to that of the
reference value. Figure 5.23 shows the system response to an
increase in the current draw from the load, caused by a
reduction in the resistance used as a load (varying from 60 to
3092). The oscilloscope reading shows a voltage drop of 3V at
the moment of impact, and that the voltage was
re-established after around 50 ms. PI controller tuning does
not offer particularly strong performances; however, the main
aim of this is to facilitate observation of the impact of
disturbances, rather than to provide optimal rejection of to
disturbances by means of regulation.

ode et
inhibition

— W.M»WMMMWWM Normal
\

36.0800ms

o
Iode
1 o

Figure 5.23. Oscilloscope screenshot (impact of a variation from
R = 6092 to R = 309). For a color version of the figure, see
wwuw.iste.co.uk [ patin [ power3.zip
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Formulas for Electrical Engineering
and Electromagnetism

Al.l. Sinusoidal quantities
Al.1.1. Scalar signals
Al.1.1.1. Definitions

Sinusoidal waveforms are extremely widespread in
electrical engineering, both for voltages and for currents. In
this case, we will consider a generic signal of the form:

x (t) = Xmax cos (wt — ) [A1.1]

This real signal is associated with an equivalent complex
signal:

z (t) = Xmax.e @ %) [A1.2]

This vector may be represented in the complex plane. We
obtain a circular trajectory of radius X,,,, with a vector
rotating at a constant speed w in a counterclockwise
direction. This representation (which is widespread in
electrical engineering) is known as a Fresnel diagram (or,
more simply, a vector diagram).
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REMARK Al.1.— Derivation and integration calculations are
greatly simplified in the complex plane, as they are replaced,
respectively, by multiplying or dividing by jw. To return to the
real domain, we simply take the real part of the corresponding
complex signal: x(t) = Re [z (t)].

The rotating component e/“! of the complex vectors is
meaningless when studying linear circuits; the amplitudes
and the relative phases between the different quantities
under study are the only important elements. Note that an
absolute phase for a sinusoidal value would be meaningless;
the choice of a reference value of the form X,.cos(w.t),
associated with the vector X,.;.e/?, is purely arbitrary.

Complex vectors are also often represented (in the
literature) using the RMS value of the real value in question
as the modulus, and not the real amplitude.

A1.1.1.2. Trigonometric formulas

When making calculations using complex values, we need
Euler’s formulas:

9 — ej0+e’j9
{COS 02 [A1.3]

2j

sinf = ¢

These two formulas can be used to give the four basic
trigonometric formulas used in electrical engineering:

cos (a + b) = cosacosb —sinasinb
c.os(a—b):c.osacosb—ksinas.inb [A1.4]
sin (a 4+ b) = sinacosb + cosasinb
sin (a — b) = sinacosb — cosasinb

These four equations allow us to establish four further
equations:

cosacosb = % (cos (a+ b) + cos (a — b)) [A1.5]
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cosacosb = 3 (cos (a+ b) + cos (a — b))

sinasinb = 1 (cos (a — b) — cos (a — b)) [A1.6]
sinacosb = % (sin (a + b) + sin (a — b)) '
cosasinb = % (sin (a + b) — sin (a — b))

A1.1.2. Vector signals (three-phase context)

A1.1.2.1. Reference frame (a,b,c)

Three-phase systems are very much common in electrical
engineering, particularly balanced three-phase systems. A
vector (x3) = (24,2, x.)" with three balanced components is
therefore expressed as:

cos b
(x3) = Xpmax | cos ( — 27) where 0 = w.t + ¢9 [A1.7]
cos (9 + 2{)

in the case of a direct system, or:

cos 6
(x3) = Xpax | cos (9 + %’T) where 0 =w.t +¢9 [A1.8]
cos (0 - %)

in the inverse case.

DEFINITION Al.1.— A balanced three-phase system is thus
made up of three sinusoids of the same amplitude and same
frequency, with a phase deviation of 2?”

A direct three-phase system is characterized by the fact
that, taking phase 1 as a reference point (i.e. first
component), the second component has a delay of 120° (in a
balanced situation) and the third component presents a delay
of 120° in relation to the second component.

An inverse three-phase system is characterized by the fact
that, taking phase 1 as a reference point (i.e. first
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component), the third component has a delay of 120° (in a
balanced situation) and the second component presents a
delay of 120° in relation to the third component. A direct
system can be converted into an inverse system (and
vice versa) by permutations of two components.

A1.1.2.2. Three-phase to two-phase transformation (o, 3)

It is important to note that a balanced three-phase system
(whether direct or inverse) presents an important property in
that the sum of the components is null:

Tog+Tp+x.=0 [A1.9]

This sum is classically referred to as the zero sequence
component (denoted as z(). A balanced three-phase system is
therefore not linearly independent in that, given two of the
components, we may calculate the value of the third
component. It is therefore possible to propose a three-phase
to two-phase transformation without any information loss.
The simplest transformation, known as the Clarke
(abc-to-a3) transformation, allows us to associate an initial
vector (x3) = (24, 2y, z.)" With an equivalent two-phase vector
(Xap) = (X2) = (2a,73)" using components of the same
amplitude as those in the initial vector. This operation
introduces the Clarke matrix Csy:

cosf 1 0
Xonax | €08 (0+ Z) | = Xunax- | —1/2 V3/2 | <C989>[A1.10]
cos ( —%ﬁ) —1/2 —/3/2 i
Cs

This gives the following direct transformation:

(Xg) é C32. (Xg) [All].]
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The Clarke transformation may be extended by taking
account of the zero sequence component zy, presented in
[A1.9]:

(Xg) = Cso. (XQ) + C31.20 [A1.12]
with:
1
Cai= 11 [A1.13]
1

Noting certain properties of matrices C3s and Csq:

10
C4,C30 =3 (0 1) ; C4C51 =3

0 [A1.14]
ClyCy = (()) : ChiCi = (00)
we can establish the inverse transformation:
(x5) 2 2052. (x5) [A1.15]
and:
To 2 éCél. (x3) [Al.16]

A1.1.2.3. Concordia variant

A second three-phase to two-phase transformation is also
widely used in the literature, with properties similar to those
of the Clarke transformation. This variation does not retain
the amplitudes of the transformed values, but allows us to
retain powers. This operation is known as the Concordia
transformation and is based on two matrices, denoted T3, and
T31, deduced from C35 and Cs;:

2 1
T30 =4/ = : Ta = — A1.17
32 \/;032 ; T31 \/3031 [ ]
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The properties of these matrices are deduced from those
established in [A1.14]:

10
T§2T32 = <0 1) 3 T?fngl =1

0 [A1.18]
T8, Ty = <0>  ThTs = (00)
This produces a direct transformation of the form:

(x3) £ Th2. (x2) + Ts1.20 [A1.19]
with the following inverse transformation:

(x2) = T35 (x3) [A1.20]
and:

A it

Al1.1.2.4. Park transformation

The Park (abc-to-dq) transformation consists of associating
the Clarke (or Concordia) transformation with a rotation in
the two-phase reference plane (o, ) onto a reference frame
(d,q). This operation is carried out using the rotation matrix
P(6), defined as:

P ) = 6989—81n9 [A1.22]
sinf cosd
Thus, if we associate a vector (xq,) = (z4,z4)" with the

initial two-phase vector (x,3) = (x2) (obtained from a Clarke
or Concordia transformation), we obtain the following
relationship:

(Xa) = (x2) 2 P (6). (xaq) [A1.23]
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The choice of a frame of reference involves the definition of
angle 6, selected arbitrarily. Generally, the chosen reference
frame is synchronous with the rotating values (sinusoidal
components with an angular frequency w), but this is not
obligatory.

The following (non-exhaustive) list shows a number of
properties of matrix P(6):

10 o [0-1
P<0):<01>_H2;P(2)_<1 0) [A1.24]
= Jo such that Jo = -1,
Pla+B)=P(B+a)=P(a).P(B) =P (B).P(a)AL.25]
P(a) ' =P(a) =P (—0) [A1.26]

)

dP(a)=%.Pla+)=9%.Pa) P(
:JQ%?.p(a)

B

[A1.27]

A1.1.2.5. Phasers or complex vectors

The matrix formalism of the Clarke, Concordia and Park
transformations may be replaced by an equivalent complex
representation. Evidently, a rotation of the frame of reference
by angle 6 may be obtained by using a complex coefficient e/’
as easily as with a rotation matrix P(#). To this end, we use a
“phaser” z, defined in a stationary frame of reference:

T, = To + J.28 [A1.28]
The phaser is also defined in a rotating frame (z,):
T, = x4+ j.Tq [A1.29]

Note that these complex representations may be obtained
using matrix transformations. The real transformations seen
in the previous sections each have an equivalent complex
transformation, as shown in Table Al1.1.
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Real transformation |Complex transformation
Clarke Fortescue
Concordia Lyon
Park Ku

Table Al.1. Correspondence between real and complex
transformations (names)

Al1.2. General characteristics of signals in electrical
engineering

This section presents the formulas used for calculating the
general characteristics of periodic signals traditionally
encountered in electrical engineering. However, it does not
cover formulas related to spectral analysis, which are covered
in Appendix 2 of Volumes 2 and 4 ([PAT 15b] and [PAT 15c])
of this series.

In this section, we will therefore cover the formulas used
to calculate the average and RMS values of given quantities,
applied to two widespread signal types: sinusoids and the
asymmetric square signal of duty ratio «.

Al1.2.1. Average value

A1.2.1.1. General definition

The average value () of a T-periodic signal z(¢) is defined
generally by the integral:

1 [T
() = = / x(t).dt [A1.30]
T Jo
REMARK Al.2.—In this case, the integration limits are
chosen arbitrarily. Only the interval between the two limits is
important, and it must be equal to 7.

Al1.2.1.2. Sinusoids

In the case of sinusoids, we evidently obtain an average
value of zero.
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Al1.2.1.3. Asymmetric square

The T-periodic asymmetric square z(¢) studied here has a
certain value X, during a period o', then 0 for the rest of the
period. We can therefore write the average value (z) directly:

1 1

T aT
(z) = T/O 2().dt T/O Xo.dt = o.Xy [A1.31]

Al1.2.2. RMS value

A1.2.2.1. General definition

The RMS value X, of a T-periodic signal z(¢) is defined
generally by the integral:

1 T
Xos = 1| & / 22(t).dt [A1.32]
T Jo

REMARK Al.3.— When calculating the average value, the
integration limits are chosen arbitrarily. Only the interval
between the two limits is important, and it must be equal to
T.

A1.2.2.2. Sinusoids
For a sinusoid of amplitude X,,.,, the RMS value is X, =
A1.2.2.3. Asymmetric square

The T-periodic asymmetric square z(¢) defined in section
A1.2.1 presents an RMS value expressed as:

aT
0
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A1.3. Energy and power
A1.3.1. Energy

In mechanics, energy is obtained by the operation of a
force over a certain distance. In electrical engineering, this
term corresponds to the movement of a charge following a
variation in electrical potential. In particle physics, a unit
known as an electron-volt (eV) is used for energy values at
the atomic level. The energy formulas used in power
electronics (expressed in Joules (J)) correspond to the energy
stored in an inductance or a capacitor.

In an inductance, the energy F; (magnetic energy) depends
on the current I and the inductance L:

E; = %LIQ [A1.34]

For a capacitor, the energy FE¢ (electrostatic energy)
depends on the voltage V and the capacitance C"

1
Ec = §CV2 [A1.35]

A1.3.2. Instantaneous power

The instantaneous power p(¢) given — or provided to — the
dipole is linked, according to the passive sign convention
(PSC), to the voltage v(t) at its terminals and the current i(¢)
passing through it as follows:

p(t) = v(t).i(t) [A1.36]

This power is defined in watts (W). It is linked to the
energy consumed F (in J) between two instants ¢; and ¢, by
the following integral:

1)
E= p(t).dt [A1.37]

t1
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The instantaneous power p(t) is connected to the variation
in energy e(t) which can also be defined (up to an additive
constant) as a function of time. In this case, we obtain:

_ de (t)

7 [A1.38]

p(t)

A1.3.3. Average power

As for any T-periodic signal, the average power P is
obtained using the following formula:

1T 1 (7 ,
P=y /O plt).dt = /O o(t).i(8).dt [A1.39]

In the case of a resistive charge R, we can establish the
following relationship (Ohm’s law):

u(t) = Ri(t) [A1.40]

This allows us to formulate two possible expressions for this
power:

R r -2 2
P== @).dt=RI2, [A1.41]
T Jo
and:
I &
- £).dt = s Al1.42
- /0 V2(1) K [A1.42]

where V,,s and I, are the RMS values of the voltage and the
current, respectively.
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Al.3.4. Sinusoidal mode

Al1.3.4.1. Single phase

In single phase sinusoidal operating mode, we can,
generally speaking, consider a voltage v(¢) of the form:

v(t) = Vims V2 cos (wt) [A1.43]

as the phase reference, with a current, with a phase deviation
angle ¢ (the lag in relation to the voltage), expressed as:

i(t) = LumsV2 cos (wt — ) [A1.44]

Calculating the instantaneous power obtained using these
two values, we obtain:

p(t) = VimsIrms (COS (th — (,0) -+ cos (p) [A1.45]

We thus obtain two terms:

—a constant term, which is, evidently, the average power,
referred to in this context as active power;

— a variable term, with an angular frequency of 2w, known
as fluctuating power.

The first interesting result is, therefore, the expression of
the average (active) power P:

P = ‘/rmsIrms COS @ [A146]

In terms of voltage dimensioning (thickness of insulation)
and current dimensioning (cross-section of conductors) of
equipment, the real power value used for design purposes is
known as the apparent power S , and is obtained by directly
multiplying the RMS voltage value by the RMS current
value:

S = V}msIrms [A147]
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To emphasize the “fictional” character of this power, it is
not given in W, but in volt-amperes (VA).

In electrical engineering, we then use the notion of reactive
power ), which allows us to establish a connection between
the active power P and the apparent power S. This is
expressed as:

Q = VimsIims sin 2 [A1.48]
The connection between P, (Q and S is thus:
S*=P?+Q? [A1.49]

As in the case of apparent power, this power value is
fictional; it is not measured in W, or in VA, but rather in volt
ampere reactive (VAR).

REMARK Al.4.— Equation [A1.49] is only valid if the voltage
and the current are sinusoidal. In non-sinusoidal mode, we
introduce an additional power, denoted D, known as the
deformed power. This is used to establish a new equation as
follows:

S§? = p? 4+ Q%+ D? [A1.50]

The instantaneous power is always positive (respectively,
negative) when ¢ = 0° (respectively, ¢ = 180°), but if ¢ takes a
different value, p(¢) cancels out, changing the sign. In these
conditions, the direction of transfer of electronic energy
between the source and the load is reversed.

A1.3.4.2. Three phase

In a three-phase context, using the “voltage” vector (v3) as
a point of reference, and more specifically as the first
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component, we take (based on the hypothesis of a direct
balanced system):

cos (wt)
(v3) = VimsV2 | cos (wt — &) [A1.51]
coS (wt + %ﬂ)
From this, we deduce the “current” vector (i), with a lag
in each component when compared to the corresponding

components in (v3):

cos (wt — go)
(is) = LmsV2 | cos (wt — 2 — o) [A1.52]
cos (wt + 5 - 30)

A matrix formalism may be used to obtain the expression
of the instantaneous power p(t):

p(t) = (v3)'. (is) [A1.53]

In this case, the Park factorization of the “voltage and
current” vectors is particularly effective:

(v3) = VemsV/2.C32 <C9S (wt>>

(wt

)
= VimsV2.C32. P (wt) ( ) [A1.54]

(13) = Irms\/i-C?)Q (COS( )

sin (wt — @)

= LimsV2.C32. P (wit — ) . (é) [A1.55]
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Hence:
. 1
p(t):QVrmS.[rms(l 0).P(—wt).C32.ng.P(wt—ap). ) |IAL56]

After simplification, this gives us:
p(t) = 3Vims-Trms COS ¢ [A1.57]

Note that we obtain the instantaneous power, and not an
average value. This highlights a notable property of
three-phase systems: there is no globally fluctuating power in
this configuration.

The active power P is therefore defined as follows:
P = p(t) = 3Vims-Irms €OS 2 [A1.58]

The notions of reactive power Q and apparent power S are
also used in three-phase contexts, with the following
expressions:

{ Q = 3Vims-Ims Sin g [A1.59]

S = 3‘/rms-Irms

Relationship [A1.49] is therefore still valid in a three-phase
context:

5% = p? 4+ Q* [A1.60]

Note that variants exist, notably where the notion of
line-to-line voltage is wused. Voltage V,,s is the RMS
line-to-neutral voltage (i.e. between the phase and the
neutral); the neutral is not always accessible, so the notion of
line-to-line voltage is often preferred , with an RMS voltage,
denoted U,,s. In the case of a balanced three-phase system,
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the relationship between the RMS line-to-neutral and
line-to-line voltage is:

Urms = \/g‘/}ms [Al .6 ]-]
O O O

ia 'L.b Z.c

jab jbc jca

Figure Al.1. Line and branch currents for a triangular connection

A second point, which may lead to a different formulation
of expression [A1.58], is concerned with currents. Generally
speaking, we always have access to line currents, and thus to
the RMS value I,,,5. A second type of current can appear when
using a load with a triangle connection (see Figure Al.1): this
branch current presents an RMS value J,,,,s with the following
expression as a function of I,,:

I
ers = — [A162]
V3

Al.4. Mathematics for electromagnetism
Al1.4.1. The Green-Ostrogradsky theorem

The Green—Ostrogradsky theorem (also known as the
flux—divergence theorem) establishes a connection between
the integral of the divergence of a field with vector E in a
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volume 2 and the integral of the flux of E on the closed
surface 012 delimiting the volume Q:

///divE.dw = # E-ds [A1.63]
P o002

where dw is a volume element, while ds is a normal vectorl
with a surface element (infinitesimal) ds of the complete
surface 0f2.

Al1.4.2. Stokes-Ampeére theorem

The Stokes—Ampere theorem establishes a connection
between the the flux curl of the magnetic field H on a surface
Y, and the integral of the circulation of H along the closed
contour 0¥ delimiting surface X:

// curlH - ds = H - dl [A1.64]
by )3

where ds is a normal vector? with a surface element
(infinitesimal) ds of the complete surface Y. Element dl is a
vector (whose norm is dl) tangent to the closed contour 0.

A1.4.3. Differential and referential operators

The definition of the differential operators used in
electromagnetism (primarily grad, div and curl) is dependent
on the chosen frame of reference. Using the Cartesian

1 Oriented toward the outside of volume Q.

2 Oriented in accordance with the right-hand rule as a function of the choice
of orientation of contour 9X.
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coordinate system, the nabla operator (vector), V, allows us
to easily write these operators as:

0
oz
0
5 [A1.65]
9
0z

and we know that:

gradV =VV
divE=V- -E [A1.66]
curlH=V x H

where the symbol “-” is the scalar product and “x” is the vector
product.

If we want to write these operators using spherical or
cylindrical coordinates, the V operator is no longer suitable;
in these cases, it is better to use intrinsic definitions (which
are independent of the chosen frame of reference). For the
gradient, we have:

dV = (gradV) - dr [A1.67]

where dV is the exact total differential of V' and dr is an
infinitesimal shift (vector) away from the considered point in
the space (defined by vector r from the origin of the reference
frame).

For the “divergence” and “curl” operators, we simply use the
two theorems presented in sections Al.4.1 and A1.4.2. First,
we obtain:

d¢ = divE.dw [A1.68]

where d¢ is the flux of E across the surface of the volume dw
under consideration.
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We can then write:
dC = curlH - n.dS [A1.69]

where dC is the circulation of field H along a closed contour
enclosing a surface dS, and with an orientation allowing us
to define a normal (unitary) vector n (in accordance with the
right-hand rule).
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Technical Documentation
for Components

This appendix includes full technical documentation for
the MOSFET power transistor and Schottky diode used in
the flyback power supply presented in Chapter 5. We have
also included the documentation for the Microchip MCP1416
driver used to drive the transistor, and for the Vishay IL300
circuit, used to enable isolated measurement of the power
supply output voltage; this element is essential to maintain
the galvanic isolation acquired by the power structure on the
command side (fed, in this case, from the “primary” side of
the “transformer”).

A2.1. MOSFET power transistor

The technical documentation for this component has been
described in Figures A2.1-A2.9. The MOSFET power
transistor STD17NF03 is supplied by ST Microelectronics
(www.st.com).
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1574

STD17NFO3L
STD17NFO3L-1

N-channel 30V - 0.038Q - 17A - DPAK/IPAK
STripFET™ Il Power MOSFET

General features

Type Vbss

Rps(on) Ip

STD17NFO3L-1 30V

STD17NFO3L 30V

<0.05Q 17A
<0.05Q 17A 3 3
2

Exceptional dv/dt capability

Low gate charge at 100°C
Application oriented characterization
100% avalanche tested

Description

This Power MOSFET is the latest development of
STMicroelectronics unique "Single Feature
Size™" strip-based process. The resulting
transistor shows extremely high packing density
for low on-resistance, rugged avalanche
characteristics and less critical alignment steps
therefore a remarkable manufacturing

reproducibility.

Applications

m Switching application

Order codes

1
1

iPAK DPAK

Internal schematic diagram

D(TAB or 2)

o(1)

S(3)
SC08440

Part number

Marking Package Packaging

STD17NFO3L-1

D17NFO3L@ IPAK Tube

STD17NFO3LT4

D17NFO3L@ DPAK Tape & reel

February 2007

Rev 4 114

www.st.com

Figure A2.1. MOSFET power transistor: ST-Microelectronics

(Datasheet)
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STD17NFO3L - STD17NFO3L-1 Electrical ratings
1 Electrical ratings
Table 1. Absolute maximum ratings
Symbol Parameter Value Unit
Vps Drain-source voltage (Vgg = 0) 30 \4
Vbar Drain-gate voltage (Rgg = 20 kQ) 30 \4
Vas Gate- source voltage +16 \
Ip Drain current (continuous) at T¢ = 25°C 17 A
Ip Drain current (continuous) at T¢ = 100°C 12 A
IDM(” Drain current (pulsed) 68 A
Piot Total dissipation at T = 25°C 30 w
Derating Factor 0.2 W/°C
av/dt® Peak diode recovery avalanche energy 7 V/ns
Eas @) Single pulse avalanche energy 200 mJ
Tstg Storage temperature 5510175 oo
T Max. operating junction temperature

1. Pulse width limited by safe operating area.
2. Igp 7A, di/dt <300A/pS, Vpp =Vigrpss: Tj Tumax
3. Starting T;=25 °C, Ip = 8.5A, Vpp = 15V

Table 2. Thermal data

Rthj-case | Thermal resistance junction-case max 5.0 °C/W
Rthj-amb | Thermal resistance junction-to ambient max 100 °C/W
T, Maximum lead temperature for soldering purpose 275 °C
[S7] 314

Figure A2.2. MOSFET power transistor: ST-Microelectronics
(Datasheet)
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Electrical characteristics

STD17NFO3L - STD17NFO3L-1

2 Electrical characteristics

(Tcase=25°C unless otherwise specified)

Table 3. On/off states
Symbol Parameter Test conditions Min. Typ. Max. Unit
Drain-source
V Ip = 250pA, Vgg = Y
(BRIDSS | reakdown voltage b = 2500A, Vas =0 30
Vps =M i
| Zero gate voltage VDS M:i ::::g 1 A
DSS f _ DS = )
drain current (Vgg = 0) To - 125°C 10 A
Gate-body leakage
| Vgsg =+ 16V 1 A
Gss current (Vpg = 0) as=+16 100 "
Vasin) | Gate threshold voltage Vps = Vgs: Ip = 250pA 1 1.5 22 \
R Static drain-source on Vas =10V, Ip =8.5A 0.038 0.05 Q
DS(on) | resistance Vas =5V, Ip = 8.5A 0.045 | 0.06 Q
Table 4. Dynamic
Symbol Parameter Test conditions Min. Typ. Max. Unit
(1) Forward Vps > Ip(on) X
Gis transconductance Rps(onmax: , Ip =8.5A 12 s
Input capacitance
G; 320 F
C'Ss Output capacitance Vpg =25V, f = 1MHz, 155 SF
oss Reverse transfer Vgs=0
Crss y 28 pF
capacitance
td(on) Tgrn—én delay time Vpp = 15V, Ip = 8.5A 1" ns
t Rise time 100 ns
. Rg =4.7QVgg = 5V
ta(off) Turn-off delay time X 25 ns
. (see Figure 13)
t Fall time 22 ns
Qq Total gate charge Vpp = 3024V, Ip = 17A, 4.8 6.5 nC
Qqs Gate-source charge Vags =5V, Rg =4.7Q 225 nC
Qqq Gate-drain charge (see Figure 14) 1.7 nC
1. Pulsed: Pulse duration = 300 ps, duty cycle 1.5%.
414 [S7]

Figure A2.3. MOSFET power transistor: ST-Microelectronics

(Datasheet)
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STD17NFO3L - STD17NFO3L-1

Electrical characteristics

b7

Table 5. Source drain diode
Symbol Parameter Test conditions Min. | Typ. | Max. | Unit
lsp Source-dra!n current 2 A
| (1) | Source-drain current 88 A
SDM (pulsed)
Vgp @ |Forward on voltage Isp = 17A, Vgs =0 1.5 \Y
tr Reverse recovery time Isp = 17A, di/dt = 100A/ps, 28 ns
Q. Reverse recovery charge |Vpp =15V, T; = 150°C 18 nC
IRRM Reverse recovery current | (see Figure 15) 1.3 A
1. Pulse width limited by safe operating area.
2. Pulsed: Pulse duration = 300 ps, duty cycle 1.5%
5/14

Figure A2.4. MOSFET power transistor: ST-Microelectronics
(Datasheet)
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Electrical characteristics STD17NFO3L - STD17NFO3L-1
2.1 Electrical characteristics (curves)
Figure 1. Safe operating area Figure 2. Thermal impedance
| D(A) — HV20960 K
T
il
1o~
i
i
2|
107! 10° o' Vps (V) '0.1
Figure 3. Output characteristics Figure 4. Transfer characteristics
HV20873
WO vazio LT T[] W]
Tt . Vos=12.5V ]|
A 4
30 30
4V
ey 2 //
of N . ]
| /
0 25 7.5 10 vos(v) 0 2 4 Vas(V)
Figure 5. Transconductance Figure 6. Static drain-source on resistance
ga(s) T Rt [
(mq) ‘ ‘
= V=10V Vos=10V
s T=—s0c | | " ]
T 257¢ |
10 L] 3
’ - F7s%c]
[ 10 15 1) ! 10 15 20 R)

73

6/14

Figure A2.5. MOSFET power transistor: ST-Microelectronics
(Datasheet)
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STD17NFO3L - STD17NF0O3L-1

Electrical characteristics

Figure 7. Gate charge vs. gate-source voltage Figure 8. Capacitance variations

Vs — HvVZ1010
C(pF)
Y f=1MHz
Vea=0V
12 800
Vos=24V
1o=17A
9 000
. \
- — Cims|
——
3 200 i
[Cel [
) > 4 = PRT ) o S 1o S 20 Ve(V)
Figure 9. Normalized gate threshold voltage Figure 10. Normalized on resistance vs.
vs. temperature temperature
N HV21020 Rescon| HV21030
\(/::crm) Vos=Vas (norm)
In:ESDyA
1.1 2.5
= .
- Ves=10V
D=11A
0.! 1
0.8 1
[~
0.7 0.
0.6 — 0
-50 50 100 150 TX(C. -50 0 S0 100 150 Tiet>
Figure 11. Source-drain diode forward Figure 12. Normalized breakdown voltage vs.
characteristics temperature
HV21040
Varcv [T Laced T=ImA NN
o T=-50C T <norm)
0 — = 1.15
25C ] o
0.8 1.1
[ L1
I
0.61175¢ 105
0.4, 1.0
0.2 0.95 &
0.9
0 15 30 45 A -50 0 50 100 150TXT>

574

714

Figure A2.6. MOSFET power transistor: ST-Microelectronics

(Datasheet)
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Test circuit

STD17NFO3L - STD17NFO3L-1

3 Test circuit

Figure 13. Switching times test circuit for
resistive load

Figure 14. Gate charge test circuit

L -4
uf

505990

5c08000

Figure 15. Test circuit for inductive load Figure 16. Unclamped Inductive load test
switching and diode recovery times circuit
A é
° L
G O.U.T.
s 1000 Yo oy 2200 |53
250 : ::‘F | Yoo ' 07} L d = f 7&
= = N = = L
o
+ N
) . o YA
[
Pw
‘acmanin scose70

Figure 17. Unclamped inductive waveform

Figure 18. Switching time waveform

814

v — oy — tlff
(BR)DSS |_tdgn __tr | tdoee —tF
90% 20%
0 0% vps 10%
VoS 90%
scossac 10%
0./ -
[S71

Figure A2.7. MOSFET power transistor: ST-Microelectronics
(Datasheet)
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STD17NFO3L - STD17NFO3L-1 Package mechanical data

DPAK MECHANICAL DATA

mm. inch
DIM.
MIN. TYP MAX. MIN. TYP. MAX.
A 22 2.4 0.086 0.094
A1 0.9 1.1 0.035 0.043
A2 0.03 0.23 0.001 0.009
B 0.64 0.9 0.025 0.035
b4 52 54 0.204 0212
Cc 0.45 0.6 0.017 0.023
c2 0.48 0.6 0.019 0.023
D 6 6.2 0.236 0.244
D1 5.1 0.200
E 6.4 6.6 0.252 0.260
E1 47 0.185
e 2.28 0.090
el 4.4 4.6 0.173 0.181
H 9.35 10.1 0.368 0.397
L 1 0.039
) 28 0.110
L2 0.8 0.031
L4 0.6 1 0.023 0.039
R 0.2 0.008
V2 0° 8° 0° 8°

0068772-F

‘ﬂ 1114

Figure A2.8. MOSFET power transistor: ST-Microelectronics
(Datasheet)
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Packing mechanical data

STD17NFO3L - STD17NFO03L-1

5

12/14

Packing mechanical data

DPAK FOOTPRINT

6.7

3.0

16

All dimensions are in millimeters

TAPE AND REEL SHIPMENT

F
S

Full radius

I

F

40 mm min. ‘
Access hole |
at slot location

Tape slot
in core for
tape start

25mm min.
width

TAPE MECHANICAL DATA

REEL MECHANICAL DATA

mm inch
DIM.
MIN. [MAX. | MIN. | MAX.
A 330 12.992
i B | 15 0.059
»‘: C | 128 | 132 |0.504 |0.520
| D [ 202 079
K] G | 164 | 18.4 0645 0724
G measred 50 7.068
T 224 0.881

BASE QTY BULK QTY

— = 2500 2500
DIM.

MIN. [MAX. | MIN. | MAX. R
A0 | 68 | 7 |0.267|0275 LU L R rﬂ[ io}ee‘a:ge;nrauzgea e
BO | 104 | 106 |0.409 [0.417 . L
B1 121 0476 SpE (e¥ s s o0 ,
D | 15 | 16 [0059]0063| s, s Lol o0 IL,_ _L
5T 175 0059 )2t B | || i

) X o

E | 165 | 1.85 [0.065 0073 | —— P Nrtertin
F | 74 | 76 |0291 [0299 | oy —- of caviy
KO | 255 | 2.75 |0.100 [0.108 | somss User Direction of Feed
PO | 39 | 41 |0.153 |0.161 — l“: S—
B 78 || Gl || Q9N || m=n |H| llm nHl |H| Rumin,
P2 | 1.9 | 2.1 |0.075 |0.082
R | 40 1574
w 15.7 16.3 | 0.618 | 0.641 FEED DIRECTION, Bending radius

g

Figure A2.9. MOSFET power transistor power transistor:
ST-Microelectronics (Datasheet)
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A2.2, Schottky diode

The full documentation for the Schottky 240-13-F diode,
manufactured by Diodes Incorporated (www.diodes.com), is

shown below (Figures A2.10-A2.13).

Green

2.0A SURFACE MOUNT SCHOTTKY BARRIER RECTIFIER

Features

Mechanical Data

*  Guard Ring Die Construction for Transient Protection

«  Ideally Suited for Automated Assembly

. Low Power Loss, High Efficiency

«  Surge Overload Rating to 50A Peak

*  For Use in Low Voltage, High Frequency Inverters, Free
Wheeling, and Polarity Protection Application

e High Temperature Soldering: 260°C/10 Second at Terminal

. Lead-Free Finish; RoHS Compliant (Notes 1 & 2)

«  Halogen and Antimony Free. “Green” Device (Note 3)

Case: SMA/SMB
Case Material: Molded Plastic. UL Flammability Classification
Rating 94V-0
Moisture Sensitivity: Level 1 per J-STD-020
Terminals: Lead Free Plating (Matte Tin Finish). Solderable per
MIL-STD-202, Method 208&>
Polarity: Cathode Band or Cathode Notch
Weight: SMA 0.064 grams (Approximate)
SMB 0.093 grams (Approximate)

*  Qualified to AEC-Q101 Standards for High Reliability

SMA/SMB
Top View Bottom View
Ordering Information (Note 4)

Part Number Qualification Case Packagin
B2xxA-13-F Standard A 5000/Tape & Reel
B2xx-13-F Standard B 3000/Tape & Reel
B250Q-13 Automotive B 3000/Tape & Reel
B240AQ-13-F Automotive SMA 5000/ ape & Reel
B240Q-13-F Automotive SMB 3000/Tape & Reel

* x = Device type, e.g. B260A-13-F (SMA package); B240-13-F (SMB package)
EU Directive 2002/95/EC (RoHS) & 2011/65/EU (RoHS 2) compliant. All applicable RoHS exemptions applied.

. See http://www.diodes.com/quality/lead_free.html for more information about Diodes Incorporateds definitions of Halogen- and Antimony-free, "Green”
and Lead-free.
Halogen- and Antimony-free "Green" products are defined as those which contain <900ppm bromine, <900ppm chiorine (<1500ppm total Br + Cl) and
<1000ppm antimony compounds.

4. For packaging details, go to our website at http’//www.diodes.com/products/packages.html.

Notes:

[N

w

Marking Information

B2X0A = Product type marking code, ex: B220A (SMA package)
[ YWW ] B2X0 = Product type marking code, ex: B230 (SMB package)

D11 = Manufacturers’ code marking
YWW = Date code marking

Y = Last digit of year (ex: 2 for 2002)
'WW = Week code (01 to 53)

B2X0(A)

B220/A - B260/A 10of5 April 2013

Document number: DS13004 Rev. 21 - 2 www.diodes.com © Diodes Incorporated

Figure A2.10. Schottky diode: Diodes-Incorporated (Datasheet)
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0
ImcoRrRPORATED

Maximum Ratings (@74 = +25°C, unless otherwise specified.)

Single phase, half wave, 60Hz, resistive or inductive load.
For capacitance load, derate current by 20%.

Characteristic Symbol | B220/A | B230/A | B240/A | B250/A | B260/A Unit
Peak Repetitive Reverse Voltage VRRM
Working Peak Reverse Voltage VRwM 20 30 40 50 60 \
DC Blocking Voltage VR
RMS Reverse Voltage VR(RMS) 14 21 28 35 42 \
Average Rectified Output Current @ TL=+100°C lo 2.0 A
Non-Repetitive Peak Forward Surge Current, 8.3ms | 50 A
Single Half Sine-Wave Superimposed on Rated Load FSM
Thermal Characteristics
Cl Symbol Value Unit
. SMA 25 o
Typical Thermal Resistance, Junction to Lead SMB ReauL 20 CIW
Operating and Storage Temperature Range Ty, TstG -65 to +150 °C
Electrical Characteristics (@Ta = +25°C, unless otherwise specified.)
Characteristic Symbol Min Typ Max Unit Test Condition
B220/A, B230/A, B240/A 0.50 _ _ N
Forward Voltage Drop B250/A, B260/A VE —_ —_ 0.70 \ IF=2.0A, Ta = +25°C
Leakage Current (Note 5) R — - 0.5 mA @ Rated VR, Ta = +25°C
— — 20 @ Rated Vg, Ta = +100°C
Total Capacitance Cr — — 200 pF VR =4V, f=1MHz
Note: 5. Short duration pulse test used to minimize self-heating effect.
10 < 100
=z <
: | :
& ‘ z
]
z B220trug200 /' g 10
3 =1 E—r1,=100°C
B250 thru B260 o |t
2 10 7 w
4 / 7]
< 7 7 x 10
g / y i
o 17 ] i
e / 4
2 2
° 5 01
u 0.1 i}
b4 F—7 b4
S - <
E 7 E
z z
< 17 ] Z 00
I I / T,-25°C [
z / - z i
- I Pulse Width = 300 ms =
-+0.01 | I [ - 0.001 ‘
0 0.2 04 0.6 0.8 1.0 0 20 40 60 80 100 120 140
Vg, INSTANTANEOUS FORWARD VOLTAGE (V) PERCENT OF RATED PEAK REVERSE VOLTAGE (%)
Fig. 1 Typical Forward Characteristics Fig. 2 Typical Reverse Characteristics
B220/A - B260/A 20f5 April 2013

Document number: DS13004 Rev. 21 - 2

www.diodes.com

© Diodes Incorporated

Figure A2.11. Schottky diode: Diodes-Incorporated (Datasheet)
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IimcoRrRPORATEGD

1,000 25
T,=25°C |||
= 1MHz @
T =
s ] g 20
w T o
g ™~ 3
£ I 215
O
2 N <
2 100 2
g 2
2 =10
5 9]
= =
5 g
© Z 05
R
-
10 P
01 1 10 100 25 50 75 100 125 150
Vg, DC REVERSE VOLTAGE (V) Tr, TERMINAL TEMPERATURE (°C)
Fig. 3 Total Capacitance vs. Reverse Voltage Fig. 4 Forward Current Derating Curve
T
o 160 — 50 Single Half-Sine-Wave
© 150 Note 6 ——— <
o =
W 140 =
['4
S 130 o 40
-3 4
& 120 3
g o @ 30
o 100 x
c ?
£ 9 a RN
w80 4
@o < 20
S 70 =
< 7 }
@ 60 Q
g S0 éwo
& 40 Z
L 30 Z
20 0
0 4 8 12 16 20 24 28 32 36 40 1 10 100

NUMBER OF CYCLES AT 60 Hz
Vg, DC REVERSE VOLTAGE (V) ) i
Fig. 5 Operating Temperature Derating (B240) Fig. 6 Max Non-Repetitive Peak Forward Surge Current

6. Device mounted on FR-4 PC board with minimum recommended pad layout pattern as per http://www.diodes.com.

B220/A - B260/A 30f5 April 2013

Document number: DS13004 Rev. 21 - 2 www.diodes.com © Diodes Incorporated

Figure A2.12. Schottky diode: Diodes-Incorporated (Datasheet)
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0
ImcoRrRPORATED

Package Outline Dimensions

Please see AP02002 at http://www.diodes.com/datasheets/ap02002.pdf for latest version.

\ B—
SMA SMB
5 Dim Min Max Dim Min Max
A e} A 229 | 2.92 A 3.3 3.94
| B 4.00 | 4.60 B 4.0¢ 4.57
- [ 1.27 1.63 [o] 1.9¢ 221
D 0.15 | 0.31 D 0.1 0.31
D E 4.80 | 559 E 5.00 | 559
- *Hk G [ 005 [ 020 G [ 005 [ 020
J H 0.76 1.52 H 0.76 1.52
J 2.01 2.30 J 2.00 | 2.50
Herl TG All Dimensions in mm All Dimensions in mm
| o mensions Inmm|
EERCN
Suggested Pad Layout
Please see AP02001 at http://www.diodes.com/datasheets/ap02001.pdf for the latest version.
SMA
” Dimensions | Value (in mm)
X1 4.00
X —— G 1.50
X 2.50
i ‘ | Xi 6.50
v } + } Y 1.70
* ! ‘ SMB
G Dimensions | Value (in mm)
[ 4.30
G 0
e C———
c X .50
X1 .80
Y 0
B220/A - B260/A 40f5 April 2013
Document number: DS13004 Rev. 21 - 2 www.diodes.com © Diodes Incorporated

Figure A2.13. Schottky diode: Diodes-Incorporated (Datasheet)
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A2.3. MOSFET power transistor driver

Only part of the technical documentation for the driver is
shown below: the full 20-page document is available at
www.microchip.com (taken from revision B of the document,
Figures A2.14-A2.26).

Ml:‘g:mp M C P141 5/ 1 6

Tiny 1.5A, High-Speed Power MOSFET Driver
Features General Description
» High Peak Output Current: 1.5 (typical) MCP1415/16 devices are high-speed MOSFET drivers
+ Wide Input Supply Voltage Operating Range: that are capable of providing 1.54 of peak current. The
. 45\ o 18Y inverting or non-inverting single channel output is

directly controlied from either TTL or CMOS {3V to
18Y) logic. These devices also feature low shoot-

Loww Shoot-Through/Cross-Conduction Current in

0.utpun Sta‘g.e N through current, matched rise and fall time, and short
* High G Load Defvs G propagation delays which make them ideal for high

= 470 pF In 13 na (typical) ftehiireg fre i

- 1000 pF In 20 ns (typical) MCP1415/16 devices operata from a single 4.5V to
+ Short Delay Times: 41 ns (tgq), 48 ns (igz) (typlcal) 18Y power supply and can eazily charge and discharge
» Low Supply Currant: 1000 pF gate capacitance in under 20 ns (fypical).

- With Logie *4' Input - 0.65 m& {typical) They provide low enough impedances in both the on

. Ay " and off states to ensure that the Intended state of the
+ With Logic ‘0 Input _\‘M e {typical) MOSFET will not be affected, aven by large transhents,
Lateh-Up Protected: will withstand 500 ma _ ~ i

Ravarze Cument These devices ara highly latch-up resistant under any
condition within their power and voltage ratings. They
are not subject to damage when noise spiking (up to
5N, of either polarity) occurs on the ground pin. They
can accept, without damage or logic upset, up o

» Logic Input will wilhstand MWegative Swing up to 5W
+ Space-saving SL S0T-2Z3 Package

Applications

= Switch Mode Power Supplies
» Pulsa Transformer Drive

500 ma of reverse current being forced back into their
outpuis. ANl terminals are fully protected against
Elecirostaiic Discharge (ESD) up to 2.0 KW (HEM) and

F00Y (M)
» Line Drivers
» Lavel Translator
* Motor and Salencid Drive
Pach Types:
SOT-23-5
MCP1415 MCP1416
] [F5 e[| [Eour
Voo [Z| Voo [2]
M [3] 4] enD FER | 4] aND
MCP1415R MCP1416R
Ne [T [ 5] Voo NG [T] [ 5]Voo
GND [Z [T ER
N 3] 4 our MER [ 4Jout

Figure A2.14. MOSFET power transistor driver (Datasheet)
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Functional Block Diagram

Voo
Invgmng
| 650 pa
A E, K ﬁ
300 rrN [
p— Dutput
—
F—
‘ N\nn-m'mmn A
Irvpuit ’ g
Effactive . 25 MCP1415 Inveriing
Input C =25 pF 3= MCP1416 Non-invarting
(Each Input) Y
GNDC—e
Mota:  Unused inputs should be grounded.

Figure A2.15. MOSFET power transistor driver (Datasheet)
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MCP1415/16

1.0 ELECTRICAL

CHARACTERISTICS

Absclute Maximum Ratings 1

Voo, Supply Voltage.
Wi, Input Voltage ..

[Vpp * 0.3V) to (GND - 5V)

Package Power Dissipation (T, = 50°C)
BLSOT23 0.39W
ESD Protection on all Pins. 2.0kV {(HEM)
.. A00V {MM)

DC CHARACTERISTICS

1 Notice: Stresses above those listed under "Maximum
Ratings” may cause parmanent damage to the device.
Thiz is a siress rating only and functional operation of
the device at those or any other conditions above those
indicated in the operational sections of this specifica-
tion iz not intended. Exposure to maximum rating con-
ditions for extended perods may affect deviee
reliability.

Electrical Specifications: Unless otherwise noted, Ty = +25°C, with 4.5V £ Vop < 18V
Parameters | Sym Min Typ | Manx | Units | Conditions
Input
Lagic “1" High Input Voltage Viy 24 18 — W
Lagic 0" Low Input Voltage Vo — 1.6 0.8 3
Input Current hin -1 — +1 pA [0V =V =Vop
Input Voltage Vin -5 — | Vpgpt03 | WV
Dutput
High Cutput Voltage Vou |Vpp-0.025| — — WV | DC Test
Low Output Voltage VaL — — 0.025 V| DC Test
Output Resistance, High Rou —_ & 75 1 |[lgyr =10 mA, Vpp = 18Y
{Mote 2)
Output Resistance, Low RoL - 4 5.5 0 |lgyr =10 mA, Vpp = 18V
(Mata 2)
Paak Output Current Ik — 1.5 — A |Vpp = 18V (Note 2)
Latch-Up Protection Withstand | |gey 05 —_ _ A | Duty cycle < 2%, t <300 ps
Reverse Currant (Mote 2)
Switching Time (Note 1)
Rise Tirme ™ — 20 25 ns | Figure 4-1, Figure 4-2
C, = 1000 pF {Note 2)
Fall Time te - 20 25 ns | Figure 4-1, Figure 4.2
Cy_ = 1000 pF {Note 2)
Delay Tirne toy —_ 41 50 ns | Figure 4-1, Figure 4-2 [Note 2)
Delay Tirme Iz — 48 55 ns | Figure 4-1, Figure 4-2 [Note 2)
Peower Supply
Supply Voltage Voo 45 - 18 v
Ig — 0.65 1.1 mhA | Viy =3V
Power Supply Currant I — o1 015 mA [V = OV

Mote 1: Switching times ensured by design.

2:  Tested during characterization, not production tested.

Figure A2.16. MOSFET power transistor driver (Datasheet)
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DC CHARACTERISTICS (OVER OPERATING TEMPERATURE RANGE)

Electrical Specifications: Unless otherwise indicated, over operating range with 4.5V < Vpp = 18V

Parameters | Sym | Min | Typ | Max | Units | Conditions
Input
Logic *1', High Input Voltage Wik 24 —_ —_ W
Logic ‘0", Low Input Voliage WL - —_ 08 W
Input Currant ling =10 — +10 pA [0V =V = Vg
Input Violtage Vin -5 — | Vpgt03 | W
Dutput
High Output Voltage Von | Voo-0025| — - W | DC Test
Lew Output Violtage Vo — —_ 0.025 W | DC Test
Output Resistance, High Ran — 8.5 8.5 @ |lgyr =10 méA, Vpg = 18V
[Note 2)
Output Resistance, Low R — 6 T 0 | lgyr =10 mA, Vg = 18V
{Note 2)
Switching Time (Note 1)
Rise Time ip —_ 30 40 ns | Figure 4-1, Figure 4-2
C, = 1000 pF {Note 2}
Fall Time 1 - 30 ns |Figure 4-1, Figure 4-2
Cy = 1000 pF {Nota 2)
Dialay Timea oy —_ 45 85 ns | Figure 4-1, Figure 4-2 {Note 2)
Dralay Time e — 50 B0 Figure 4-1, Figure 4-2 (Note Z)
Power Supply
Supply Voltage Vog 45 —_ 18 W
Power Supply Current ls - 0.75 15 mA_ | Ve = 3.0V
Is — 0.15 0.25 mA | Wi =0V
MNote 1:  Switching times ensured by design.

2:  Tested during characterization, not production tested.

TEMPERATURE CHARACTERISTICS

Electrical Specifications: Unless otherwise noted, all parameters apply with 4.5V £ Vg < 18V

Parameter | Sym | Min | Typ | Max | Units | Comments
Tempearature Ranges
Specified Temperature Range Ta =40 — +125 C
Maximum Junction Temperature Ty — = +150 C
Storage Temperature Range Ta -B5 — +150 C
Pack Tharmal Resl
Thermal Resistance, 5LDS0T23 | 8, | — [ 258 [ — "CW |

Figure A2.17. MOSFET power transistor driver (Datasheet)
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2.0 TYPICAL PERFORMANCE CURVES

Mote: The graphs and tablas provided following this note are a statistical summary based on a limited number of
samples and are provided for informational purposes only. The performance characteristics listed harein ane
not tested or guaranteed. In some graphs or tables, the data presented may be outside the specified
operating range (e.g., outside specified power supply range) and therefore outside the warranted range.

Mate: Unless otherwise indicated, Tg = 425°C with 4.5V < Vpp <= 18V,
400 300 T T
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Figure A2.18. MOSFET power transistor driver (Datasheet)
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Note: Unless otherwise indicated, T, = +25°C with 4.5V £ Vpn <= 184

s [ _ " e 1
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g 85 \‘\\ i E 0s
E 75 g ua
E 65 g 03
3 55 b » g 02 ET)
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Supply Voltage (V) Temperature (*C)
FIGURE 2-7: Propagation Delay Time vs. FIGURE 2-10: Quiescent Current vs.
Supply Voltage. Temperature.
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Supply Voltage. Temperature.

Figure A2.19. MOSFET power transistor driver (Datasheet)
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Note: Unless otherwise indicated, Ty = +25°C with 4.5V < Vpp == 18V,
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Figure A2.20. MOSFET power transistor driver (Datasheet)
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Note: Unless otherwise indicated. Ty, = +25°C with 4.5V £ Vpp = = 18V

Vi = 5V MCP1415)
2 Vg = OV (MEP1416)
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Figure A2.21. MOSFET power transistor driver (Datasheet)
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3.0 PINDESCRIPTIONS

The descriptions of the pins are listed in Table 3-1.
TABLE 3-1: PIN FUNCTION TABLE

50T-235 Symbol
Deszcription
Pin MCP1415/6 MCP1415RIGR

1 NC MC Mo Connection

2 Voo GHD Supply Input

3 N IM Contral Input

4 GHD ouT Ground

5 ouT Voo Output

3.1 Supply Input (Vpp)

Vpp Is the bias supply input for the MOSFET driver and
has a valtage ranga of 4.5V to 18W. This input must be
decoupled to ground with a local capacitor. This bypass
capaciter provides a localized low impedance path for
the peak currents that are to be provided to the load.

3.2  Control Input (IN)

The MOSFET driver input is a high impedance, TTL/
CMOS compatible input. The input also has hysteresis
betweean the high and low input levels, allowing them to
be driven from a slow rising and falling signals, and to
provide nolse Immunity.

33  Ground (GND)

Ground is the device return pin. The ground pin should
have a low impedance connection to the bias supply
source return. High peak curents will low out the
ground pin when the capacitive load is being
discharged.

34  Output (OUT)

The output is a CMOS push-pull output that is capable
of sourcing and sinking 1.54 of peak cument
{Vop = 18V). The low output impedance ensures the
gate of the external MOSFET will stay in the intendad
state even during large transients. This output also has
a reverse current [atch-up rating of 500 ma.

Figure A2.22. MOSFET power transistor driver (Datasheet)
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4.0 APPLICATION INFORMATION

41 General Information

MOSFET drivers are high-speed, high curent devices
which are intended to source/sink high peak curents to
charge/discharge the gale capacitance of extemal
MOSFETs or IGETs. In high frequency switching power
supplies, the PWM controller may not have the drive
capability to direcly drive the power MOSFET. A
MOSFET driver like the MCP1415M6 family can be
used to provide additional sourcelsink current
capability.

42  MOSFET Driver Timing

The ability of a MOSFET driver 1o transition from a fully-
off state to a fully-on state are characterized by the
drivers rise time (tg), fall time (i), and propagation
delays (tyy and tyz). The MCP1415/16 family of drivers
can typically charge and discharge a 1000 pF load
capacitance in 20 nz along with a typical twrn on (tgq)
propagation delay of 41 ns. Figure 4-1 and Figure 4-2
show the test circuit and timing waveform used to verify
the MCP1415/16 timing.

Vo 3, 18V

| 0.1 yF
T 1wk 1" Ceramic

.

Input o Dubput
e %C._ = 1000 pF

MCP1415

FIGURE 4-1:
Waveform.

Inverting Driver Timing

Vg 3 18Y
0.1 yF
T TP T Ceramic
[~
Input 1 Ouwtput
-
T G = 1000pF
MCP141E
L

FIGURE 4-2:
Waveform.

Non-Inverting Driver Timing

4.3 Decoupling Capacitors

Careful layout and decoupling capacitors are required
when using power MOSFET drivers. Large current are
required to charge and discharge capacitive loads
quickly. For example, approximately 720 ma are
needed to charge a 1000 pF load with 18Y In 25 ns.

To operate the MOSFET driver over a wide frequency
range with low supply impedance, a ceramic and a low
ESR film capacitor are recommended o be placed in
parallel between the driver Vpp and GND. A 1.0 pF low
ESR film capacilor and a 0.1 pF ceramic capacitor
placed between pins 2 and 4 Is required for reliable
operation. These capacitors should be placed close to
the driver to minimize circuit board parasitics and
provide a local source for the required current.

Figure A2.23. MOSFET power transistor driver (Datasheet)
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44  Power Dissipation

The total internal power dissipation in a MOSFET driver
Is the summation of three separate power dissipation
elaments.

EQUATION 4-1:
PT = PL + PQ+PL'C'
Where:
Pr = Total power dissipation
P = Load power dissipation
Pa = Oulescent power dissipation
Pee = Operating power dissipation

441 CAPACITIVE LOAD DISSIPATION

The power dissipation caused by a capacitive load is a
direct function of the frequency, total capacitive load,
and supply voliage. The power lost in the MOSFET
driver for a complete charging and discharging cycle of
a MOSFET is shown in Equation 4-2.

EQUATION 4-2:
2
Py = fxCpxVpp
Where:
i = Switching frequency
Cr = Total load capacitance
Voo = MOSFET driver supply voltage

442 QUIESCENT POWER DISSIPATION

The power dissipation associated with the guiescent
current draw depends upon the state of the input pin.
The MCP1415M6 devices have a quiescent currant
draw when the input is high of 0.65 m& (typical) and
0.1 md (typleal) when the input iz low. The gquiescent
power dissipation iz shown In Equation 4-3.

EQUATION 4-3:

PQ = UQHx D+!QLx(1 D%V
Where:
lgy = Quiescent current in the high
Ztate
3] = Diuty eycle
lge = Quiescent current in the low
state
Voo = MOSFET driver supply voltage

443 OPERATING POWER DISSIPATION

The operating power dissipation occurs each time the
MOSFET driver output transitions because for a very
short period of time both MOSFETs in the cutput stage
are on simultanecusly. This cross-conduction cument
leads to a power dissipation dezcribe in Equation 4-4.

EQUATION 4-4:
Pep= COxfxVppn

Where:
cC = Crogs-conduction constant
(Arzac)
f = Switching frequency
MOSFET driver supply voltage

Voo =

4.5 PCB Layout Considerations

Proper PCE layout is important in high current, fast
switching circuits to provide proper device operation
and robustness of design. Improper component
placement may cause emant swilching, excessive
woltage ringing, or circuit latch-up. PCE trace loop area
and inductance must be minimized. This s
accomplished by placing the MOSFET driver directly at
the load and placing the bypass capacitor directly at the
MOSFET driver (Figure 4-3). Localing ground planes
of ground return races direclly beneath the driver
output signal also reduces trace inductance. A ground
plane will also hedp as a radiated noize shield as well as
providing some heat sinking for power dissipated within
the device (Figure 4-4).

MCP1415 ar

=il

FIGURE 4-3: Recommended PCB Layout
(TOP).

MCP1415 a

FIGURE 4-4:
(BOTTOM).

Recommended PCE Layout

Figure A2.24. MOSFET power transistor driver (Datasheet)
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PACKAGING INFORMATION

5.0

51

Package Marking Information

S-Lead S0T-23

[

[l

Example

00

wWw ‘Week code (week of January 1 is week '01')

NHNM  Alphanumeric traceability code
Pb-free JEDEC designator for Matte Tin (Sn)

* This package is Pb-free. The Pb-free JEDEC designator @
can be found on the outer packaging for this package.

Standard Markings for SOT-23
XXN M Part Number Code FYN N
MCP1415T-E/OT FYMNM
MCP1416T-E/OT FZMM III i:‘ ij
MCP1415RT-EfOT FTNM
MCP1416RT-EfOT FBNN
Legand: XX_.X Customer-specific information
Y Year code (last digit of calendar year)
had Yaar code (last 2 digits of calendar year)

MNote: |n the event the full Microchip part nurmber cannot be marked on one line, it wil
be carfied over to the next line, thus lmiting the number of available
characters for customer-specific information.

Figure A2.25. MOSFET power transistor driver (Datasheet)
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5-Lead Plastic Small Outline Transistor (OT) [SOT-23]

Note:  For the most current package drawings, please see the Microchip Packaging Specification located at
hittp:fiwww.microchip.comdpackaging
N I
i 1 |
I E1
i
- l
1! 2 3
+E——[
Py pu——
D
1. I 1 +
i * \> :l:‘[:l:j i : L ﬁ
Al J —| L f=—
—] L1 |=—
Units MILLIMETERS
Dimension Limits MIN_ | HWOM [ MAX
Number of Pins N 5
Lead Pitch a 0.95 BEC
Outside Lead Piich el 1.80 BSC
Cwarall Height A 0.80 - 145
Molded Package Thickness AZ D.29 - 1.30
Siandoff Al 0.00 - 0.15
Owarall Width E 220 — 3.20
Molded Package Width E1 1.30 — 1.80
Overall Length D 270 - 310
Foat Lengih L 0.0 - 0.60
Foobprint L1 035 - 0.80
Foot Angle [ [§ = I
Lead Thi c 0.08 - 0.26
Lead Width b 0.20 - 0.51
Motes:

1. Dimensions D and E1 do not include mold flash or protrusions. Mold flash or protnesions shall not exceed 0127 mm per side.
2. Dimensioning and tolerancing per ASME ¥ 14.58.

BSC: Basic Dimension. Theoretically exact valus shown without tolerances.

Microchip Technology Drawing CO4-0918

Figure A2.26. MOSFET power transistor driver (Datasheet)
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