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FOREWORD

The Minneapolis Honeywell Regulator Company published the first edition of the Engineering Manual of
Automatic Control in 1934. The manual quickly became the standard textbook for the commercial building
controls industry. Subsequent editions have enjoyed even greater success in colleges, universities, and contractor
and consulting engineering offices throughout the world.

Since the original 1934 edition, the building control industry has experienced dramatic change and made
tremendous advances in equipment, system design, and application. In this edition, microprocessor controls are
shown in most of the control applications rather than pneumatic, electric, or electronic to reflect the trends in
industry today. Consideration of configuration, functionality, and integration plays a significant role in the
design of building control systems.

Through the years Honeywell has been dedicated to assisting consulting engineers and architects in the
application of automatic controls to heating, ventilating, and air conditioning systems. This manual is an outgrowth
of that dedication. Our end user customers, the building owners and operators, will ultimately benefit from the
efficiently designed systems resulting from the contents of this manual.

All of this manual’s original sections have been updated and enhanced to include the latest developments in
control technology and use the International System of Units (Sl). A new section has been added on indoor air
quality and information on district heating has been added to the Chiller, Boiler, and Distribution System
Control Applications Section.

This third Sl edition of the Engineering Manual of Automatic Control is our contribution to ensure that we

continue to satisfy our customer’s requirements. The contributions and encouragement received from previous
users are gratefully acknowledged. Further suggestions will be most welcome.

Minneapolis, Minnesota ,;! / ;
December, 1997 1717/‘/

KEVIN GILLIGAN
President, H&BC Solutions and Services






PREFACE

The purpose of this manual is to provide the reader with a fundamental understanding of controls and how
they are applied to the many parts of heating, ventilating, and air conditioning systems in commercial buildings.

Many aspects of control are presented including air handling units, terminal units, chillers, boilers, building
airflow, water and steam distribution systems, smoke management, and indoor air quality. Control fundamentals,
theory, and types of controls provide background for application of controls to heating, ventilating, and air
conditioning systems. Discussions of pneumatic, electric, electronic, and digital controls illustrate that applications
may use one or more of several different control methods. Engineering data such as equipment sizing, use of
psychrometric charts, and conversion formulas supplement and support the control information. To enhance
understanding, definitions of terms are provided within individual sections.

Building management systems have evolved into a major consideration for the control engineer when evaluating
a total heating, ventilating, and air conditioning system design. In response to this consideration, the basics of
building management systems configuration are presented.

The control recommendations in this manual are general in nature and are not the basis for any specific job or
installation. Control systems are furnished according to the plans and specifications prepared by the control
engineer. In many instances there is more than one control solution. Professional expertise and judgment are
required for the design of a control system. This manual is not a substitute for such expertise and judgment.
Always consult a licensed engineer for advice on designing control systems.

It is hoped that the scope of information in this manual will provide the readers with the tools to expand their
knowledge base and help develop sound approaches to automatic control.
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CONTROL FUNDAMENTALS

INTRODUCTION

This section describes heating, ventilating, and air Automatic controls can optimize HVAC system operation.
conditioning (HVAC) systems and discusses characteristics afldiey can adjust temperatures and pressures automatically to
components of automatic control systems. Cross-references &@gluce demand when spaces are unoccupied and regulate
made to sections that provide more detailed information.  heating and cooling to provide comfort conditions while limiting

energy usage. Limit controls ensure safe operation of HVAC

A correctly designed HVAC control system can provide ssystem equipment and prevent injury to personnel and damage
comfortable environment for occupants, optimize energy co$e the system. Examples of limit controls are low-limit
and consumption, improve employee productivity, facilitatéemperature controllers which help prevent water coils or heat
efficient manufacturing, control smoke in the event of a fireexchangers from freezing and flow sensors for safe operation
and support the operation of computer and telecommunication$ some equipment (e.g., chillers). In the event of a fire,
equipment. Controls are essential to the proper operation e®ntrolled air distribution can provide smoke-free evacuation
the system and should be considered as early in the desig@ssages, and smoke detection in ducts can close dampers to
process as possible. prevent the spread of smoke and toxic gases.

Properly applied automatic controls ensure that a correctly HVAC control systems can also be integrated with security
designed HVAC system will maintain a comfortableaccess control systems, fire alarm systems, lighting control
environment and perform economically under a wide range @ystems, and building and facility management systems to
operating conditions. Automatic controls regulate HVAC systenfurther optimize building comfort, safety, and efficiency.
output in response to varying indoor and outdoor conditions to
maintain general comfort conditions in office areas and provide
narrow temperature and humidity limits where required in
production areas for product quality.

DEFINITIONS

The following terms are used in this manual. Figure 1 at th€ontrolled medium: The medium in which the controlled
end of this list illustrates a typical control loop with the variable exists. In a space temperature control system,
components identified using terms from this list. the controlled variable is the space temperature and

the controlled medium is the air within the space.
Analog: Continuously variable (e.g., a faucet controlling water
from off to full flow). Controlled Variable: The quantity or condition that is measured
and controlled.
Automatic control system: A system that reacts to a change or
imbalance in the variable it controls by adjusting otheController: A device that senses changes in the controlled
variables to restore the system to the desired balance. variable (or receives input from a remote sensor) and
derives the proper correction output.
Algorithm: A calculation method that produces a control output
by operating on an error signal or a time series of errdCorrective action: Control action that results in a change of
signals. the manipulated variable. Initiated when the controlled
variable deviates from setpoint.
Compensation control:A process of automatically adjusting
the setpoint of a given controller to compensate foCycle: One complete execution of a repeatable process. In basic

changes in a second measured variable (e.g., outdoor heating operation, a cycle comprises one on period
air temperature). For example, the hot deck setpoint and one off period in a two-position control system.
is normally reset upward as the outdoor air temperature
decreases. Also called “reset control”. Cycling: A periodic change in the controlled variable from one
value to another. Out-of-control analog cycling is
Control agent: The medium in which the manipulated variable called “hunting”. Too frequent on-off cycling is called
exists. In a steam heating system, the control agent is “short cycling”. Short cycling can harm electric
the steam and the manipulated variable is the flow of motors, fans, and compressors.
the steam.
Cycling rate: The number of cycles completed per time unit,
Control point: The actual value of the controlled variable typically cycles per hour for a heating or cooling system.
(setpoint plus or minus offset). The inverse of the length of the period of the cycle.

ENGINEERING MANUAL OF AUTOMATIC CONTROL 5



CONTROL FUNDAMENTALS

corrective action is taken by the controlled system and
no energy is used. See also “zero energy band”.

of the controlled variable at any moment. Also called
“offset”.

control.

Digital: A series of on and off pulses arranged to convey

Deadband: A range of the controlled variable in which no Load: In a heating or cooling system, the heat transfer that the

system will be called upon to provide. Also, the work
that the system must perform.

Deviation: The difference between the setpoint and the valudanipulated variable: The quantity or condition regulated

by the automatic control system to cause the desired
change in the controlled variable.

DDC: Direct Digital Control. See also Digital and Digital Measured variable: A variable that is measured and may be

controlled (e.g., discharge air is measured and
controlled, outdoor air is only measured).

information. Morse code is an early example.Microprocessor-based control:A control circuit that operates

Processors (computers) operate using digital language.

Digital control: A control loop in which a microprocessor-

based controller directly controls equipment based on
sensor inputs and setpoint parameters. The
programmed control sequence determines the output
to the equipment.

on low voltage and uses a microprocessor to perform
logic and control functions, such as operating a relay
or providing an output signal to position an actuator.
Electronic devices are primarily used as sensors. The
controller often furnishes flexible DDC and energy
management control routines.

Modulating: An action that adjusts by minute increments and

Droop: A sustained deviation between the control point and

the setpoint in a two-position control system caused
by a change in the heating or cooling load.

Enhanced proportional-integral-derivative (EPID) control:

A control algorithm that enhances the standard PID

decrements.

Offset: A sustained deviation between the control point and

the setpoint of a proportional control system under
stable operating conditions.

algorithm by allowing the designer to enter a startugOn/off control: A simple two-position control system in which

output value and error ramp duration in addition to
the gains and setpoints. These additional parameters
are configured so that at startup the PID output varies
smoothly to the control point with negligible overshoot
or undershoot.

Electric control: A control circuit that operates on line or low

voltage and uses a mechanical means, such as a
temperature-sensitive bimetal or bellows, to perform
control functions, such as actuating a switch or
positioning a potentiometer. The controller signal usually
operates or positions an electric actuator or may switch
an electrical load directly or through a relay.

Electronic control: A control circuit that operates on low

voltage and uses solid-state components to amplify
input signals and perform control functions, such as
operating a relay or providing an output signal to

position an actuator. The controller usually furnishes

the device being controlled is either full on or full off
with no intermediate operating positions available.
Also called “two-position control”.

Pneumatic control: A control circuit that operates on air

pressure and uses a mechanical means, such as a
temperature-sensitive bimetal or bellows, to perform
control functions, such as actuating a nozzle and
flapper or a switching relay. The controller output
usually operates or positions a pneumatic actuator,
although relays and switches are often in the circuit.

ProcessA general term that describes a change in a measurable

variable (e.g., the mixing of return and outdoor air

streams in a mixed-air control loop and heat transfer
between cold water and hot air in a cooling coil).

Usually considered separately from the sensing
element, control element, and controller.

fixed control routines based on the logic of the solidProportional band: In a proportional controller, the control

state components.

Final control element: A device such as a valve or damper

that acts to change the value of the manipulated
variable. Positioned by an actuator.

Hunting: See Cycling.

the system, or some other condition to which itis related.

Also, the delay in response of the sensing element of a
control due to the time required for the sensing element
to sense a change in the sensed variable.

point range through which the controlled variable must
pass to move the final control element through its full
operationg range. Expressed in percent of primary
sensor span. Commonly used equivalents are
“throttling range” and “modulating range”, usually
expressed in a quantity of Engineering units (degrees
of temperature).

Lag: A delay in the effect of a changed condition at one point ifProportional control: A control algorithm or method in which

the final control element moves to a position
proportional to the deviation of the value of the
controlled variable from the setpoint.

ENGINEERING MANUAL OF AUTOMATIC CONTROL
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Proportional-Integral (PI) control: A control algorithm that

combines the proportional (proportional response) and
integral (reset response) control algorithms. Reset

may be actuator driven, electronic, or directly activated
by the sensed medium (e.g., pressure, temperature).

response tends to correct the offset resulting fronThrottling range: In a proportional controller, the control point

proportional control. Also called “proportional-plus-
reset” or “two-mode” control.

Proportional-Integral-Derivative (PID) control: A control

algorithm that enhances the PI control algorithm by
adding a component that is proportional to the rate of
change (derivative) of the deviation of the controlled

variable. Compensates for system dynamics and

range through which the controlled variable must pass
to move the final control element through its full
operating range. Expressed in values of the controlled
variable (e.g., Kelvins or degrees Celsius, percent
relative humidity, kilopascals). Also called
“proportional band”. In a proportional room
thermostat, the temperature change required to drive
the manipulated variable from full off to full on.

allows faster control response. Also called “three-

mode” or “rate-reset” control. Time constant: The time required for a dynamic component,
such as a sensor, or a control system to reach 63.2
percent of the total response to an instantaneous (or
“step”) change to its input. Typically used to judge
the responsiveness of the component or system.

Reset Control: See Compensation Control.

Sensing elementA device or component that measures the
value of a variable.
Two-position control: See on/off control.
Setpoint: The value at which the controller is set (e.g., the
desired room temperature set on a thermostat). Th&ero energy band: An energy conservation technique that
desired control point. allows temperatures to float between selected settings,
thereby preventing the consumption of heating or
Short cycling: See Cycling. cooling energy while the temperature is in this range.
Step control: Control method in which a multiple-switch Zoning: The practice of dividing a building into sections for
assembly sequentially switches equipment (e.qg., heating and cooling control so that one controller is
electric heat, multiple chillers) as the controller input sufficient to determine the heating and cooling
varies through the proportional band. Step controllers requirements for the section.

1
MEASURED : RESET SCHEDULE 1 ALGORITHM IN
VARIABLE —\OUTDOOR : 1 CONTROLLER
= o | &) s
y 70 :
1 1
ouooor 1 | [-15 (@) '
AIR ' SETPOINT f
' OA HW > INPUT !
: TEMPERATURE SETPOINT OUTPUT '
1
[ 5

PERCENT

CONTROLLED CONTROL OPEN

VARIABLE—\ PO'NT\

HOTWATER | 71
SUPPLY
TEMPERATURE

FINAL CONTROL
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STEAM

N~ conTROL

\_ AGENT
MANIPULATED
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VARIABLE —~

e —] @ >

Fig. 1. Typical Control Loop.
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HVAC SYSTEM CHARACTERISTICS

GENERAL Figure 2 shows how an HVAC system may be distributed in
a small commercial building. The system control panel, boilers,

An HVAC system is designed according to capacit otors, pumps, and chillers are often located on the lower level.

requirements, an acceptable combination of first cost and operati e cooling tower is typically located on the roof. Throughout

il : : the building are ductwork, fans, dampers, coils, air filters
costs, system reliability, and available equipment space. X . . ', ' ' e '
y vy quip P heating units, and variable air volume (VAV) units and diffusers.

Larger buildings often have separate systems for groups of floors
or areas of the building.

COOLING

DUCTWORK
DAMPER TOWER HEATING
AIR COOLING UNIT.
FILTER VAV BOX
_\ Y DIFFUSER

CONTROL
PANEL
M10506

Fig. 2. Typical HVAC System in a Small Building.

The control system for a commercial building comprises The basic control loops in a central air handling system can
many control loops and can be divided into central system ange classified as shown in Table 1.
local- or zone-control loops. For maximum comfort and
efficiency, all control loops should be tied together to share Depending on the system, other controls may be required
information and system commands using a buildingfor optimum performance. Local or zone controls depend on
management system. Refer to the Building Management Systetie type of terminal units used.
Fundamentals section of this manual.
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Table 1. Functions of Central HVAC Control Loops.

Control
Loop Classification Description
Ventilation Basic Coordinates operation of the outdoor, return, and exhaust air dampers to maintain
the proper amount of ventilation air. Low-temperature protection is often required.
Better Measures and controls the volume of outdoor air to provide the proper mix of
outdoor and return air under varying indoor conditions (essential in variable air
volume systems). Low-temperature protection may be required.
Cooling Chiller control Maintains chiller discharge water at preset temperature or resets temperature
according to demand.
Cooling tower Controls cooling tower fans to provide the coolest water practical under existing
control wet bulb temperature conditions.
Water coil control Adjusts chilled water flow to maintain temperature.
Direct expansion Cycles compressor or DX coil solenoid valves to maintain temperature. If
(DX) system control | compressor is unloading type, cylinders are unloaded as required to maintain
temperature.
Fan Basic Turns on supply and return fans during occupied periods and cycles them as
required during unoccupied periods.
Better Adjusts fan volumes to maintain proper duct and space pressures. Reduces system
operating cost and improves performance (essential for variable air volume systems).
Heating Coil control Adjusts water or steam flow or electric heat to maintain temperature.
Boiler control Operates burner to maintain proper discharge steam pressure or water temperature.
For maximum efficiency in a hot water system, water temperature should be reset as
a function of demand or outdoor temperature.
HEATING
GENERAL

Building heat loss occurs mainly through transmission, Transmission is the process by which energy enters or leaves
infiltration/exfiltration, and ventilation (Fig.)3 a space through exterior surfaces. The rate of energy
TRANSMISSION oo TC transmission is calculated by subtracting the outdoor

temperature from the indoor temperature and multiplying the
\~>/ ‘\\ result by the heat transfer coefficient of the surface materials.

i - ~— PREVAILING The rate of transmission varies with the thickness and
VENTILATION Z DUCT «— WINDS construction of the exterior surfaces but is calculated the same
T— /— way for all exterior surfaces:
EXFILTRATION 20°C
B 4 . .
ooR winoow || ineiLTRATION Energy Transmission per
~f— I Unit Area and Unit Time = (f - Toyr) X HTC
w
e Where:
Fia. 3. Heat Loss f Buildi T, = indoor temperature
Ig. 3. Heat Loss from a Building. Tour = outdoor temperature

HTC

The heating capacity required for a building depends on the heat transfer coefficient

design temperature, the quantity of outdoor air used, and the
physical activity of the occupants. Prevailing winds affect the HTC
rate of heat loss and the degree of infiltration. The heating
system must be sized to heat the building at the coldest outdoor
temperature the building is likely to experience (outdoor design
temperature).

_ joule
~ Unit Time x Unit Area x Unit Temperature
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Infiltration is the process by which outdoor air enters a
building through walls, cracks around doors and windows, and
open doors due to the difference between indoor and outdoor
air pressures. The pressure differential is the result of
temperature difference and air intake or exhaust caused by fan
operation. Heat loss due to infiltration is a function of
temperature difference and volume of air moved. Exfiltration
is the process by which air leaves a building (e.g., through walls
and cracks around doors and windows) and carries heat with it.
Infiltration and exfiltration can occur at the same time.

Ventilation brings in fresh outdoor air that may require
heating. As with heat loss from infiltration and exfiltration, heat
loss from ventilation is a function of the temperature difference
and the volume of air brought into the building or exhausted.

HEATING EQUIPMENT

Selecting the proper heating equipment depends on many
factors, including cost and availability of fuels, building size
and use, climate, and initial and operating cost trade-offs.
Primary sources of heat include gas, oil, wood, coal, electrical,
and solar energy. Sometimes a combination of sources is most
economical. Boilers are typically fueled by gas and may have
the option of switching to oil during periods of high demand.
Solar heat can be used as an alternate or supplementary source
with any type of fuel.

Figure 4 shows an air handling system with a hot water coil.
A similar control scheme would apply to a steam coil. If steam

STEAM OR
HOT WATER
SUPPLY

(Y 1

COIL

CONDENSATE
-} OR HOT WATER
RETURN
STEAM TRAP
(IF STEAM SUPPLY)

UNIT HEATER I_,\

C2703

Fig. 5. Typical Unit Heater.

HOT WATER
SUPPLY

HOT WATER
RETURN

GRID PANEL
C <+ e
D)
C
D
C HOT WATER

RETURN
SERPENTINE PANEL

C2704

Fig. 6. Panel Heaters.

or hot water is chosen to distribute the heat energy, high- Unit ventilators (Fig. 7) are used in classrooms and may
efficiency boilers may be used to reduce life-cycle cost. Waténclude both a heating and a cooling coil. Convection heaters
generally is used more often than steam to transmit heat enefgyg. 8) are used for perimeter heating and in entries and
from the boiler to the coils or terminal units, because wateagorridors. Infrared heaters (Fig. 9) are typically used for spot
requires fewer safety measures and is typically more efficienigating in large areas (e.qg., aircraft hangers, stadiums).

especially in mild climates.

THERMOSTAT

HOT WATER
SUPPLY

@

HOT WATER
RETURN C2702

DISCHARGE

AIR _>

Fig. 4. System Using Heating Coil.

An air handling system provides heat by moving an air stream
across a coil containing a heating medium, across an electric
heating coil, or through a furnace. Unit heaters (Fig. 5) are
typically used in shops, storage areas, stairwells, and docks.
Panel heaters (Fig. 6) are typically used for heating floors and
are usually installed in a slab or floor structure, but may be
installed in a wall or ceiling.

10

wALL DISCHARGE

1 AR
o — [/ /-
)

HEATING

colL Z;
& ™ cooLing

ColL

DRAIN PAN

MIXING

OUTDOOR ; DAMPERS/\\ RETURN
“\\ /N

{T\_fl’\r

L O A AN 3035

Fig. 7. Unit Ventilator.
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warm exhaust air, and the vapor rises toward the higher end in

T the cool outdoor air, where it gives up the heat of vaporization
LLLLLNLN * and condenses. A wick carries the liquid refrigerant back to the
warm end, where the cycle repeats. A heat pipe requires no

N < energy input. For cooling, the process is reversed by tilting the

FLOOR TO OTHER i '
SUPPLY Jp P HEATING UNITS pipe the other way

\ /F'NNEDTUBE application, the refrigerant vaporizes at the lower end in the
IR

RETURN —«§ 4 From OTHER Controls may be pneumatic, electric, electronic, digital, or a
HEATING UNITS combination. Satisfactory control can be achieved using
_ _ independent control loops on each system. Maximum operating
Fig. 8. Convection Heater. efficiency and comfort levels can be achieved with a control
system which adjusts the central system operation to the
REFLECTOR demands of the zones. Such a system can save enough in
I I operating costs to pay for itself in a short time.
/ INFRARED \ Controls for the air handling system and zones are specifically
SOURCE . o . .
designed for a building by the architect, engineer, or team who
designs the building. The controls are usually installed at the job
site. Terminal unit controls are typically factory installed. Boilers,

heat pumps, and rooftop units are usually sold with a factory-
c2708 installed control package specifically designed for that unit.

RADIANT HEAT

Fig. 9. Infrared Heater.
- . . OOLING
In mild climates, heat can be provided by a coil in the central
air handling system or by a heat pump. Heat pumps have tigENERAL
advantage of switching between heating and cooling modes as
required. Rooftop units provide packaged heating and cooling. Both sensible and latent heat contribute to the cooling load
Heating in a rooftop unit is usually by a gas- or oil-fired furnacef a building. Heat gain is sensible when heat is added to the
or an electric heat coil. Steam and hot water coils are availabienditioned space. Heat gain is latent when moisture is added
as well. Perimeter heat is often required in colder climatesg the space (e.g., by vapor emitted by occupants and other
particularly under large windows. sources). To maintain a constant humidity ratio in the space,
water vapor must be removed at a rate equal to its rate of addition
A heat pump uses standard refrigeration components andro the space.
reversing valve to provide both heating and cooling within the
same unit. In the heating mode, the flow of refrigerant through Conduction is the process by which heat moves between
the coils is reversed to deliver heat from a heat source to thgjoining spaces with unequal space temperatures. Heat may
conditioned space. When a heat pump is used to exchange he@abe through exterior walls and the roof, or through floors,
from the interior of a building to the perimeter, no additionalvalls, or ceilings. Solar radiation heats surfaces which then
heat source is needed. transfer the heat to the surrounding air. Internal heat gain is
generated by occupants, lighting, and equipment. Warm air
A heat-recovery system is often used in buildings where éntering a building by infiltration and through ventilation also
significant quantity of outdoor air is used. Several types of heatontributes to heat gain.
recovery systems are available including heat pumps, runaround
systems, rotary heat exchangers, and heat pipes. Building orientation, interior and exterior shading, the angle
of the sun, and prevailing winds affect the amount of solar heat
In a runaround system, coils are installed in the outdoor again, which can be a major source of heat. Solar heat received
supply duct and the exhaust air duct. A pump circulates thirough windows causes immediate heat gain. Areas with large
medium (water or glycol) between the coils so that medium heategndows may experience more solar gain in winter than in
by the exhaust air preheats the outdoor air entering the systersummer. Building surfaces absorb solar energy, become heated,
and transfer the heat to interior air. The amount of change in
A rotary heat exchanger is a large wheel filled with metalemperature through each layer of a composite surface depends

mesh. One half of the wheel is in the outdoor air intake and thsh the resistance to heat flow and thickness of each material.
other half, in the exhaust air duct. As the wheel rotates, the

metal mesh absorbs heat from the exhaust air and dissipates ©ccupants, lighting, equipment, and outdoor air ventilation
in the intake air. and infiltration requirements contribute to internal heat gain.
For example, an adult sitting at a desk produces about 117 watts.
A heat pipe is a long, sealed, finned tube charged with |acandescent lighting produces more heat than fluorescent

refrigerant. The tube is tilted slightly with one end in the outdoolighting. Copiers, computers, and other office machines also
air intake and the other end in the exhaust air. In a heatiR@ntribute significantly to internal heat gain.
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COOLING EQUIPMENT Compressors for chilled water systems are usually centrifugal,
reciprocating, or screw type. The capacities of centrifugal and
An air handling system cools by moving air across a cocrew-type compressors can be controlled by varying the
containing a cooling medium (e.g., chilled water or avolume of refrigerant or controlling the.compr_essor spegd. DX
refrigerant). Figures 10 and 11 show air handling systems theYstem compressors are usually reciprocating and, in some
use a chilled water coil and a refrigeration evaporator (dire@ystems, capacity can be controlled by unloading cylinders.
expansion) coil, respectively. Chilled water control is usually\bsorption refrigeration systems, which use heat energy directly
proportional, whereas control of an evaporator coil is twot0 produce chilled water, are sometimes used for large chilled
position. In direct expansion systems having more than orféater systems.
coil, a thermostat controls a solenoid valve for each coil and . .
the compressor is cycled by a refrigerant pressure control. ThisWhile heat pumps are usually direct expansion, a large heat
type of system is called a “pump down” system. Pump dowRUMp may be in the form of a chiller. Air is typically the heat
may be used for systems having only one coil, but more oft@purce_and h_eat sink unless a large water reservoir (e.g., ground
the compressor is controlled directly by the thermostat. ~ Wwater) is available.

Initial and operating costs are prime factors in selecting
cooling equipment. DX systems can be less expensive than
chillers. However, because a DX system is inherently two-
position (on/off), it cannot control temperature with the accuracy
of a chilled water system. Low-temperature control is essential

TEMPERATURE
CONTROLLER

SENSOR

CHILLED CHILLED

WATER WATER in a DX system used with a variable air volume system.
SUPPLY RETURN
CHILLED —> For more inforrr_1ation cqntrol of \{arious system equipment,
ER COOLAIR refer to the following sections of this manual:
— Chiller, Boiler, and Distribution System
L}—I ca7072 Control Applications.
— Air Handling System Control Applications.
Fig. 10. System Using Cooling Coil. — Individual Room Control Applications.
TEMPERATURE
SENSOR
OO DEHUMIDIFICATION
SOLENOID
VALVE Air that is too humid can cause problems such as condensation
REFRIGERANT and physical discomfort. Dehumidification methods circulate
LIQUID moist air through cooling coils or sorption units.
D Dehumidification is required only during the cooling season.
Y PORATOR —» In those applications, the cooling system can be designed to
X COOL AIR . - g . .
provide dehumidification as well as cooling.
> REFRIGERANT For dehumidification, a cooling coil must have a capacity
GAS c27081 and surface temperature sufficient to cool the air below its dew
point. Cooling the air condenses water, which is then collected
Fig. 11. System Using Evaporator and drained away. When humidity is critical and the cooling
(Direct Expansion) Coil. system is used for dehumidification, the dehumidified air may

be reheated to maintain the desired space temperature.

Two basic types of cooling systems are available: chillers,
typically used in larger systems, and direct expansion (DX) When cooling coils cannot reduce moisture content
coils, typically used in smaller systems. In a chiller, thesufficiently, sorption units are installed. A sorption unit uses
refrigeration system cools water which is then pumped to coilsither a rotating granular bed of silica gel, activated alumina or
in the central air handling system or to the coils of fan coihygroscopic salts (Fig. 12), or a spray of lithium chloride brine
units, a zone system, or other type of cooling system. In a D& glycol solution. In both types, the sorbent material absorbs
system, the DX coil of the refrigeration system is located imoisture from the air and then the saturated sorbent material
the duct of the air handling system. Condenser cooling fqrasses through a separate section of the unit that applies heat
chillers may be air or water (using a cooling tower), while DXto remove moisture. The sorbent material gives up moisture to
systems are typically air cooled. Because water cooling is moeestream of “scavenger” air, which is then exhausted. Scavenger
efficient than air cooling, large chillers are always water coolediir is often exhaust air or could be outdoor air.
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e VENTILATION
HUMID AIR
ROTATING [—> EXHAUST
SRANULAR Ventilation introduces outdoor air to replenish the oxygen
\\ supply and rid building spaces of odors and toxic gases.
‘o“(gcgog oocgcgfg Ventilation can also be used to pressurize a building to reduce
2 = HEATING infiltration. While ventilation is required in nearly all buildings,
coL the design of a ventilation system must consider the cost of
heating and cooling the ventilation air. Ventilation air must be
ﬁﬁﬁPT'C’V( kept at the minimum required level except when used for free
* t_ cooling (refer to ASHRAE Standard 62, Ventilation for
S VENGER Acceptable Indoor Air Quality).
DRY AIR
c2109 To ensure high-quality ventilation air and minimize the

amount required, the outdoor air intakes must be located to
avoid building exhausts, vehicle emissions, and other sources

Sprayed cooling coils (Fig. 13) are often used for space humi(ig pollutants. Indoor exhaust systems should collect odors or

control to increase the dehumidifier efficiency and to provide ye -ontaminants at their source. The amount of ventllatlo_n a
round humidity control (winter humidification also). uilding requires may be reduced with air washers, high
efficiency filters, absorption chemicals (e.g., activated charcoal),

Fig. 12. Granular Bed Sorption Unit.

MOISTURE or odor modification systems.
ELIMINATORS
o \ Ventilation requirements vary according to the number of
<N occupants and the intended use of the space. For a breakdown
» j N of types of spaces, occupancy levels, and required ventilation,
N refer to ASHRAE Standard 62.
MMAA,A@ PVP ey Figure 14 shows a ventilation system that supplies 100 percent
outdoor air. This type of ventilation system is typically used
Fig. 13. Sprayed Coil Dehumidifier. where odors or contaminants originate in the conditioned space

(e.g., alaboratory where exhaust hoods and fans remove fumes).
For more information on dehumidification, refer to theSuch applications require make-up air that is conditioned to

following sections of this manual: provide an acceptable environment.

— Psychrometric Chart Fundamentals.

— Air Handling System Control Applications. EXHAUST

<« |-\ ) 4 RETURN
OUTDOORS AIR
HUMIDIFICATION
FAN SPACE

Low humidity can cause problems such as respiratory SUPPL
discomfort and static electricity. Humidifiers can humidify a MAKE-UP
space either directly or through an air handling system. For OTDOOR AR
satisfactory environmental conditions, the relative humidity of
the air should be 30 to 60 percent. In critical areas where FILTER  COL . SuPpLY
explosive gases are present, 50 percent minimum is FAN
recommended. Humidification is usually required only during com

the heati tin ext ly dry climates. . _ .
e heating season except in extremely dry climates Fig. 14. Ventilation System Using

Humidifiers in air handling systems typically inject steam 100 Percent Outdoor Alr.

directly into the air stream (steam injection), spray atomized
water into the air stream (atomizing), or evaporate heated wate :
constant volume systems uneconomical. For that reason,

from a pan in the duct into the air stream passing through t h f ling | ; labl
duct (pan humidification). Other types of humidifiers are awatepher means of controlling internal contaminants are available,
u h as variable volume fume hood controls, space

spray and sprayed coil. In spray systems, the water can be heatdg" 2 i ol d air cleani :
for better vaporization or cooled for dehumidification. pressurization controls, and air cieaning systems.

Jn many applications, energy costs make 100 percent outdoor

A ventilation system that uses return air (Fig. 15) is more
common than the 100 percent outdoor air system. The return-
air ventilation system recirculates most of the return air from
the system and adds outdoor air for ventilation. The return-air
system may have a separate fan to overcome duct pressure

For more information on humidification, refer to the following
sections of this manual:

— Psychrometric Chart Fundamentals.

— Air Handling System Control Applications.
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losses. The exhaust-air system may be incorporated into the air
conditioning unit, or it may be a separate remote exhaust. Supply
air is heated or cooled, humidified or dehumidified, and

discharged into the space.

DAMPER RETURN FAN

/
Ry 2 L\ ) <

DAMPERS // FILTER  COIL SUPPLY FAN

7
'(A)“L;TDOOR_’ ; XIII';(ED (/J

Fig. 15. Ventilation System Using Return Air.

Ventilation systems as shown in Figures 14 and 15 should

provide an acceptable indoor air quality, utilize outdoor air for P
cooling (or to supplement cooling) when possible, and maintain

proper building pressurization.

For more information on ventilation, refer to the following

sections of this manual:

— Indoor Air Quality Fundamentals.
— Air Handling System Control Applications.
— Building Airflow System Control Applications.

FILTRATION

Air filtration is an important part of the central air handling
system and is usually considered part of the ventilation system.
Two basic types of filters are available: mechanical filters and
electrostatic precipitation filters (also called electronic air
cleaners). Mechanical filters are subdivided into standard and

high efficiency.
Filters are selected according to the degree of cleanliness BAG FILTER
required, the amount and size of particles to be removed, and
acceptable maintenance requirements. High-efficiency Fig. 17. Mechanical Filters.

particulate air (HEPA) mechanical filters (Fig. 16) do not release

the collected particles and therefore can be used for clean room®ther types of mechanical filters include strainers, viscous
and areas where toxic particles are released. HEPA filtetoated filters, and diffusion filters. Straining removes particles
significantly increase system pressure drop, which must kihat are larger than the spaces in the mesh of a metal filter and

considered when selecting the fan. Figure

mechanical filters.
CELL

Y

waan o

atatatavatavag

\

PLEATED PAPER l

Fig. 16. HEPA Filter.

C2713

17 shows othere often used as prefilters for electrostatic filters. In viscous

coated filters, the particles passing through the filter fibers

collide with the fibers and are held on the fiber surface. Diffusion

removes fine particles by using the turbulence present in the
air stream to drive particles to the fibers of the filter surface.

An electrostatic filter (Fig. 18) provides a low pressure drop
but often requires a mechanical prefilter to collect large particles
and a mechanical after-filter to collect agglomerated particles
that may be blown off the electrostatic filter. An electrostatic
filter electrically charges particles passing through an ionizing
field and collects the charged particles on plates with an opposite
electrical charge. The plates may be coated with an adhesive.
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Fig. 18. Electrostatic Filter.

CONTROL SYSTEM CHARACTERISTICS

Automatic controls are used wherever a variable condition The sensor can be separate from or part of the controller and
must be controlled. In HVAC systems, the most commonlys located in the controlled medium. The sensor measures the
controlled conditions are pressure, temperature, humidity, andlue of the controlled variable and sends the resulting signal
rate of flow. Applications of automatic control systems rangéo the controller. The controller receives the sensor signal,
from simple residential temperature regulation to precisiocompares it to the desired value, or setpoint, and generates a
control of industrial processes. correction signal to direct the operation of the controlled device.

The controlled device varies the control agent to regulate the
output of the control equipment that produces the desired

CONTROLLED VARIABLES condition.

HVAC applications use two types of control loops: open and
losed. An open-loop system assumes a fixed relationship
tween a controlled condition and an external condition. An
ﬁ;é mple of open-loop control would be the control of perimeter
lation heating based on an input from an outdoor air
temperature sensor. A circulating pump and boiler are energized
O\tvhen an outdoor air temperature drops to a specified setting,

example, the thermostat measures the temperature (controlfdefl the water temperature or flow is proportionally controlled
variable) of the room air (controlled medium) at a specifie(f'i1S afunctlonkof.the outdoor tenﬁperz.iture.An open-(quqp sy?tem
location. As the room cools, the thermostat operates a val\(}jé)es not take into account changing space conditions from

that regulates the flow (manipulated variable) of hot Watemternal heat gains, infiltration/exfiltration, solar gain, or other
(control agent) through the coil. In this way, the coil furnishe§1anging variables in the building. Open-loop control alone
heat to warm the room air. does not provide close control and may result in underheating

or overheating. For this reason, open-loop systems are not
common in residential or commercial applications.

Automatic control requires a system in which a controllable
variable exists. An automatic control system controls th
variable by manipulating a second variable. The second variab
called the manipulated variable, causes the necessary chan
in the controlled variable.

In a room heated by air moving through a hot water coil, f

CONTROL LOOP A closed-loop system relies on measurement of the controlled

) o ) _variable to vary the controller output. Figure 19 shows a block

In an air conditioning system, the controlled variable iiagram of a closed-loop system. An example of closed-loop
maintained by varying the output of the mechanical equipmebntrol would be the temperature of discharge air in a duct
by means of an automatic control loop. A control loop consistgetermining the flow of hot water to the heating coils to maintain

of an input sensing element, such as a temperature sensoth@ discharge temperature at a controller setpoint.
controller that processes the input signal and produces an output

signal; and a final control element, such as a valve, that operates
according to the output signal.
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SETPOINT Self-powered systems are a comparatively minor but still
important type of control. These systems use the power of the
CEEDBACK measured variable to induce the necessary corrective action.
CONTROLLER SECONDARY For example, temperature chang.es at a sensor cause pressure
or volume changes that are applied directly to the diaphragm
SORRECTIVE or bellows in the valve or damper actuator.
P o RO Many complete control systems use a combination of the
D above categories. An example of a combined system is the
VARIABLE control system for an air handler that includes electric on/off
control of the fan and pneumatic control for the heating and
PROCESS DISTURBANCES cooling caoils.
CONTROLLED . . . .
SENSING VARIABLE Various control methods are described in the following
ELEMENT H H .
o072 sections of this manual:
Fig. 19. Feedback in a Closed-Loop System. — Pneumatic Control Fundamentals.

— Electric Control Fundamentals.

In this example, the sensing element measures the discharge- Electronic Control Fundamentals.
air temperature and sends a feedback signal to the controllek— Microprocessor-Based/DDC Fundamental.
The controller compares the feedback signal to the setpoint.
Based on the difference, or deviation, the controller issues aSee CHARACTERISTICS AND ATTRIBUTES OF
corrective signal to a valve, which regulates the flow of hoCONTROL METHODS.
water to meet the process demand. Changes in the controlled
variable thus reflect the demand. The sensing element continues
to measure changes in the discharge air temperature and fepfgaAl OG AND DIGITAL CONTROL
the new condition back into the controller for continuous

comparison and correction. Traditionally, analog devices have performed HVAC control.
. A typical analog HVAC controller is the pneumatic type which
Automatic control systems use feedback to reduce th@cejves and acts upon data continuously. In a pneumatic
magnitude of the deviation and produce system stability agntroller, the sensor sends the controiler a continuous
described above. A secondary input, such as the input from gReymatic signal, the pressure of which is proportional to the
outdoor air compensation sensor, can provide information abayd|ye of the variable being measured. The controller compares
disturbances that affect the controlled variable. Using an input e iy pressure sent by the sensor to the desired value of air

addition to the controlled variable enables the controller tgyassyre as determined by the setpoint and sends out a control
anticipate the effect of the disturbance and compensate for it, thyjgnal based on the comparison.

reducing the impact of disturbances on the controlled variable.

The digital controller receives electronic signals from sensors,
converts the electronic signals to digital pulses (values), and

CONTROL METHODS performs mathematical operations on these values. The
controller reconverts the output value to a signal to operate an
GENERAL actuator. The controller samples digital data at set time intervals,

rather than reading it continually. The sampling method is called
An automatic control system is classified by the type ofliscrete control signaling. If the sampling interval for the digital

energy transmission and the type of control signal (analog gentroller is phosen properly, discrete output changes provide
digital) it uses to perform its functions. even and uninterrupted control performance.

The most common forms of energy for automatic control Figure 20 compares analog and digital control signals. The

systems are electricity and compressed air. Systems mg}gital controller periodically updates the process as a function
comprise one or both forms of energy. of a set of measured control variables and a given set of control

algorithms. The controller works out the entire computation,

Systems that use electrical energy are electromechanic%ﬂ?l“d'”g the control algonthm,_and sends a signal to an actuator.
electronic, or microprocessor controlled. Pneumatic contrdl many of the larger commercial control systems, an electronic-
systems use varying air pressure from the sensor as input tgRgumatic transducer converts the ele_ctrlc output to a variable
controller, which in turn produces a pneumatic output signal tBréssure output for pneumatic actuation of the final control
a final control element. Pneumatic, electromechanical, arffément.
electronic systems perform limited, predetermined control
functions and sequences. Microprocessor-based controllers use
digital control for a wide variety of control sequences.
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ANALOG CONTROL SIGNAL An example of differential gap would be in a cooling system
in which the controller is set to open a cooling valve when the
space temperature reache$@g6and to close the valve when

EINAL the temperature drops toZa The difference between the two
CONTROL temperatures (C or 1 Kelvin) is the differential gap. The
S \_/ controlled variable fluctuates between the two temperatures.

Basic two-position control works well for many applications.
For close temperature control, however, the cycling must be

CLOSED accelerated or timed.
TIME

OPEN

DIGITAL CONTROL SIGNAL Basic Two-Position Control
OPEN ) . .
In basic two-position control, the controller and the final
FINAL control element interact without modification from a mechanical

CONTROL or thermal source. The result is cyclical operation of the

POSITION controlled equipment and a condition in which the controlled
_I_I_I_I_‘—|_,_|_ variable cycles back and forth between two values (the on and

off points) and is influenced by the lag in the system. The
controller cannot change the position of the final control element
CLOSED until the controlled variable reaches one or the other of the two

TIME c2080 limits of the differential. For that reason, the differential is the

minimum possible swing of the controlled variable. Figure 21

shows a typical heating system cycling pattern.

Fig. 20. Comparison of Analog
and Digital Control Signals.

TEMPERATURE
)

235 T
CONTROL MODES |~~~ ovErsHooT
23 1+ CONDTION
Control systems use different control modes to accomplish 25 T

DIAL SETTING
their purposes. Control modes in commercial applications /

include two-position, step, and floating control; proportional,  °F—= 22 | ]/DIFFERENTIAL
proportional-integral, and proportional-integral-derivative ON—» 215 L - = S N S
control; and adaptive control.

\

21 1+

TWO-POSITION CONTROL 205 T

20 +
UNDERSHOOT
General CONDTION

In two-position control, the final control element occupies TIME caorz

one of two possible positions except for the brief period whefjg 21 Typical Operation of Basic Two-Position Control.
it is passing from one position to the other. Two-position contro

is used in simple HVAC systems to start and stop electric motorstpe gyershoot and undershoot conditions shown in Figure
on unit heaters, fan coil units, and refrigeration machines, ¥, re caused by the lag in the system. When the heating system
open water sprays for humidification, and to energize ang energized, it builds up heat which moves into the space to
deenergize electric strip heaters. warm the air, the contents of the space, and the thermostat. By
" ... the time the thermostat temperature reaches the off point (e.g.,
In two-position control, two values of the controlled vanablezzoc), the room air is already warmer than that temperature.
(usually equated with on and off) determine the position of theyhen the thermostat shuts off the heat, the heating system

final control element. Between these values is a zone called tB%sipates its stored heat to heat the space even more, causing
“differential gap” or “differential” in which the controller cannot ,ershoot. Undershoot is the same process in reverse.'
initiate an action of the final control element. As the controlleé)

variable reaches one of the two values, the final control element, p5sic two-position control, the presence of lag causes the
assumes the position that corresponds to the demands of fgyirgller to correct a condition that has already passed rather
controller, and remains there until the controlled variablgnan one that is taking place or is about to take place. Consequently,
changes to the other value. The final control element moves gagic two-position control is best used in systems with minimal
the other position and remains there until the controlled variabjg;, system lag (including transfer, measuring, and final control

returns to the other limit. element lags) and where close control is not required.

ENGINEERING MANUAL OF AUTOMATIC CONTROL 17
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Figure 22 shows a sample control loop for basic two-position ya5 o DASICTWO-POSITION CONTROL
control: a thermostat turning a furnace burner on or off in _— OVERSHOOT
response to space temperature. Because the thermostat cannot 23 CONDITION
catch up with fluctuations in temperature, overshoot and TEMPERATURE
undershoot enable the temperature to vary, sometimes 257 /DIALSETTING
considerably. Certain industrial processes and auxiliary

S o OFF —» 22
processes in air conditioning have small system lags and can ’ } DIFFERENTIAL
use two-position control satisfactorily. ON— 215 +———4—-4-—-} -4
THERMOSTAT 21 T
FURNACE
205 T
SOLENOID 20 T \

GAS VALVE UNDERSHOOT
CONDITION

C2715 TIME

Fig. 22. Basic Two-Paosition Control Loop.
235 +  TIMED TWO-POSITION CONTROL

Timed Two-Position Control =

TEMPERATURE
(°C) 225 T
GENERAL

OFF — 22 A1
. . . . «— CONTROL
The ideal method of controlling the temperature in a space is ON —» POINT
215 7= — —-V—= - -

to replace lost heat or displace gained heat in exactly the amount

needed. With basic two-position control, such exact operation 21
is impossible because the heating or cooling system is either
full on or full off and the delivery at any specific instant is 2057

either too much or too little. Timed two-position control,
however, anticipates requirements and delivers measured
quantities of heating or cooling on a percentage on-time basis
to reduce control point fluctuations. The timing is accomplished TIME
by a heat anticipator in electric controls and by a timer in
electronic and digital controls.

20

C3973

Fig. 23. Comparison of Basic Two-Position

. . . . and Timed Two-Position Control.
In timed two-position control, the basic interaction between

the controller and the final control element is the same as for
basic two-position control. However, the controller respond§eat ANTICIPATION
to gradual changes in the average value of the controlled variable

rather than to cyclical fluctuations. In electromechanical control, timed two-position control can
o be achieved by adding a heat anticipator to a bimetal sensing
Overshoot and undershoot are reduced or eliminated becaigs€ment. In a heating system, the heat anticipator is connected
the heat anticipation or time proportioning feature results in g, that it energizes whenever the bimetal element calls for heat.
faster cycling rate of the mechanical equipment. The result {5, g drop in temperature, the sensing element acts to turn on
closer control of the variable than is possible in basic tWqsoth the heating system and the heat anticipator. The heat
position control (Fig. 23). anticipator heats the bimetal element to its off point early and
deenergizes the heating system and the heat anticipator. As the
ambient temperature falls, the time required for the bimetal
element to heat to the off point increases, and the cooling time
decreases. Thus, the heat anticipator automatically changes the
ratio of on time to off time as a function of ambient temperature.

18 ENGINEERING MANUAL OF AUTOMATIC CONTROL
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Because the heat is supplied to the sensor only, the heat 225 0
anticipation feature lowers the control point as the heat requirement &
increases. The lowered control point, called “droop”, maintains a g 5
lower temperature at design conditions and is discussed more & o1 &
thoroughly in the following paragraphs. Energizing the heater § T8
during thermostat off periods accomplishes anticipating action in = &
cooling thermostats. In either case, the percentage on-time varies 8
in proportion to the system load. 25 !
NO LOAD -#——— OUTDOOR AIR ™ DESIGN
TIME PROPORTIONING TEMPERATURE TEMPERATURE TEMPERATURE
0% LOAD 100%
Time proportioning control provides more effective two- e
position control than heat anticipation control and is available Fig. 25. Relationship between Control Point,
with some electromechanical thermostats and in electronic and Droop, and Load (Heating Control).

microprocessor-based controllers. Heat is introduced into the

space using on/off cycles based on the actual heat load on therime proportioning control of two-position loads is

building and programmable time cycle settings. This methogecommended for applications such as single-zone systems that

reduces large temperature swings caused by a large total laghuire two-position control of heating and/or cooling (e.g., a

and achieves a more even flow of heat. gas-fired rooftop unit with direct-expansion cooling). Time

proportioning control is also recommended for electric heat

In electromechanical thermostats, the cycle rate is adjustabi@ntrol, particularly for baseboard electric heat. With time

by adjusting the heater. In electronic and digital systems, theroportioning control, care must be used to avoid cycling the

total cycle time and the minimum on and off times of thecontrolled equipment more frequently than recommended by

controller are programmable. The total cycle time setting ishe equipment manufacturer.

determined primarily by the lag of the system under control. If

the total cycle time setting is changed (e.g., from 10 minutes to

20 minutes), the resulting on/off times change accordingly (e.9STEP CONTROL

from 7.5 minutes on/2.5 minutes off to 15 minutes on/5 minutes

off), but their ratio stays the same for a given load. Step controllers operate switches or relays in sequence to
. N . ) enable or disable multiple outputs, or stages, of two-position
The cycle time in Figure 24 is set at ten minutes. At @ SQevices such as electric heaters or reciprocating refrigeration
percent load condition, the controller, operating at setpoint,ompressors. Step control uses an analog signal to attempt to
produces a 5 minute on/5 minute off cycle. At a 75 percembain an analog output from equipment that is typically either
load condition, the on time increases to 7.5 minutes, the off, o off. Figures 26 and 27 show that the stages may be
time decreases to 2.5 minutes, and the opposite cycle raliranged to operate with or without overlap of the operating
occurs at 25 percent load. All load conditions maintain the Presgdn/off) differentials. In either case, the typical two-position

10-minute total cycle. differentials still exist but the total output is proportioned.
107 ]
~—— THROTTLING RANGE
ON
7.5 DIFFERENTIAL
SELECTED
CYCLE TIME 5— OFF OFF  ON
(MINUTES) 5 -:
2.5 OFF ON |
4 (I
0 STAGES OFF ON
100 75 50 25 0 3 -
LOAD (%) 2090 OFF ON
. . - 2 T
Fig. 24. Time Proportioning Control. OFF _ ON
I

Because the controller responds to average temperature or
humidity, it does not wait for a cyclic change in the controlled
variable beforsignaling corrective action. Thus control system 0% LOAD 100%
lags have no significant effect. Caosl

Fig. 26. Electric Heat Stages.

23 -4— SPACE TEMPERATURE (°C) ——— 22

Droop in heating control is a lowering of the control point as
the load on the system increases. In cooling control, droop is a
raising of the control point. In digital control systems, droop is
adjustable and can be set as low as one degree or even less.
Figure 25 shows the relationship of droop to load.
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[e———————————— THROTTLING RANGE ——————————»
—— DIFFERENTIAL————
OFF ON
4 /7 |
OFF ON
3 I E—
STAGES OFF ON
| DI
OFF ON
P I
A
22 23 24
SETPOINT
SPACE TEMPERATURE (°C)
0% LOAD 100%

C3982

Fig. 27. Staged Reciprocating Chiller Control.

full on, the modulating stage returns to zero, and the sequence
repeats until all stages required to meet the load condition are on.
On a decrease in load, the process reverses.

With microprocessor controls, step control is usually done
with multiple, digital, on-off outputs since software allows
easily adjustable on-to-off per stage and interstage differentials
as well as no-load and time delayed startup and minimum on
and off adjustments.

FLOATING CONTROL

Floating control is a variation of two-position control and is
often called “three-position control”. Floating control is not a
common control mode, but is available in most microprocessor-
based control systems.

Figure 28 shows step control of sequenced DX coils and electric ) , .
heat. On a rise in temperature through the throttling range at the™loating control requires a slow-moving actuator and a fast-
thermostat, the heating stages sequence off. On a further rise aff§Ponding sensor selected according to the rate of response in

a deadband, the cooling stages turn on in sequence.

SPACE OR
ACTUATOR RETURN AIR D

L'—l_, THERMOSTAT

_—STAGE NUMBERS
| -

o1 |o

~
L

~
L

~

IN

L bk

G

L
™

2
I

4

STEP
CONTROLLER

b b DISCHARGE
AR _>
X X
FAN

DIRECT EXPANSION  MULTISTAGE
coILS ELECTRIC HEAT 2716

1

SOLENOID
VALVES

Fig. 28. Step Control with Sequenced
DX Coils and Electric Heat.

the controlled system. If the actuator should move too slowly,
the controlled system would not be able to keep pace with
sudden changes; if the actuator should move too quickly, two-
position control would result.

Floating control keeps the control point near the setpoint at
any load level, and can only be used on systems with minimal
lag between the controlled medium and the control sensor.
Floating control is used primarily for discharge control systems
where the sensor is immediately downstream from the coil,
damper, or device that it controls. An example of floating control
is the regulation of static pressure in a duct (Fig. 29).

FLOATING
STATIC
PRESSURE
CONTROLLER

STATIC
PRESSURE

REFERENCE
PRESSURE

ACTUATOR PICK-UP PICK-UP~
), -
J/ AIRFLOW —>
DAMPER car17

Fig. 29. Floating Static Pressure Control.

A variation of step control used to control electric heat is _ o _ _
step-plus-proportional control, which provides a smooth In a typical application, the control point moves in and out
transition between stages. This control mode requires one of the deadband, crossing the switch differential (Fig. 30). A

the stages to be a proportional modulating output and the othegkop in static pressure below the controller setpoint causes the
two-position. For most efficient operation, the proportionalactuator to drive the damper toward open. The narrow
modulating stage should have at least the same capacity as dfigerential of the controller stops the actuator after it has moved
two-position stage. a short distance. The damper remains in this position until the
static pressure further decreases, causing the actuator to drive
Starting from no load, as the load on the equipment increasdg damper further open. On a rise in static pressure above the
the modulating stage proportions its load until it reaches full outpusetpoint, the reverse occurs. Thus, the control point can float
Then, the first two-position stage comes full on and the modulatingetween open and closed limits and the actuator does not move.
stage drops to zero output and begins to proportion its outpMfhen the control point moves out of the deadband, the
again to match the increasing load. When the modulating stagentroller moves the actuator toward open or closed until the
again reaches full output, the second two-position stage comesgntrol point moves into the deadband again.
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“CLOSE”
SWITCH
DIFFERENTIAL

==

A

CONTROLLER {P»

“OPEN”
SWITCH
DIFFERENTIAL

CONTROL POINTl

FULL LOAD

LOAD

NO LOAD

OPEN

DAMPER
POSITION

CLOSED

T1 T2 T3 T4 T7

TIME

T5 T6

C2094

Fig. 30. Floating Control.

PROPORTIONAL CONTROL In proportional control, the final control element moves to a
position proportional to the deviation of the value of the
controlled variable from the setpoint. The position of the final

control element is a linear function of the value of the controlled

Proportional control proportions the output capacity of thyariable (Fig. 32).
equipment (e.g., the percent a valve is open or closed) to match
the heating or cooling load on the building, unlike two-position
control in which the mechanical equipment is either full on or
full off. In this way, proportional control achieves the desired
heat replacement or displacement rate.

General

POSITION OF FINAL
CONTROL ELEMENT

100%
OPEN

ACTUATOR
In a chilled water cooling system, for example (Fig. 31), the" oSN

sensor is placed in the discharge air. The sensor measures the

50%
OPEN

air temperature and sends a signal to the controller. If a

CLOSED

correction is required, the controller calculates the change and
sends a new signal to the valve actuator. The actuator repositions

A

235
CONTROL POINT (°C)

-— THROTTLING RANGE ——™™

the valve to change the water flow in the coil, and thus the 24

discharge temperature.

C3983

CONTROLLER
VALVE Fig. 32. Final Control Element Position as a
CV:/*/LLTLEEF? Function of the Control Point (Cooling System).
SENSOR . ) . ] ]
The final control element is seldom in the middle of its range
RE/IIL;{RN-} UD'SC/::QRGE-y because of the linear relationship between the position of the
final control element and the value of the controlled variable.

In proportional control systems, the setpoint is typically the
middle of the throttling range, so there is usually an offset
between control point and setpoint.

COIL C2718

Fig. 31. Proportional Control Loop.
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An example of offset would be the proportional control of aVhere:

chilled water coil used to cool a space. When the cooling load V = output signal

is 50 percent, the controller is in the middle of its throttling K = proportionality constant (gain)

range, the properly sized coil valve is half-open, and there is E = deviation (control point - setpoint)

no offset. As the outdoor temperature increases, the room M = value of the output when the deviation is
temperature rises and more cooling is required to maintain the zero (Usually the output value at 50 percent
space temperature. The coil valve must open wider to deliver the middle of th tout Th

the required cooling and remain in that position as long as the or the micdie ot the output range. the
increased requirement exists. Because the position of the final generated control S|gna_l correction is added
control element is proportional to the amount of deviation, the to or subtracted from this value. Also called
temperature must deviate from the setpoint and sustain that “bias” or “manual reset”.)

deviation to open the coil valve as far as required.
Although the control point in a proportional control system
Figure 33 shows that when proportional control is used in i rarely at setpoint, the offset may be acceptable. Compensation,
heating application, as the load condition increases from 3@hich is the resetting of the setpoint to compensate for varying
percent, offset increases toward cooler. As the load conditidaad conditions, may also reduce the effect of proportional offset
decreases, offset increases toward warmer. The opposite ocd@smore accurate control. An example of compensation is
in a cooling application. resetting boiler water temperature based on outdoor air
temperature. Compensation is also called “reset control” or
WARMER “cascade control”.

/CONTROL POINT

SETPOINT CIR=EET . Compensation Control
LoAD SOW LonD
LOAD GENERAL
COOLER C2096 Compensation is a control technique available in proportional
) ) ) control in which a secondary, or compensation, sensor resets
Fig. 33. Relationship of Offset to the setpoint of the primary sensor. An example of compensation
Load (Heating Application). would be the outdoor temperature resetting the discharge

) ) ) temperature of a fan system so that the discharge temperature
The throttling range is the amount of change in the controllegicreases as the outdoor temperature decreases. The sample
variable required for the controller to move the controlled devicgeset schedule in Table 2 is shown graphically in Figure 34.

through its full operating range. The amount of change isigure 35 shows a control diagram for the sample reset system.
expressed in degrees kelvins for temperature, in percentages

for relative humidity, and in pasc_als or kilopa_tscals for pressure. Table 2. Sample Reset Schedule.

For some controllers, throttling range is referred to a . _ ‘
“proportional band”. Proportional band is throttling range Outdoor Air Discharge Air
expressed as a percentage of the controller sensor span: » Temperature Temperature

Condition (°C) (°C)

; Outdoor design -20 40

Proportional Band = Th;g:g:gsiﬁgex 100 temperature
Light load 20 20

“Gain” is a term often used in industrial control systems for
the change in the controlled variable. Gain is the reciprocal of

proportional band:
(FULL RESET)

100
Proportional Band

Gain =

The output of the controller is proportional to the deviation
of the control point from setpoint. A proportional controller

can be mathematically described by: 20

DISCHARGE AIR
TEMPERATURE SETPOINT (°C)

-20 20
V = KE+M (FULL (RESET
RESET) START)
OUTDOOR AIR TEMPERATURE (°C) C3984

Fig. 34. Typical Reset Schedule for Discharge Air Control.
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OUTDOOR AIR

TEMPERATURE

SENSOR
—

TEMPERATURE In an application requiring negative compensation, a change
CONTROLLER in outdoor air temperature at the compensation sensor from —
18 to 16C resets the hot water supply temperature (primary
sensor) setpoint from 94 to ¥B. Assuming a throttling range
of 7 Kelvins, the required authority is calculated as follows:

SENSOR i i
Authority = —SnaNgein sepoint + TR__ 45
( JJ DISCHARGE Change in compensation input
U AR P>
FAN _94-38+7
SUPPLY c2720 T 16— (—18) x 100

Fig. 35. Discharge Air Control Loop with Reset. Authority = 185%

Compensation can either increase or decrease the setpoint as _
the compensation input increases. Increasing the setpoint byl "€ Previous example assumes that the spans of the two
adding compensation on an increase in the compensatidfnSors are equal. If sensors with unequal spans are used, a
variable is often referred to as positive or summer compensatigrrection factor is added to the formula:

Increasing the setpoint by adding compensation on a decrease Authority =

in the compensation variable is often referred to as negative or

winter compensation. Compensation is most commonly used compensation sensor span Change in setpoint = TR

for temperature control, but can also be used with a humidity — primary sensor span < Change in compensation input -0
or other control system. — )

. . . . Correction Factor
Some controllers provide compensation start point capability.

Compensation start point is the value of the compensation

sensor at which it starts resetting the controller primary sensor*SSUming the same conditions as in the previous example, a
setpoint. supply water temperature sensor range of 5 t6@18§pan of

110 Kelvins), an outdoor air temperature (compensation) sensor
range of -30 to 3 (span of 60 Kelvins), and a throttling

COMPENSATION AUTHORITY range of 5 Kelvins, the calculation for negative reset would be
as follows:
Compensation authority is the ratio of the effect of the 60 94—38+5
compensation sensor relative to the effect of the primary sensor. Authority = 110 X m x 100

Authority is stated in percent.
Authority = 98%
The basic equation for compensation authority is:

Change in setpoint
ge in compensation input

The effects of throttling range may be disregarded with Pl reset
x 100  controls.

Authority = Chan

For proportional controllers, the throttling range (TR) is
included in the equation. Two equations are required when tRROPORTIONAL-INTEGRAL (Pl) CONTROL
throttling range is included. For direct-acting or positive reset,
in which the setpoint increases as the compensation inputin the proportional-integral (PI) control mode, reset of the
increases, the equation is: control point is automatic. Pl control, also called “proportional-

. . plus-reset” control, virtually eliminates offset and makes the
Change'” Setpol nt_— TR X 100 proportional band nearly invisible. As soon as the controlled
hange in compensation input variable deviates above or below the setpoint and offset develops,

the proportional band gradually and automatically shifts, and the
Direct-acting compensation is commonly used to prevenfariable is brought back to the setpoint. The major difference
condensation on windows by resetting the relative humiditigetween proportional and PI control is that proportional control
setpoint downward as the outdoor temperature decreases. is limited to a single final control element position for each value
of the controlled variable. Pl control changes the final control
For reverse-acting or negative compensation, in which thelement position to accommodate load changes while keeping
setpoint decreases as the compensation input increases, tfgecontrol point at or very near the setpoint.
equation is:

Authority = c

Change in setpoint + TR
hange in compensation input

Authority = c 100
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The reset action of the integral component shifts the Reset error correction time is proportional to the deviation
proportional band as necessary around the setpoint as the |ladithe controlled variable. For example, a four-percent deviation
on the system changes. The graph in Figure 36 shows the sffiim the setpoint causes a continuous shift of the proportional
of the proportional band of a PI controller controlling a normallyband at twice the rate of shift for a two-percent deviation. Reset
open heating valve. The shifting of the proportional band keeps also proportional to the duration of the deviation. Reset
the control point at setpoint by making further corrections iraccumulates as long as there is offset, but ceases as soon as the
the control signal. Because offset is eliminated, the proportionabntrolled variable returns to the setpoint.
band is usually set fairly wide to ensure system stability under

all operating conditions. With the PI controller, therefore, the position of the final
control element depends not only upon the location of the

HEATING oL BAD controlle_d variable within the proportlonallband (propor.tlonal
POSITION CONDITIONS band adjustment) but also upon the duration and magnitude of

the deviation of the controlled variable from the setpoint (reset
time adjustment). Under steady state conditions, the control
point and setpoint are the same for any load conditions, as shown
in Figure 37.

CLOSED -

50% OPEN 1

Pl control adds a component to the proportional control

algorithm and is described mathematically by:
100% OPEN A

_ K
V—KE+T—1IEdt+ M

Integral

34 37 w0 A 43 46 ed
SETPOINT (°C) .

® = CONTROL POINT Where:

THROTTLING RANGE = 5 KELVINS cavss

= output signal

proportionality constant (gain)
deviation (control point - setpoint)
reset time

Fig. 36. Proportional Band Shift Due to Offset.

SOAmR<
I

Reset of the control point is not instantaneous. Whenever .
the load changes, the controlled variable changes, producing /T, = resetgain o
an offset. The proportional control makes an immediate differential of time (increment in time)
correction, which usually still leaves an offset. The integral = value of the output when the deviation
function of the controller then makes control corrections over is zero
time to bring the control point back to setpoint (Fig. 37). In
addition to a proportional band adjustment, the Pl controller Integral windup, or an excessive overshoot condition, can
also has areset time adjustment that determines the rate at whickeur in PI control. Integral windup is caused by the integral
the proportional band shifts when the controlled variabléunction making a continued correction while waiting for
deviates any given amount from the setpoint. feedback on the effects of its correction. While integral action
| keeps the control point at setpoint during steady state conditions,
—’—i_l_ large overshoots are possible at start-up or during system upsets
(e.qg., setpoint changes or large load changes). On many systems,

|

| | |

! ! ! short reset times also cause overshoot.

CONTROL POINT (LOAD CHANGES)

DEVIATION / I

1

|

|

|

|

|

|

[N

£s
|

SETPOINT

FROM

Integral windup may occur with one of the following:
SETPOINT

|
|
! I — When the system is off.
! ! ! — When the heating or cooling medium fails or is not
! ! I available.
————— I S S R — When one control loop overrides or limits another.
|
|

|
|
VALVE \/ﬁ I Integral windup can be avoided and its effects diminished.
POSITION | = \ INTEGRAL ACTION [

[ At start-up, some systems disable integral action until measured
PRIOPORTIONI/-\L CORRE:CTION

variables are within their respective proportional bands. Systems

|
“““ F————+-———4—-———+—-————CLOSED often provide integral limits to reduce windup due to load
T T2 3 T4 o008 changes. The integral limits define the extent to which integral
TIME action can adjust a device (the percent of full travel). The limit
Fig. 37. Proportional-Integral Control is typically set at 50 percent.

Response to Load Changes.
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PROPORTIONAL-INTEGRAL-DERIVATIVE (PID)
CONTROL

The graphs in Figures 38, 39, and 40 show the effects of all
three modes on the controlled variable at system start-up. With
proportional control (Fig. 38), the output is a function of the
Proportional-integral-derivative (PID) control adds thedeviation of the controlled variable from the setpoint. As the
derivative function to Pl control. The derivative functioncontrol point stabilizes, offset occurs. With the addition of
opposes any change and is proportional to the rate of Chan@@egral control (Fig. 39), the control point returns to setpoint
The more quickly the control point changes, the more correctid/er @ period of time with some degree of overshoot. The
action the derivative function provides. significant difference is the elimination of offset after the system

has stabilized. Figure 40 shows that adding the derivative

If the control point moves away from the setpoint, the derivativ€lement reduces overshoot and decreases response time.
function outputs a corrective action to bring the control point back CONTROL
more quickly than through integral action alone. If the control " ROINT  OFFSET
point moves toward the setpoint, the derivative function reduces *

. . . . SETPOINT
the corrective action to slow down the approach to setpoint, which \/\——
reduces the possibility of overshoot. 4

The rate time setting determines the effect of derivative action.
The proper setting depends on the time constants of the system
being controlled.

T
The derivative portion of PID control is expressed in the TIME c2099
following formula. Note that only a change in the magnitude

of the deviation can affect the output signal.

Fig. 38. Proportional Control.

dE
V=KT G ™ “Pont

OFFSET

SETPOINT

Where:
V = output signal
K = proportionality constant (gain)

Tp = rate time (time interval by which the
derivative advances the effect of
proportional action)

KT, = rate gain constant ™otz oT4TS Tc'ﬁmo
dE/dt = derivative of the deviation with respect to
time (error signal rate of change)

Fig. 39. Proportional-Integral Control.

The complete mathematical expression for PID control

becomes: OFFSET
K dE SETPOINT /-\
V=KE + —JEdt + KT e + M
[N N A N
Proportional Integral Derivative
Where:
V = output signal R
K = proportionality constant (gain) T2 TilME” T T6
E = deviation (control point - setpoint) cas
T, = resettime Fig. 40. Proportional-Integral-Derivative Control.
KI/T, = resetgain
dt = differential of time (increment in time) ENHANCED PROPORTIONAL-INTEGRAL-
Tp = rate time (time interval by which the DERIVATIVE (EPID) CONTROL
derivative advances the effect of
proportional action) The startup overshoot, or undershoot in some applications,
KT, = rate gain constant noted in Figures 38, 39, and 40 is attributable to the very large
dE/dt = derivative of the deviation with respectto  error often present at system startup. Microprocessor-based PID

time (error signal rate of change)
M = value of the output when the deviation
is zero
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startup performance may be greatly enhanced by exterior error
management appendages available with enhanced proportional-
integral-derivative (EPID) control. Two basic EPID functions
are start value and error ramp time.
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The start value EPID setpoint sets the output to a fixed value Adaptive control is also used in energy management programs
at startup. For a VAV air handling system supply fan, a suitablsuch as optimum start. The optimum start program enables an
value might be twenty percent, a value high enough to get tlh#/AC system to start as late as possible in the morning and still
fan moving to prove operation to any monitoring system and t@ach the comfort range by the time the building is occupied for
allow the motor to self cool. For a heating, cooling, andhe lease energy cost. To determine the amount of time required
ventilating air handling unit sequence, a suitable start value heat or cool the building, the optimum start program uses factors
would be thirty-three percent, the point at which the heatindjased on previous building response, HVAC system
ventilating (economizer), and mechanical cooling demands aoharacteristics, and current weather conditions. The algorithm
all zero. Additional information is available in the Air Handlingmonitors controller performance by comparing the actual and
System Control Applications section. calculated time required to bring the building into the comfort

range and tries to improve this performance by calculating new

The error ramp time determines the time duration durinfactors.
which the PID error (setpoint minus input) is slowly ramped,
linear to the ramp time, into the PID controller. The controller

thus arrives at setpoint in a tangential manner without oversho@ROCESS CHARACTERISTICS
undershoot, or cycling. See Figure 41.

As pumps and fans distribute the control agent throughout
OFFSET the building, an HVAC system exhibits several characteristics
that must be understood in order to apply the proper control

100 —

Z  SETPOINT . -
9. mode to a particular building system.
—Zw
38 \
Qe ERROR N
% 5 RAMP CONTROL
2e TIME—s|  POINT LOAD
P2W  START _7
Q VALUE . . .
Process load is the condition that determines the amount of
0 ———— control agent the process requires to maintain the controlled
ELAPSED TIME M13038 variable at the desired level. Any change in load requires a
_ ) change in the amount of control agent to maintain the same
Fig. 41. Enhanced Proportional- level of the controlled variable.

Integral-Derivative (EPID) Control.

Load changes or disturbances are changes to the controlled
variable caused by altered conditions in the process or its
ADAPTIVE CONTROL surroundings. The size, rate, frequency, and duration of
disturbances change the balance between input and output.
Adaptive control is available in some microprocessor-based
controllers. Adaptive control algorithms enable a controller to Four major types of disturbances can affect the quality of
adjust its response for optimum control under all loadontrol:
conditions. A controller that has been tuned to control accurately— Supply disturbances
under one set of conditions cannot always respond well when_— pemand disturbances
the conditions change, such as a significant load change ot setpoint changes
changeover from heatmg to cooling or a change in the velocity__ s mpient (environmental) variable changes
of a controlled medium.

An adaptive control algorithm monitors the performance OE\ Supply disturbances are changes in the manipulated variable

. -~ _~Input into the process to control the controlled variable. An
asystem and attempts to improve the performance by adjusti ample of a Supply disturbance would be a decrease in the
controller gains or parameters. One measurement q

erformance is the amount of time the system requires to re mperature of hot water being supplied to a heating coil. More
P . ) yste a is required to maintain the temperature of the air leaving the
to a disturbance: usually the shorter the time, the better tk& :
. ) il.
performance. The methods used to modify the gains of
parameters are determined by the type of adaptive algorithm.

Neural networks are used in some adaptive algorithms. Demand disturbances are changes in the controlled medium

that require changes in the demand for the control agent. In the
An example of a qood application for adaptive control i€2S€ of a steam-to-water converter, the hot water supply
. P 9 bp P ol 15 mperature is the controlled variable and the water is the
discharge temperature control of the central system cooling C%fi)ntrolled medium (Fig. 42). Changes in the flow or temperature
for a VAV system. The time constant of a sensor varies 454t the water returning to the converter indicate a demand load

I:ljonncst;(;r:]:) fotp ?hvee lg?été/ho;th: zgirr(gré(r)]?;r fllrl: 'g)'\);]\;] Ssth; é'rrnn ei hange. An increased flow of water requires an increase in the
9 Y ow of the control agent (steam) to maintain the water

constantly changing. The change in sensor response affects %perature. An increase in the returning water temperature

system control so the adaptive control aIgorithm adjusts Systel%wever requires a decrease in steam to maintain the supply
parameters such as the reset and rate settings to main Ther ter’nperature

optimum system performance.
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Fig. 42. Steam-to-Water Converter. ] ]
Fig. 43. Heat Loss in a Space Controlled by a Thermostat.
A setpoint change can be disruptive because it is a sudden )
change in the system and causes a disturbance to the hot wat&2d also occurs between the release of heat into the space,

supply. The resulting change passes through the entire proc#g space warming, and the thermostat sensing the increased
before being measured and corrected. temperature. In addition, the final control element requires time

to react, the heat needs time to transfer to the controlled medium,

Ambient (environmental) variables are the conditiongind the added energy needs time to move into the space. Total
surrounding a process, such as temperature, pressure, ®f@cess lag is the sum of the individual lags encountered in the
humidity. As these conditions change, they appear to the cont@ntrol process.
system as changes in load.

Measurement Lag

LAG
Dynamic error, static error, reproducibility, and dead zone
General all contribute to measurement lag. Because a sensing element
cannot measure changes in the controlled variable instantly,

Time delays, or lag, can prevent a control system fro’.g)’;(namic error occurs and is an important factor in control.
providing an immediate and complete response to a change namlcderr(l)r |sfthe dl_ff%rlencedt?etmlleen the true ar;]d thﬁ
the controlled variable. Process lag is the time delay betwedffasured value of a variable and is always present when the
the introduction of a disturbance and the point at which theontrolled variable changes. The variable usually fluctuates

controlled variable begins to respond. Capacitance, resistan@é?und the COWO' poin_t because. system operating conditions
rarely static. The difference is caused by the mass of the

and/or dead time of the process contribute to process lag aftf " X .
are discussed later in this section. sensing element and is most pronounced in temperature and
humidity control systems. The greater the mass, the greater the
f:igference when conditions are changing. Pressure sensing

One reason for lag in a temperature control system is tha ; .
Ives little dynamic error.

change in the controlled variable (e.g., space temperature) dd8%°

not transfer instantly. Figure 43 shows a thermostat controlling . i< the deviation b d val q
the temperature of a space. As the air in the space loses heais,‘tat'C error Is the deviation between a measured value an
true value of the static variable. Static error can be caused

the space temperature drops. The thermostat sensing ele o . ; :
cannot measure the temperature drop immediately because t ensor calibration error. Static error is undesirable but not

is a lag before the air around the thermostat loses heat. TRE/aYs detrimental to control.

sensing element also requires a measurable time to cool. The

result is a lag between the time the space begins to lose h dt?epeatat_)ility is the a_bility of a sensor or controller to output
and the time corrective action is initiated. tene same signal when it measures the same value of a variable

or load at different times. Precise control requires a high degree
of reproducibility.
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The difference between repeatability and static error is that Figure 45 shows a high-velocity heat exchanger, which
repeatability is the ability to return to a specific condition represents a process with a small thermal capacitance. The rate of
whereas static error is a constant deviation from that conditiofiow for the liquid in Figure 45 is the same as for the liquid in
Static error (e.g., sensor error) does not interfere with the abilifsigure 44. However, in Figure 45 the volume and mass of the
to control, but requires that the control point be shifted tdiquid in the tube at any one time is small compared to the tank
compensate and maintain a desired value. shown in Figure 44. In addition, the total volume of liquid in the

exchanger at any time is small compared to the rate of flow, the

The dead zone is a range through which the controlleldeat transfer area, and the heat supply. Slight variations in the
variable changes without the controller initiating a correctiontate of feed or rate of heat supply show up immediately as
The dead zone effect creates an offset or a delay in providifigctuations in the temperature of the liquid leaving the exchanger.
the initial signal to the controller. The more slowly the variableConsequently, the process in Figure 45 does not have a stabilizing
changes, the more critical the dead zone becomes. influence but can respond quickly to load changes.

HEATING

Capacitance LIQUID IN MEDIUM IN

Capacitance differs from capacity. Capacity is determined ﬂ_
by the energy output the system is capable of producing;

capacitance relates to the mass of the system. For example, for
a given heat input, it takes longer to raise the temperature of a :I
liter of water one degree than a liter of air. When the heat

source is removed, the air cools off more quickly than the ﬂ: ————————————

water. Thus the capacitance of the water is much greater | L——— " |
than the capacitance of air.

A capacitance that is large relative to the control agent tends uqut out MSDEmN&T‘J c2076
to keep the controlled variable constant despite load changes.
However, the large capacitance makes changing the variableRa@. 45. Typical Process with Small Thermal Capacitance.
a new value more difficult. Although a large capacitance
generally improves control, it introduces lag between the time Figure 46 shows supply capacitance in a steam-to-water
a change is made in the control agent and the time the controlleshverter. When the load on the system (in Figure 44, cold air)
variable reflects the change. increases, air leaving the heating coil is cooler. The controller
senses the drop in temperature and calls for more steam to the
Figure 44 shows heat applied to a storage tank containingcanverter. If the water side of the converter is large, it takes
large volume of liquid. The process in Figure 44 has a largenger for the temperature of the supply water to rise than if
thermal capacitance. The mass of the liquid in the tank exertdlee converter is small because a load change in a process with
stabilizing effect and does not immediately react to changeslarge supply capacitance requires more time to change the
such as variations in the rate of the flow of steam or liquidyariable to a new value.
minor variations in the heat input, and sudden changes in the

ambient temperature. CONTROLLER~\
VALVE\ 'j
L
LIQUID HOT WATER SUPPLY
IN-D> (CONSTANT FLOW,
STEAM VARYING
m CONVERTER TEMPERATURE)
STEAM NN
IN - —5] o ST W
0 °/yf | == . X PUMP
O O LIQUID e _ - _
O (o] -+ out ! HOT WATER
CONDENSATE N e e e %
TANK _> RETURN HOT AIR
e CONDENSATE<_®J cooar _y Iv1 (| _p (controtLen
RETURN \_ (LOAD) " VARIABLE)
Fig. 44. Typical Process with Large Thermal Capacitance. STEAM HEATING
TRAP
coiL

C2077

Fig. 46. Supply Capacitance (Heating Application).
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In terms of heating and air conditioning, a large office are®ead Time
containing desks, file cabinets, and office machinery has more
capacitance than the same area without furnishings. When thebead time, which is also called “transportation lag”, is the
temperature is lowered in an office area over a weekend, telay between two related actions in a continuous process where
furniture loses heat. It takes longer to heat the space to thew over a distance at a certain velocity is associated with
comfort level on Monday morning than it does on othegnergy transfer. Dead time occurs when the control valve or

mornings when the furniture has not had time to lose as muglnsor is installed at a distance from the process (Fig. 48).
heat. If the area had no furnishings, it would heat up much

more quickly. 24 FT

-2 F T

The time effect of capacitance determines the process reaction
rate, which influences the corrective action that the controller

i I CONTROLLED
takes to maintain process balance. mebom i —p| ProcESS E 5% E - CONTROLLED

SENSOR AT SENSOR AT
LOCATION 1 LOCATION 2

Resistance HWR

Resistance applies to the parts of the process that resist the
energy (or material) transfer. Many processes, especially those
involving temperature control, have more than one capacitance.
The flow of energy (heat) passing from one capacitance through VALVE CONTROLLER
a resistance to another capacitance causes a transfer lag (Fig. 47).

VELOCITY OF CONTROLLED MEDIUM: 12 FT/S

COLD WATER e
IN DEAD TIME FOR SENSOR AT LOCATION 1: 25 = 0.166 SEC
* HOT DEAD TIME FOR SENSOR AT LOCATION 2: 134;7 =2.0 SEC
STEAM WATER S
N HEAT CAPACITY HEAT CAPACITY | ouT c2079
—p] oFsteam VWP oFwaTER —p
IN COILS IN TANK . . .
RESISTANCE TO
oW Fig. 48. Effect of Location on Dead Time.

(E.G., PIPES, TANK WALLS)
c2or8 Dead time does not change the process reaction
characteristics, but instead delays the process reaction. The
delay affects the system dynamic behavior and controllability,
i . because the controller cannot initiate corrective action until it
A transfer lag delays the initial reaction of the Process. Igees a deviation. Figure 48 shows that if a sensor is 8 meters
temperature control, transfer lag limits the rate at which thg o tom 3 process, the controller that changes the position
heat input affects the controlled temperature. The controll f the valve requires tv;/o seconds to see the effect of that change
tends to overshoot the setpoint because the effect of the ad%}[gn assuming negligible capacitance, transfer, and '
heat is not felt immediately and the controller calls for Sti”measurement lag. Because dead time has é significan’t effect
more heat. on system control, careful selection and placement of sensors

The office described in the previous example is comfortabl%nOl valves is required to maintain system equilibrium.

by Monday afternoon and appears to be at control point.
However, the paper in the middle of a full file drawer would
still be cold because paper has a high thermal resistance. AQQNTROL APPLICATION GUIDELINES
result, if the heat is turned down 14 hours a day and is at comfort
level 10 hours a day, the paper in the file drawer will never The following are considerations when determining control
reach room temperature. requirements:
— The degree of accuracy required and the amount of
An increase in thermal resistance increases the temperature offset, if any, that is acceptable.
difference and/or flow required to maintain heat transfer. If the — The type of load changes expected, including their
fins on a coil become dirty or corroded, the resistance to the  sjze, rate, frequency, and duration.
transfer of heat from one medium to the other medium increases._ The system process characteristics, such as time

constants, number of time lag elements, and
reaction rate.

Fig. 47. Schematic of Heat Flow Resistance.
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Each control mode is applicable to processes having certagimor rather than good control. Conversely, using a control mode
combinations of the basic characteristics. The simplest modbat is too basic for requirements can make adequate control
of control that meets application requirements is the best modi@possible. Table 3 lists typical control applications and
to use, both for economy and for best results. Using a contreicommended control modes.
mode that is too complicated for the application may result in

Table 3. Control Applications and Recommended Control Modes.

Control Application Recommended Control Mode@

Space Temperature P, PID

Mixed Air Temperature Pl, EPID

Coil Discharge Temperature Pl, EPID

Chiller Discharge Temperature Pl, EPID

Hot Water Converter Discharge Temperature Pl, EPID

Airflow Pl Use a wide proportional band and a fast reset rate. For some
applications, PID may be required.

Fan Static Pressure Pl, EPID

Humidity P, or if very tight control is required, PI

Dewpoint Temperature P, or if very tight control is required, PI

aPID, EPID control is used in digital systems.

CONTROL SYSTEM COMPONENTS

Control system components consist of sensing elements,
controllers, actuators, and auxiliary equipment.

SENSING ELEMENTS

A sensing element measures the value of the controlled
variable. Controlled variables most often sensed in HVAC
systems are temperature, pressure, relative humidity, and flow.

M10518

TEMPERATURE SENSING ELEMENTS

The sensing element in a temperature sensor can be a bimetal Fig. 49. Coiled Bimetal Element.
strip, a rod-and-tube element, a sealed bellows, a sealed bellows
attached to a capillary or bulb, a resistive wire, or a thermistor. The rod-and-tube element (Fig. 50) also uses the principle
Refer to the Electronic Control Fundamentals section of thigf expansion of metals. It is used primarily for insertion directly
manual for Electronic Sensors for Microprocessor Based Systenfg{o a controlled medium, such as water or air. In a typical
pneumatic device, a brass tube contains an Invar rod which is
A bimetal element is a thin metallic strip composed of twdastened at one end to the tube and at the other end to a spring
layers of different kinds of metal. Because the two metals havand flapper. Brass has the higher expansion coefficient and is
different rates of heat expansion, the curvature of the bimetglaced outside to be in direct contact with the measured medium.
changes with changes in temperature. The resulting movemdnyar does not expand noticeably with temperature changes.
of the bimetal can be used to open or close circuits in electrfs the brass tube expands lengthwise, it pulls the Invar rod
control systems or regulate airflow through nozzles imwith it and changes the force on the flapper. The flapper is used
pneumatic control systems. Winding the bimetal in a coilo generate a pneumatic signal. When the flapper position
(Fig. 49) enables a greater length of the bimetal to be usedéhanges, the signal changes correspondingly.
a limited space.
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FLAPPER The temperature sensor for an electronic controller may be a
SPRING _ < \GNAL PORT length of wire or a thin metallic film (called a resistance
[ temperature device or RTD) or a thermistor. Both types of
BRASS TUBE resistance elements change electrical resistance as temperature
Ak f INVAR ROD changes. The wire increases resistance as its temperature
L. 'I_ increases. The thermistor is a semiconductor that decreases in
STl OC resistance as the temperature increases.
(<]
EXTENSION SPRING Because electronic sensors use extremely low mass, they
respond to temperature changes more rapidly than bimetal or
N SENSOR BODY sealed-fluid sensors. The resistance change is detected by a
ca081 bridge circuit. Nickel “A”, BALCO, and platinum are typical

, materials used for this type of sensor.
Fig. 50. Rod-and-Tube Element.
) In thermocouple temperature-sensing elements, two
In a remote-bulb controller (Fig. 51), a remote capsule, Qfissimilar metals (e.g., iron and nickel, copper and constantan,
bulb, is attached to a bellows housing by a capillary. The remo{@)n and constantan) are welded together. The junction of the
bulb is placed in the controlled medium where changes ifyo metals produces a small voltage when exposed to heat.
temperature cause changes in pressure of the fill. The Capi”aéi‘:bnnecting two such junctions in series doubles the generated

transmits changes in fill pressure to the bellows housing angtage. Thermocouples are used primarily for high-temperature
the bellows expands or contracts to operate the mechaniggypjications.

output to the controller. The bellows and capillary also sense
temperature, but beca.use of their small volume compared tOMany special application sensors are available, including
the bulb, the bulb provides the control. carbon dioxide sensors and photoelectric sensors used in

security, lighting control, and boiler flame safeguard controllers.
MECHANICAL OUTPUT
TO CONTROLLER

, BELLOWS
/ CAPILLARY PRESSURE SENSING ELEMENTS
CONTROLLED
MEDIUM . .
(E.G., WATER) Pressure sensing elements respond to pressure relative to a
perfect vacuum (absolute pressure sensors), atmospheric
pressure (gage pressure sensors), or a second system pressur

FILL . . .

kilopascals (kPa). Low pressures are typically measured in
pascals (Pa). Pressure can be generated by a fan, a pump or
c2083 compressor, a boiler, or other means.

\ N (differential pressure sensors), such as across a coil or filter.
LIQUID || BuLB Pressure sensors measure pressure in a gas or liquid in

Fig. 51. Typical Remote-Bulb Element. Pressure controllers use bellows, diaphragms, and a number

of other electronic pressure sensitive devices. The medium under
ressure is transmitted directly to the device, and the movement
f the pressure sensitive device operates the mechanism of a

Two specialized versions of the remote bulb controller ar
available. They both have no bulb and use a long capilla

(4.510 8.5 meters) as the sensor. One uses an averaging Sefisol, atic or electric switching controller. Variations of the
that is liquid filled and averages the temperature over the fi

length of the capillary. The other uses a cold spot or lo ressure control sensors measure rate of flow, quantity of flow,

temperature sensor aﬁd is vapor filled and senses the coldﬁ%t"d- level, gin_d static p_ressu_re._Sohd state sensors may use

spot (300 mm or more) along its length piezoresistive ef_“fe_ct in which m_creased pressure on silicon
' crystals causes resistive changes in the crystals.

Electronic temperature controllers use low-mass sensing
elements that respond quickly to changes in the controlled
condition. A signal sent by the sensor is relatively weak, but is
amplified to a usable strength by an electronic circuit.

ENGINEERING MANUAL OF AUTOMATIC CONTROL 31



CONTROL FUNDAMENTALS

MOISTURE SENSING ELEMENTS FLOW SENSORS

Elements that sense relative humidity fall generally into two Flow sensors sense the rate of liquid and gas flow in volume
classes: mechanical and electronic. Mechanical elemenper unit of time. Flow is difficult to sense accurately under all
expand and contract as the moisture level changes and are cattedditions. Selecting the best flow-sensing technique for an
“hygroscopic” elements. Several hygroscopic elements can lagplication requires considering many aspects, especially the
used to produce mechanical output, but nylon is the mosvel of accuracy required, the medium being measured, and
commonly used element (Fig. 52). As the moisture content diie degree of variation in the measured flow.
the surrounding air changes, the nylon element absorbs or
releases moisture, expanding or contracting, respectively. TheA simple flow sensor is a vane or paddle inserted into the
movement of the element operates the controller mechanisrmedium (Fig. 53) and generally called a flow switch. The paddle
is deflected as the medium flows and indicates that the medium
is in motion and is flowing in a certain direction. Vane or paddle
flow sensors are used for flow indication and interlock purposes
N (e.g., asystem requires an indication that water is flowing before
the system starts the chiller).

—| ON/OFF SIGNAL | — ]
1 ® TO CONTROLLER
J LOW HIGH

[ ]
Lyygyins /—SENSOR
T WA T

RELATIVE HUMIDITY SCALEJ PIvoT ;

C2084 U
Fig. 52. Typical Nylon Humidity Sensing Element. FLOW —P>

4
J

/— NYLON ELEMENT

Electronic sensing of relative humidity is fast and accurate.
An electronic relative humiditgensor responds to a change in PADDLE (PERPENDICULAR TO FLOW)
humidity by a change in either the resistance or capacitance of c2085

the el t. .
© elemen Fig. 53. Paddle Flow Sensor.

If the moisture content of the air remains constant, the relative
humidity of the air increases as temperature decreases al}) h i It " I hich
decreases as temperature increases. Humidity sensors also resPoriPW meters use orifice plates or vortex nozzles whic

to changes in temperature. If the relative humidity is held constad€Nerate pressure drops proportional to the square of fluid
the sensor reading can be affected by temperature chang\é‘aé.oc'ty' Othertypes of flow meters sense b_oth total and static
Lessure, the difference of which is velocity pressure, thus

Because of this characteristic, humidity sensors should not B i gife al ddie wheel
used in atmospheres that experience wide temperature variatigigVding a differential pressure measurement. Paddle wheels
d turbines respond directly to fluid velocity and are useful

unless temperature compensation is provided. Temperatf8 id £ veloci
compensation is usually provided with nylon elements and c&lY€" Wide ranges of velocity.
be factored into electronic sensor values, if required.

low meters measure the rate of fluid flow. Principle types

In a commercial building or industrial process, flow meters

Dew point is the temperature at which vapor condenses. %In r?e_asuref the flow of steam(,j water, air, or fuel to enable
dew point sensor senses dew point directly. A typical sens§ficulation of energy usage needs.

uses a heated, permeable membrane to establish an equilibriurﬂ\. 4 ick h . be or fi , ,
condition in which the dry-bulb temperature of a cavity in the ~IMOW pICKUPS, such as a pitot tube or flow measuring station

sensor is proportional to the dew point temperature of thgn array of pitot tubes_), measure static and total Pressures in a
ambient air. Another type of sensor senses condensation o léft' _Subtractlng static pressure fro_m total pressure yields
cooled surface. If the ambient dry-bulb and dew poin}€!0Cily pressure, from which velocity can be calculated.
temperature are known, the relative humidity, total heat, angultiPlying the velocity by the duct area yields flow. For
specific humidity can be calculated. Refer to the Psychrometrgdditional information, refer to the Building Airflow System
Chart Fundamentals section of this manual. ontrol Applications section of this manual.
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Applying the fluid jet principle allows the measurement of CONTROLLERS
very small changes in air velocity that a differential pressure
sensor cannot detect. A jet of air is emitted from a small tube ¢, jers receive inputs from sensors. The controller
perpendmulay to the flow of the air stream o be measured. Tlaﬁmpares the input signal with the desired condition, or setpoint,
impact of the jet on a collector tube a short distance away cau generates an output signal to operate a controlled device.
a positive pressure in the collector. An increase in velocity g sensor may be integral to the controller (e.g., a thermostat)
the air stream perpendicular to the jet deflects the jet arzg, some distance from the controller '
decreases pressure in the collector. The change in pressure is '
linearly proportional to the change in air stream velocity. Controllers may be electric/electronic, microprocessor, or
neumatic. An electric/electronic controller provides two-
osition, floating, or modulating control and may use a

chanical sensor input such as a bimetal or an electric input

ch as aresistance element or thermocouple. A microprocessor
Ontroller uses digital logic to compare input signals with the
desired result and computes an output signal using equations
or algorithms programmed into the controller. Microprocessor
controller inputs can be analog or on/off signals representing
sensed variables. Output signals may be on/off, analog, or
pulsed. A pneumatic controller receives input signals from a

Proof-of-operation sensors are often required for equipmegheumatic sensor and outputs a modulating pneumatic signal.
safety interlocks, to verify command execution, or to monitor

fan and pump operation status when a central monitoring and

management system is provided. Current-sensing relayﬂ’CTUATORS
provided with current transformers around the power lines to
the fan or pump motor, are frequently used for proof-of- . _ . .
operation inputs. The contact closure threshold should be sef\ actuator is a device that converts electric or pneumatic

high enough for the relay to drop out if the load is lost (brokefN€rgY into a rotary or linear action. An actuator creates a change
belt or coupling) but not so low that it drops out on a lo n the controlled variable by operating a variety of final control
operational load. devices such as valves and dampers.

Another form of air velocity sensor uses a microelectroni
circuit with a heated resistance element on a microchip as t
primary velocity sensing element. Comparing the resistance
this element to the resistance of an unheated element indica%
the velocity of the air flowing across it.

PROOF-OF-OPERATION SENSORS

Current-sensing relays are reliable, require less maintenance',r:j g;leneral, pneumha_mﬁ actuatorr;s prowdﬁ Ir(eroportlon_mg or
and cost less to install than mechanical duct and pipe devic&sodulating action, which means they can hold any position in
their stroke as a function of the pressure of the air delivered to

them. Two-position or on/off action requires relays to switch

TRANSDUCERS from zero air pressure to full air pressure to the actuator.

_ Electric control actuators are two-position, floating, or
Transducers convert (change) sensor inputs and Contr0|||§foportional (refer to CONTROL MODES). Electronic
outputs from one analog form to another, more usable, anal@gtuators are proportional electric control actuators that require
form. A voltage-to-pneumatic transducer, for example, converigy electronic input. Electric actuators are bidirectional, which
a controller variable VO“:age Input, such as 2 to 10 VOItS, to Reans they rotate one way to open the valve or damper, and
linear variable pneumatic output, such as 20 to 100 kPa. Tlige other way to close the valve or damper. Some electric
pneumatic output can be used to position devices such ag@uators require power for each direction of travel. Pneumatic

pneumatic valve or damper actuator. A pressure-to-voltagghd some electric actuators are powered in one direction and
transducer converts a pneumatIC sensor Value, such as 1%{@re energy ina Spring for return travel.

100 kPa, to a voltage value, such as 2 to 10 volts, that is

acceptable to an electronic or digital controller. Figure 54 shows a pneumatic actuator controlling a valve. As
air pressure in the actuator chamber increases, the downward force
(F1) increases, overcoming the spring compression force (F2),
and forcing the diaphragm downward. The downward movement
of the diaphragm starts to close the valve. The valve thus reduces
the flow in some proportion to the air pressure applied by the
actuator. The valve in Figure 54 is fully open with zero air pressure
and the assembly is therefore normally open.
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Fig. 54. Typical Pneumatic Valve Actuator.
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Electric actuators are inherently positive positioning. Some
pneumatic control applications require accurate positioning of
the valve or damper. For pneumatic actuators, a positive
positioning relay is connected to the actuator and ensures that
the actuator position is proportional to the control signal. The
positive positioning relay receives the controller output signal,
reads the actuator position, and repositions the actuator
according to the controller signal, regardless of external loads
on the actuator.

Electric actuators can provide proportional or two-position
control action. Figure 56 shows a typical electric damper
actuator. Spring-return actuators return the damper to either
the closed or the open position, depending on the linkage, on a
power interruption.

ACTUATOR

DAMPER

A pneumatic actuator similarly controls a damper. Figure 55 c2721

shows pneumatic actuators controlling normally open and

normal

—
| NORMALLY T

ly closed dampers.

OPEN DAMPER
/

AIR

_—

NORMALLY
CLOSED DAMPER

AIR

ACTUATOR

PRESSURE
ACTUATOR / 1
© O O
| oL
Re > &=
.\r
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DIAPHRAGM

PRESSURE
oo E /
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C2087

Fig. 55. Typical Pneumatic Damper Actuator.
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Fig. 56. Typical Electric Damper Actuator.

AUXILIARY EQUIPMENT

Many control systems can be designed using only a sensor,
controller, and actuator. In practice, however, one or more
auxiliary devices are often necessary.

Auxiliary equipment includes transducers to convert signals
from one type to another (e.g., from pneumatic to electric),
relays and switches to manipulate signals, electric power and
compressed air supplies to power the control system, and
indicating devices to facilitate monitoring of control system
activity.
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CHARACTERISTICS AND ATTRIBUTES OF CONTROL METHODS

Review the columns of Table 4 to determine the characteristics and attributes of pneumatic, electric, electronic, andsamroproc

control methods.

Table 4. Characteristics and Attributes of Control Methods.

Pneumatic

Electric

Electronic

Microprocessor

Naturally
proportional

Requires clean dry
air

Air lines may cause
trouble below
freezing

Explosion proof

Simple, powerful,
low cost, and
reliable actuators
for large valves and
dampers

Simplest
modulating control

Most common for
simple on-off
control

Integral sensor/
controller

Simple sequence of
control

Broad
environmental limits

Complex
modulating
actuators,
especially when
spring-return

Precise control

Solid state
repeatability and
reliability

Sensor may be up
to 300 feet from
controller

Simple, remote,
rotary knob
setpoint

High per-loop cost

Complex actuators
and controllers

Precise control
Inherent energy management

Inherent high order (proportional plus integral) control,
no undesirable offset

Compatible with building management system. Inherent
database for remote monitoring, adjusting, and alarming.

Easily performs a complex sequence of control
Global (inter-loop), hierarchial control via
communications bus (e.g., optimize chillers based upon

demand of connected systems)

Simple remote setpoint and display (absolute number,
e.g., 74.4)

Can use pneumatic actuators
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PSYCHROMETRIC CHART FUNDAMENTALS

INTRODUCTION

This section provides information on use of the psychrometrichanges in relation to the performance of automatic HVAC control
chart as applied to air conditioning processes. The chart providggstems. The chart is also useful in troubleshooting a system.
a graphic representation of the properties of moist air including
wet- and dry-bulb temperature, relative humidity, dew point, For additional information about control of the basic
moisture content, enthalpy, and air density. The chart is usedpoocesses in air handling systems, refer to the Air Handling
plot the changes that occur in the air as it passes through anSgistem Control Applications section.
handling system and is particularly useful in understanding these

DEFINITIONS

To use these charts effectively, terms describing th®loisture content (humidity ratio): The amount of water
thermodynamic properties of moist air must be understood. contained in a unit mass of dry air.
Definition of these terms follow as they relate to the
psychrometric chart. Additional terms are included for deviceRelative humidity: The ratio of the measured amount of

commonly used to measure the properties of air. moisture in the air to the maximum amount of moisture
the air can hold at the same temperature and pressure.
Adiabatic process:A process in which there is neither loss Relative humidity is expressed in percent of saturation.
nor gain of total heat. The heat merely changes from Air with a relative humidity of 35, for example, is
sensible to latent or latent to sensible. holding 35 percent of the moisture that it is capable of

holding at that temperature and pressure.
Density: The mass of air per unit volume. Density can be
expressed in kilograms per cubic meter of dry airSaturation: A condition at which the air is unable to hold any
This is the reciprocal of specific volume. more moisture at a given temperature.

Dew point temperature: The temperature at which water Sensible heat:Heat that changes the temperature of the air
vapor from the air begins to form droplets and settles without changing its moisture content. Heat added to
or condenses on surfaces that are colder than the dew air by a heating coil is an example of sensible heat.
point of the air. The more moisture the air contains,
the higher its dew point temperature. When dry-bulSling psychrometer: A device (Fig. 1) commonly used to

and wet-bulb temperatures of the air are known, the measure the wet-bulb temperature. It consists of two
dew point temperature can be plotted on the identical thermometers mounted on a common base.
psychrometric chart (Fig. 4). The base is pivoted on a handle so it can be whirled
through the air. One thermometer measures dry-bulb
Dry-bulb temperature: The temperature read directly on an temperature. The bulb of the other thermometer is
ordinary thermometer. encased in a water-soaked wick. This thermometer
measures wet-bulb temperature. Some models provide
Isothermal process:A process in which there is no change of slide rule construction which allows converting the
dry-bulb temperature. dry-bulb and wet-bulb readings to relative humidity.
Joule (J): The unit of measure for energy, work, and heat. This Although commonly used, sling psychrometers can
section uses joule as a unit of heat where 4.2 joules cause inaccurate readings, especially at low relative
will raise the temperature of 1 gram of water 1 kelvin. humidities, because of factors such as inadequate air
flow past the wet-bulb wick, too much wick wetting
Latent heat: Heat that changes liquid to vapor or vapor to from a continuous water feed, thermometer calibration
liquid without a change in temperature or pressure of error, and human error. To take more accurate readings,
the moisture. Latent heat is also called the heat of especially in low relative humidity conditions,
vaporization or condensation. When water is motorized psychrometers or hand held electronic
vaporized, it absorbs heat which becomes latent heat. humidity sensors are recommended.

When the vapor condenses, latent heat is released,
usually becoming sensible heat.

38 ENGINEERING MANUAL OF AUTOMATIC CONTROL



PSYCHROMETRIC CHART FUNDAMENTALS

*— HANDLE

—— WET-BULB THERMOMETER
rWATER-SOAKED WICK \]

A
ga— ]
DRY-BULB THERMOMETER PIVOT

RELATIVE HUMIDITY SCALE—* C1828

Fig. 1. Sling Psychrometer.

Specific volume:The volume of air per unit of mass. Specific (stocking or sock) and with an air flow of 4.57 meters
volume can be expressed in cubic meters per kilogram per second across the wick. Water evaporation causes
of dry air. The reciprocal of density. the temperature reading to be lower than the ambient

dry-bulb temperature by an amount proportional to

Total heat (also termed enthalpy)The sum of sensible and the moisture content of the air. The temperature re-
latent heat expressed in Kilojoule per unit of mass of duction is sometimes called the evaporative effect.
the air. Total heat, or enthalpy, is usually measured When the reading stops falling, the value read is the
from zero degrees Celsius for air. These values are wet-bulb temperature.
shown on the ASHRAE Psychrometric Charts in
Figures 33 and 34. The wet-bulb and dry-bulb temperatures are the easiest

air properties to measure. When they are known, they

Wet-bulb temperature: The temperature read on a thermom- can be used to determine other air properties on a
eter with the sensing element encased in a wet wick psychrometric chart.

DESCRIPTION OF THE PSYCHROMETRIC CHART

The ASHRAE Psychrometric Chart is a graphical represen- Chart No. 1 can be used alone when no freezing temperatures
tation of the thermodynamic properties of air. There are fivare encountered. Chart No. 2 is very useful, especially in
different psychrometric charts available and in use today: locations with colder temperatures. To apply the lower range

Chart No. 1 — Normal temperatures, 0 t6G0 chart to an HVAC system, part of the values are plotted on
Chart No. 2 — Low temperatures, —40 t¢Q0 Chart No. 2 and the resulting information transferred to Chart
Chart No. 3 — High temperatures, 10 to 120 No. 1. This is discussed in the EXAMPLES OF AIR MIXING
Chart No. 4 —  Very High temperatures, 100 toZD0 PROCESS section. These two charts allow working within the
Chart No. 5 — Normal temperature at 750 meters aboveomfort range of most systems. Copies are provided in the
sea level, 0 to 5C ASHRAE PSYCHROMETRIC CHARTS section.
Chart No. 6— Normal temperature at 1500 meters
above sea level, 0 to 8D
Chart No. 7— Normal temperature at 2250 meters

above sea level, 0 to 5D
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THE ABRIDGED PSYCHROMETRIC CHART

Figure 2 is an abridged form of Chart No. 1. Some of the The chart also contains a protractor nomograph with the
scale lines have been removed to simplify illustrations of théollowing scales:
psychrometric processes. Smaller charts are used in most of— Enthalpy/humidity ratio scale
the subsequent examples. Data in the examples is taken fromm— Sensible heat/total heat ratio scale
full-scale charts
When lines are drawn on the chart indicating changes in
The major lines and scales on the abridged psychrometaisychrometric conditions, they are called process lines.
chart identified in bold letters are:

— Dry-bulb temperature lines With the exception of relative humidity, all lines are straight.
— Wet-bulb temperature lines Wet-bulb lines and enthalpy (total heat) lines are not exactly
— Enthalpy or total heat lines the same so care must be taken to follow the correct line. The
— Relative humidity lines dry-bulb lines are not necessarily parallel to each other and
— Humidity ratio or moisture content lines incline slightly from the vertical position. The purpose of the
— Saturation temperature or dew point scale two enthalpy scales (one on the protractor and one on the chart)

— Volume lines in cubic meters per kilogram of dry air  is to provide reference points when drawing an enthalpy (total

N
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Fig. 2. Abridged Chart No. 1.
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heat) line. The protractor nomograph, in the upper left corner,— Enthalpy is 56.0 kilojoules per kilogram of dry air
is used to establish the slope of a process line. The mechanics (Point D)
of constructing this line are discussed in more detail in the— Density is 1.163 kilograms per cubic meter (reciprocal

STEAM JET HUMIDIFIERS section.

The various properties of air can be determined from the chart
whenever the lines of any two values cross even though all
properties may not be of interest. For example, from the point

where the 23C dry-bulb and 15% wet-bulb lines cross (Fig. 3,

Point A), the following additional values can be determined:

43.5 kilkg @

56% RH
0.845 m ¥kg

~
21°C DB 15.5°CWB
€4320

Fig. 3.

— Relative humidity is 56 percent (Point A)

— Volume is0.845cubic metersper kilogram of dry air
(Point A)

— Dew point is 12C (Point B)

of volume)

[ 60% RH

56 kJ/kg

——— — — — — = 17 g/kg
19.5°CWB N
0.86 m°/kg S~
SN
~
N
@ 25°C DB ca321

Fig. 4.

Figure 5 is the same as Figure 4 but is used to obtain latent
heat and sensible heat values. Figures 4 and 5 indicate that the
enthalpy (total heat) of the air is 56.0 kilojoules per kilogram
of dry air (Point D). Enthalpy is the sum of sensible and latent
heat (Line Ato E + Line E to D, Fig. 5). The following process
determines how much is sensible heat and how much is latent
heat. The bottom horizontal line of the chart represents zero
moisture content. Project a constant enthalpy line to the enthalpy
scale (from Point C to Point E). Point E enthalpy represents
sensible heat of 25.5 kilojoules per kilogram of dry air. The
difference between this enthalpy reading and the original

— Moisture content is 8.75 grams of moisture per kilograngnthalpy reading is latent heat. In this example 56.0 minus 25.5

of dry air (Point C)

equals 30.5 kilojoules per kilogram of dry air of latent heat.

— Enthalpy (total heat) is 43.5 kilojoules per kilogram of\when the moisture content of the air changes but the dry-bulb

dry air (Point D)

temperature remains constant, latent heat is added or subtracted.

— Density is 1.163 kilograms per cubic meter (reciprocal

of volume)

Figure 4 is another plotting example. This time the dry-bulb
temperature line and relative humidity line are used to establish 56 kilkg
the point. With the relative humidity equal to 60 percent and

the dry-bulb temperature atZ5(Fig. 4, Point A), the following

values can be read:
— Wet-bulb temperature is 196 (Point A)

— Volume is 0.86 cubic meters per kilogram of dry air 27

(Point A)
— Dew point is 17C (Point B)

LATENT HEAT 60% R.H.

25.5 k/kg

SENSIBLE

— Maoisture content is 12.0 grams of moisture per kilogram T © 25°cpB caz22

of dry air (Point C)
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EXAMPLES OF AIR MIXING PROCESS

The following examples illustrate use of the psychrometric chart In this example, a ventilating system (Fig. 7) is used to
to plot values and determine conditions in a ventilating systerilustrate how to plot data on Chart No. 2 and transfer values to
The examples also show how to obtain the same results Bhart No. 1. Chart No. 2 is similar to Chart No. 1 except that it
calculation. Example A requires only Chart No. 1. Example Bovers the —4TC to 10C temperature range. This is the
requires both Charts No. 1 and 2 since the outdoor air temperatteenperature range immediately below that of Chart No. 1. Note
is in the range of Chart No. 2. that there is an overlap of temperatures betwé&€rafd 10C.

The overlap is important when transferring values from one

7 L

%

EXAMPLE A: chart to another.
Plotting values where only Chart No. 1 (Fig. 6) is required. fA
\// /
7
—P» e
OA /

SUPPLY
K / FAN

/

Fig. 7. Example B, Ventilating System.

C2055

@A This example illustrates mixing two different air conditions
" o with no change in total heat (enthalpy). Any changes in the
16.5°C DB total heat required to satisfy space conditions are made by
0 R o8 heating, cooling, humidification, or dehumidification after the
40% RH c4323 air is mixed.

In this example:

1. A fixed quantity of two-thirds return air and one-third 5
outdoor air is used.

2. The return air condition is 2& dry bulb and 17C 3
wet bulb.

3. Outdoor air condition is°Z dry bulb and 40 percent rh.

wet bulb.

To find the mixed air conditions at design: Fig. 8

To find the mixed air condition:
1. Plot the outdoor air (OA) condition on Chart No. 2,

1. A fixed quantity of two-thirds return air and one-third
outdoor air is used.

. The return air condition is 2@ dry bulb and 17C

. Outdoor air condition is —2€ dry bulb and 50 percent rh.

1. Plot the return air (RA) condition (Point A) and outdoor 2 pjot the return air (RA) condition on Chart No. 1, Fig. 9.

air (OA) condition (Point B).
2. Connect the two points with a straight line.
3. Calculate the mixed air dry-bulb temperature:
(2/13 x 75) + (1/3 x 36) = 166 dry bulb
4. The mixed air conditions are read from the point at which ~10.5 ki/kg
the line, drawn in Step 2, intersects the 16.8ry-bulb
line (Point C).

EXAMPLE B:
Plotting values when both Chart No. 1 and Chart No. 2 are

OA
—12°C DB
50% RH

= 0.7 g/kg

required.

C4325

Fig. 8. Example B, Chart No. 2.
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RA

24°C DB b.
17°C WB
28.5 kJlkg 94 gkg
6.5 glk
R "
12°C DB
9.5°C WB 0.7 g/kg
I—;FROM CHART 2 C.

C4324

Fig. 9. Example B, Chart No. 1

3. Calculate the mixed air enthalpy as follows:

a. For the return air, project a line parallel to the
enthalpy line from Point A to the enthalpy scale 5.
on Figure 9. The value is 47.5 kilojoules per
kilogram of dry air.

b. For the outdoor air, project a line parallel to the
enthalpy line from Point B to the enthalpy scale on
Figure 8. The value is —10.5 kilojoules per kilogram
of dry air.

c. Using the determined values, calculate the mixed 6.
air enthalpy:

(2/3 x 47.5) + (1/3 x —10.5) 28.2 kilojoules per
kilogram of dry air

AIR CONDITIONING PROCESSES

HEATING PROCESS

The heating process adds sensible heat to the system and
follows a constant, horizontal moisture line. When air is heated
by a steam or hot water coil, electric heat, or furnace, no
moisture is added. Figure 10 illustrates a fan system with a
heating coil. Figure 11 illustrates a psychrometric chart for this
system. Air is heated from i3 dry bulb to 30C dry bulb
represented by Line A-B. This is the process line for heating.
The relative humidity drops from 40 percent to 12 percent and

22.8 k/kg
~

40 kd/kg
~

4. Calculate the mixed air moisture content as follows:
a. For the return air, project a line from Point A hori-

zontally to the moisture content scale on Figure 9.
The value is 9.4 grams of moisture per kilogram of
dry air.

For the outdoor air, project a line from Point B
horizontally to the moisture content scale on
Figure 8. The value is 0.7 grams of moisture per
kilogram of dry air. Also, project this value on to
Chart No. 1 as shown in Figurre 9.

Using the determined values, calculate the mixed
air moisture content:

(2/13 x9.4) + (1/13 x 0.7) =6.5 grams of moisture
per kilogram of
dry air

Using the enthalpy value of 28.2 kJ/kg and the moisture
content value of 6.5g, plot the mixed air conditions, Point
C, on Chart No. 1, Figure 9, by drawing a horizontal line
across the chart at the 6.5g moisture content level and a
diagonal line parallel to the enthalpy lines starting at the
28.2 kilojoules per kilogram of dry air enthalpy point. Point
C yields 12C dry-bulb and 9.5 wet-bulb temperature.
Read other conditions for the mixed air (MA) from Chart
No. 1 as needed.

: . . . e————¢@ - -------=- - 3.8 glkg
the moisture content remains 3.8 grams of moisture per kilogram ®» —
of air. Determine the total heat added as follows:
13°C DB 30°C DB
40% RH 12% RH c4327
HEATING COIL SUPPLY FAN
13°C DB 30°C DB i
i 32% Ry > Fig. 11.
AIR FLOW

C4326

Fig. 10. Fan System with Heating Coil.
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1. Draw diagonal lines parallel to the constant enthalpy lines COOLING COIL SUPPLY FAN
from Points A and B to the enthalpy scale. 32°C DB 21°C DB —»
2. Read the enthalpy on the enthalpy scale. 50% RH 95% RH AIRFLOW

3. Calculate the enthalpy added as follows:

Total heat at Point B — total heat at Point A =
total heat added.

40.0 — 22.8 = 17.2 kilojoules per kilogram of
dry air 705Kk

59 ki/kg
<

Since there is no change in moisture content, the total heat added
is all sensible. Whenever the process moves along a constant
moisture line, only sensible heat is changed.

®32°C DB

50% RH

21°C DB

95% RH

COOLING PROCESS

. . C4328
The cooling process removes sensible heat and, often, latent

heat from the air. Consider a condition where only sensible Fig. 12.

heat is removed. Figure 12 illustrates a cooling process where

air is cooled from 3ZC to 2PC but no moisture is removed. Total heat at Point A - total heat at Point B =

Line A-B represents the process line for cooling. The relative total heat removed.

humidity in this example increases from 50 percent (Point A) 70.5-59.0 = 11.5 kilojoules per kilogram of

to 95 percent (Point B) because air &@tannot hold as much
moisture as air at 32. Consequently, the same amount of

moisture results in a higher percentage relative humidity"ax 21 This is all sensible heat since there is no change in moisture
than at 32C. Calculate the total heat removed as follows: content

dry air

HUMIDIFYING PROCESS

BASIC PROCESS

The humidifying process adds moisture to the air and crosses
constant moisture lines. If the dry bulb remains constant, the
process involves the addition of latent heat only.

Relative humidity is the ratio of the amount of moisture in
the air to the maximum amount of moisture the air can hold at

the same temperature and pressure. If the dry-bulb temperature ® 055 ghkg
increases without adding moisture, the relative humidity

decreases. The psychrometric charts in Figures 13 and 14 _18°C DB

illustrate what happens. Referring to Chart No. 2 (Fig. 13), 75% RH 4329
outdoor air at =18 dry bulb and 75 percent rh (Point A) .

contains about 0.55 grams of moisture per kilogram of dry air. Fig. 13. Chart No. 2.

The 0.55 grams of moisture per kilogram of dry air is carried
over to Chart No. 1 (Fig. 14) and a horizontal line (constant
moisture line) is drawn.
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SUPPLY FAN
HEATING COIL 4700 L/s

-18°C DB 21°C DB 21°C DB
75% RH 4.5% RH 35% RH
oa—pp DA—pp

®
 E— ettt I-0.55 g/k
E FROM CHART 2 21°§-DB o
4.5% RH C4330
Fig. 14. Chart No. 1. I-gs-A)-Rf ----------- - 5.5glkg
4.5% RH

The outdoor air (—1& at 75 percent rh) must be heated to a |: ppp— — - 050l
comfortable indoor air level. If the air is heated t6@1for 2eos cass1
example, draw a vertical line at that dry-bulb temperature. The Fig. 15.
intersection of the dry-bulb line and the moisture line determines
the new condition. The moisture content is still 0.55 grams of 11,4 space contains the following volume:
moisture per kilogram of dry air, but the relative humidity drops 9m x 12m x 2.5m = 270 cubic meters

to about 4.5 percent (Point A, Fig. 14). This indicates a need to
add moisture to the air. Two examples of the humidifying

process follow Two air changes per hour is as follows:

2x270n¢ = 540 cubic meters per

EXAMPLE 1: hour
Determine the amount of moisture required to raise the or
relative humidity from 4.5 percent to 35 percent when the air 540+ (60 x 60) = 150 liters per second
temperature is raised from =I8to 2TC and then maintained
at a constant 2C. This amount of air is brought into the room, heated t€21

and humidified. Chart No. 2 (Fig. 13) illustrates that outdoor
Figure 15 provides an example of raising the relative humidityjr ot —18C has a volume of 0.712 cubic meters per kilogram.
by adding moisture to the air. Assume this example represenfie reciprocal of this provides the density or 1.404 kilograms
aroom thatis 9 by 12 meters with an 2.5 meter ceiling and tWesr cubic meter. Converting the cubic meters per hour of air to
air changes per hour. Determine how much moisture must Rograms per hour provides:

added to raise the relative humidity to 35 percent (Point B). 540 n#/hr x 1.404 kgl = 758.2 kilograms of air

To raise the relative humidity from 4.5 percent (Point A) to per hour

35 percent (Point B) at 2C, the moisture to be added can be

. ) For the space in the example, the moisture that must be
determined as follows:

1. The moisture content required forr€lair at 35 percent added is:
rh is 5.5 grams of moisture per kilogram of dry air. 758.2 kg/hr x 4.95 glkg= 3753 grams

2. The moisture content of the heated air i2and = 3.75 kilograms of
4.5 percent rh is 0.55 grams of moisture per kilogram of water per hour
dry air.

3. The moisture required is: EXAMPLE 2:

5.5g/kg— 0.55g/kg = 4.95 grams of moisture Determine the moisture required to provide€'Q4air at
per kilogram of dry air 50 percent rh using 1Q air at 52 percent rh.

Line A-B, Figure 15, represents this humidifying process on [N this example, assume that 4700 liters of air per second must
the psychrometric chart. be humidified. First, plot the supply air Point A, Figure 16, at

10°C and 52 percent rh. Then, establish the condition after the air
is heated to 2& dry bulb. Since the moisture content has not
changed, this is found at the intersection of the horizontal, constant
moisture line (from Point A) and the vertical°24dry-bulb
temperature line (Point B).

ENGINEERING MANUAL OF AUTOMATIC CONTROL 45



PSYCHROMETRIC CHART FUNDAMENTALS

The air at Points A and B has 4.0 grams of moisture per If each kilogram of dry air requires 5.3 grams of moisture,
kilogram of air. While the moisture content remains the samtien the following moisture must be added:
after the air is heated to 22 (Point B), the relative humidity 555 kg/s x5.3g/kg = 29.4 grams of moisture
drops from 52 percent to 21 percent. To raise the relative per second
humidity to 50 percent at 2&, find the new point on the chart
(the mtersecﬂo_n of the 2¢ dry-bulb line and the_50 p_erc_ent Thus, a humidifier must provide 105.8 kilograms of water
rh curve or Point C). The moisture content at this point is 9.3 . - N

: . : . er hour to raise the space humidity to 50 percent’&.24

grams of moisture per kilogram of dry air. Calculate the moisturB

to be added as follows:

9.39/kg—-4.09/kg = 5.3 grams of moisture sSTEAM JET HUMIDIFIER
per kilogram of dry air

) o ] S The most popular humidifier is the steam-jet type. It consists
Line B-C in Figure 16 represents this humidifying procesgy g pipe with nozzles partially surrounded by a steam jacket.

on the psychrometric chart. The jacket is filled with steam; then the steam is fed through
SUPPLY FAN nozzles and sprayed into the air stream. The jacket minimizes
HEATING COIL 4700 L/s . . .
— — condensation when the steam enters the pipe with the nozzles
529 RH 24°C DB 50% RH and ensures dry steam for humidification. The steam is sprayed
—> 21% RH . . .
MA D_>A into the air at a temperature of 2@0or higher. The enthalpy

includes the heat needed to raise the water temperature from 0
to 100C, or 419 kJ plus 2256 kJ to change the water into steam.
This is a total of 2675 kJ per kilogram of water at 0 kPa (gage)
as it enters the air stream. (See Properties of Saturated Steam
table in General Engineering Data section). The additional heat
added to the air can be plotted on Chart No. 1 (Figure 17) to
show the complete process. In this example, air enters the
heating coil at 13C dry-bulb temperature (Point A) and is
heated to 32C dry-bulb temperature (Point B) along a constant
moisture line. It then enters the humidifier where the steam

/ ® adds moisture and heats the air to Point C.

=@ --mmm - mmm - - = 4.0 glk
21% RH 9g

0.847 m3/kg

N 50% RH

............... = 9.3 g/kg

Figure 17 also shows use of the protractor nomograph.
lo°cos 24°CDB caam Assume the relative humidity of the air entering the
humidifier at Point B is to be raised to 50 percent. A
process line can be constructed using the protractor
nomograph. The total heat of the entering steam in
At 24°C and 21 percent relative humidity, the psychro—K”OJ.mJle per kilogram iis located on the enthalpy/
. ' .~ humidity ratio scale&h / AW) of the nomograph. This
metric chart shows that the volume of one kilogram of air is lue 2675 Kiloioulesper kiloaram. isconnected to the
about 0.847 cubic meters. There are two ways to find the wei T ue ) P 9 '

of the air. One way is to use the volume to find the Weighdeff,ﬁlr:nfgczzlsnltir?; Lhnetﬂgmgggﬁfgn:gtﬁitfﬁgfth;hears;ﬂgf
Assuming 4700 liters (4.7 $nper second of air: P Sy AP

) ) line is drawn on the chart from Point B up to the 50
4.7nP/s+0.847 nifkg = 5.55 kilograms of air per percent relative humidity line (Point C). The Line B-C
second is the process line. The Line X-Y (bottom of the chart) is

_ ) ) ) simply a perpendicular construction line for drawing the
The other way is to use the density to find the weight. Theine B-C parallel to the line determined on the

reciprocal of the volume provides the density as follows:  nomograph. Note that the dry-bulb temperature increased
1+0.847 mfkg = 1.18kilograms per cubic from 32 to 33C.
meter

Fig. 16.

The weight is then:
4.7 n¥/kg x 1.18 kg/m

5.55 kilograms of air per
second
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/— REFERENCE POINT

/4
! 1.0 7—-00

THIS LINE IS
PARALLEL

TO THE SOLID
LINE C-B ON
THE PSYCH
CHART

SENSIBLE HEAT _ AHg
TOTAL HEAT AHt

\— 50% RH

CONSTRUCTION LINE
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Figure 18 is the same as the chart shown in Figure 17 excéfite remaining 0.8 kJ/kg is sensible heat. The actual moisture
that it graphically displays the amount of heat added by thedded per kilogram of dry air is 9.5 grams. The specific volume
process. Enthalpy (total heat) added is determined hyf the entering air at Point B is 0.874 cubic meters per kilogram.
subtracting the enthalpy of the dry, heated air at Point B from

the enthalpy of the humidified air at Point C as follows: For a 4.72 cubic meters per Second system, the weight of the
74.5kJ/kg — 49.0 kJ/kg = 25.5 kilojoules per air passing through is:
kilogram of dry air 472 m¥/s+ 0.874 mi/kg = 5.4 kilograms per

The steam raised the temperature of the air fronT 3Ry second

bulb to 33C dry bulb. To find the latent heat added by the . . .
steam humidifier to the air, determine the enthalpy at Point D The weight of the moisture added is:

(the enthalpy of the heated air without added moisture) and 5.4 kg/s x 9.5 g/kg = 51.3 grams per second
subtract it from the enthalpy of the humidified air at Point C. of moisture

This is as follows:

74.5 kJ/kg — 49.8 kd/kg = 24.7 kilojoules per
kilogram of dry air

/— REFERENCE POINT

50% RH

STEAM LATENT

ENTHALPY_/ SENSIBLE—
2675 kilkg (0.8 ki/kg) =

16 g/kg

6.5 g/kg

32°C DB @ 33°C DB

M15330

Fig. 18.
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Recalling that the steam added 25.5 kilojoules per kilogram
of dry air, the total heat added is:

5.4 kg/s x 25.5 kJ/kg = 137.7 kilojoules per
second

Summarized, a steam humidifier always adds a little sensible

heat to the air, and the Process Line B—C angles to the right of CONSTANT
the 32C starting dry-bulb line because of the added sensible © /E,NTEHALPY
heat. When the process line crosses the moisture content lines

along a constant dry-bulb line, only latent heat is added. When ®

it parallels a constant, horizontal moisture line, only sensible
heat is added.

C1843

Fig. 21.

AIR WASHERS
The next two psychrometric charts (Fig. 22 and 23) illustrate

Air washers are also used as humidifiers particularly fathe humidifying process using a heated air washer. The
applications requiring added moisture and not much heat astemperature to which the water is heated is determined by the
warm southwestern climates. A washer can be recirculating asount of moisture required for the process. Figure 22 shows
shown in Figure 19 or heated as shown in Figure 20. hhat happens when the washer water is heated above the air
recirculating washers, the heat necessary to vaporize the wadey-bulb temperature shown at Point A. The temperature of the
is sensible heat changed to latent heat which causes the dmater located at Point B on the saturation curve causes the
bulb temperature to drop. The process line tracks the constagstem air temperature to settle out at Point D. The actual
enthalpy line because no total heat is added or subtracted. Tloisation of Point D depends upon the construction and
process is called “adiabatic” and is illustrated by Figure 2Xkharacteristics of the washer.
Point A is the entering condition of the air, Point B is the final
condition, and Point C is the temperature of the water. SinceAs the humidity demand reduces, the water temperature moves
the water is recirculating, the water temperature becomes ttewn the saturation curve as it surrenders heat to the air. This
same as the wet-bulb temperature of the air. causes the water temperature to settle out at a point such as Point
C. The final air temperature is at Point E. Note that the final air
temperature is above the initial dry-bulb temperature so both
sensible and latent heat have been added to the air.

SUPPLY FAN

(

V VYV

fo SATURATION

CURVE
PUMP C2598

Fig. 19. Recirculating Air Washer.

SUPPLY FAN

(L

HWS —Jp— >
HWR —f—

V VYV

HEAT EXCHANGER C1844

PUMP C2599

Fig. 22.
Fig. 20. Heated Air Washer.
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washer is always located on the saturation curve. Note that the
dry-bulb temperature of the air is reduced as it passes through
\ the washer. This happens because some of its heat is used to
SATURATION CURVE evaporate the water; however, the humidity of the air rises
considerably. In this case, some of the sensible heat of the air
® becomes latent heat in the water vapor, but the enthalpy of the
air is increased because of the heat in the water.

® VAPORIZING HUMIDIFIER

Vaporizing and water spray humidifiers operate on the principal
of breaking water up into small particulates so they are evaporated
C1845 directly into the air. This process is essentially adiabatic since the
Fig. 23. enthalpy lines of the water vapor for O and “ID@re so close.
The enthalpy of water at’G is zero and at 10Q it is 419
Figure 23 illustrates a heated washer where the waté&ilojoules per kilogram. If air at Point fig. 24) is humidified
temperature is between the dry-bulb and wet-bulb temperatureg 100C water, the process follows a line parallel to line C-D
of the air. The air is humidified but also cooled a little. Point Band the 28C WB line and ends at a point such as Point B. The
represents the initial and Point C the final temperature of thectual water temperature of a vaporizing or water spray humidifier
water with reduced humidity demand. Point A represents theill be between C and 100C and will usually be around room
initial and Point E the final temperature of the air. The locatiotemperature so using the zero enthalpy line (C-E) as reference
of Points D and E depends on the construction andill not introduce a significant error into the process.
characteristics of the washer. The temperature of the water in a

0°C WATER = kJ/kg

©

0o 1.0 I 1.0 -00

10.0 20 -5.0
0o 404< 20
N SENSIBLE HEAT_ A Hs 0 .
%9 o TOTAL HEAT ~ AH; 0.9
o AN,
0 0

> v
e o

<
o
ENTHALPY _Ah
HUMIDITY RATIO AW

26°C WB LINE

ST

100°C WATER = 419 kJ/kg

/

CONSTRUCTION LINE, FOR LINE A -B, _//

PERPENDICULAR TO LINES C-D AND A-B

M15402

Fig. 24. Psychrometric Chart Showing Line A—B Parallel to Line C-D.
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COOLING AND DEHUMIDIFICATION To remove moisture, some air must be cooled below its
dew point. By determining the wet-bulb and the dry-bulb
BASIC PROCESS temperatures of the leaving air, the total moisture removed per

kilogram of dry air can be read on the humidity ratio scale and

Cooling and dehumidification can be accomplished in a sing#é determined as follows:
process. The process line moves in a decreasing direction acrosd. The entering air condition is 3D dry bulb and 61 percent
both the dry-bulb temperature lines and the constant moisture ~ h (Point A). The moisture content is 16.5 grams of
lines. This involves both sensible and latent cooling. moisture per kilogram of dry air.

2. The leaving air condition is 16 dry bulb and 93 percent

Figure 12 illustrates cooling air by removing sensible heat ~ h (Point C). The moisture content is 10 grams of moisture
only. In that illustration, the resulting cooled air was 95 percent  Per kilogram of dry air.
relative humidity, a condition which often calls for reheat (see 3. The moisture removed is:
DEHUMIDIFICATION AND REHEAT). Figure 25 illustrates 16.5 g/kg — 10 g/kg = 6.5 grams of moisture
a combination of sensible and latent cooling. Whenever the per kilogram of dry air
surface temperature of the cooling device (Point B), such as a
chilled water coil, is colder than the dew point temperature of The volume of air per kilogram at 30 dry bulb and 24C
the entering air (Point A), moisture is removed from the aiwet bulb (Point A) is 0.881 cubic meters per kilogram of dry
contacting the cold surface. If the coil is 100 percent efficiengir. If 2.5 cubic meters of air per second passes through the
all entering air contacts the coil and leaving air is the sameoil, the weight of the air is as follows:

temperature as the surface of the coil. 2.5n#/s+0.881 m3/kg = 2.84 kilograms per
COOLING COIL SUPPLY FAN Second
30°C DB 15°C DB
N S The kilograms of water removed is as follows:
LT DAy, g :
e DB 2.84 kg/ls x 16.5g/kg = 46.9 grams per second
or
46.99g/sx60x 60 _ .
1000g/kg = 176.0 kilograms per houi

L 16.5 glkg AIR WASHERS

Air washers are devices that spray water into the air within a

:;ch"‘vng duct. They are used for cooling and dehumidification or for
humidification only as discussed in the HUMIDIFYING

PROCESS—AIR WASHERS section. Figure 26 illustrates an

air washer system used for cooling and dehumidification. The

10°C DB Lsrc o8 soeoe mscwe chiller maintains the washer water to be sprayed at a constant
0.881 m3/kg c4334 10°C. This allows the chilled water from the washer to condense
water vapor from the warmer entering air as it falls into the

Fig. 25. pan. As a result, more water returns from the washer than has

been delivered because the temperature of the chilled water is
All coils, however, are not 100 percent efficient and all aifower than the dew point (saturation temperature) of the air.
does not come in contact with the coil surface or fins. As @he efficiency of the washer is determined by the number and
result, the temperature of the air leaving the coil (Point C) igffectiveness of the spray nozzles used and the speed at which
somewhere between the coolest fin temperature (Point B) afk air flows through the system. The longer the air is in contact

the entering outdoor air temperature (Point A). To determingith the water spray, the more moisture the spray condenses
this exact point requires measuring the dry-bulb and wet-bulpom the air.

temperatures of the leaving air.
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SUPPLY FAN Figure 28 summarizes the process lines for applications using
—> 2 —> washers for humidification or dehumidification. When the water
32°C DB ; 14°C DB recirculates, the process is adiabatic and the process line follows
e R the Constant Enthalpy Line A-C. The water assumes the wet-
bulb temperature of the air as the process line extends. Note that
cws —Pp———— Y whenever the washer water temperature is between the dew point
CWR (Point B) and the dry-bulb (Point D) temperature of the air,
v casss moisture is added and the dry-bulb temperature of the air falls. If
the water temperature is above the dry-bulb temperature of the
Fig. 26. Air Washer Used for air (to the right of Point D), both the air moisture and the dry-bulb
Cooling and Dehumidification. temperature increase. Whenever the water temperature is below

the dew point temperature (Point B), dehumidification occurs as

Figure 27 is a chart of the air washer process. If a washer'&ll as dry-bulb cooling. This process always falls on a curved
100 percent efficient, the air leaving the washer is at Point Bine between the initial temperature of the air and the point on the
The result as determined by the wet-bulb and dry-bulaturation curve representing the water temperature. The exact

temperatures is Point C and is determined as follows: leaving air temperature depends upon the construction and
characteristics of the washer.

32°C DB

@ 52% RH

— e — — w155 g/kg

—————————— +— 8.5g/kg
\24°CWB
wcos 0~ I| 0 =TT T T T T T T T T B
85% RH \
10°C DB \12.5°C wB
Flg 27. C1849
Fig. 28.
1. The entering condition air is 32 dry bulb and 52 percent
rh (Point A). The moisture content is 15.5 grams of
moisture per kilogram of dry air. DEHUMIDIFICATION AND REHEAT
2. Air that contacts the spray droplets follows the saturation
curve to the spray temperature; C@ry bulb (Point B), Dehumidification lowers the dry-bulb temperature, which

and then mixes with air that did not come in contact wittoften requires the use of reheat to provide comfortable
the spray droplets resulting in the average condition ajonditions. Dehumidification and reheat are actually two
Point C. processes on the psychrometric chart. Applications, such as
3. The leaving air is at 2€ dry bulb and 85 percent rh computer rooms, textile mills, and furniture manufacturing
(Point C). The moisture content is 8.5 grams of moisturglants require that a constant relative humidity be maintained

per kilogram of dry air. at close tolerances. To accomplish this, the air is cooled below
4. The moisture removed is: a comfortable level to remove moisture, and is then reheated
15.5 g/kg — 8.5 g/lkg = 7 grams of moisture per (sensible heat only) to provide comfort. Figure 29 is an air
kilogram of dry air conditioning system with both a cooling coil and reheat coil.
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COOLING HEATING
COIL SUPPLY FAN COIL

32°C DB 9°C DB 15.5°C DB
21.6°CwB 8°CwB 11°cws
40% RH 85% RH 56% RH

ca33r //__.
Fig. 29. Fan System with Dehumidification and Reheat. ©
-

Figure 30 illustrates cooling and dehumidification with reheat
for maintaining constant relative humidity. Air enters the coils

at Point A, is cooled and dehumidified to Point B, is reheated goop 1eDs e

to Point C, and is then delivered to the controlled space. A space 85% RH  56% RH 40% RH c4338
humidistat controls the cooling coil valve to maintain the space

relative humidity. A space thermostat controls the reheat coil Fig. 30.

to maintain the proper dry-bulb temperature.

PROCESS SUMMARY

Figures 31 and 32 summarize some principles of the air — To find the sensible heat content of any air in kilojoules,

conditioning process as illustrated by psychrometric charts. follow the dry-bulb line to the bottom of the chart and
— Sensible heating or cooling is always along a constant read the enthalpy there, or project along the enthalpy line,
moisture line. and read the kilojoules per kilogram of dry air on the

— When latent heat is added or removed, a process line  enthalpy scale.
always crosses the constant moisture lines.

— Enthalpy and humidity ratio, or moisture content, are
based on a kilogram of dry air. Zero moisture is the bottom
line of the chart.

SUMMARY OF ALL PROCESSES CHARTABLE.
PROCESS MOVEMENT IN THE DIRECTION OF:
— A, HEATING ONLY - STEAM, HOT WATER OR ELECTRIC HEAT COIL
— B, HEATING AND HUMIDIFYING - STEAM HUMIDIFIER

OR RECIRCULATED HOT WATER SPRAY
— C, HUMIDIFYING ONLY - AIR WASHER WITH HEATED WATER
— D, COOLING AND HUMIDIFYING - WASHER
— E, COOLING ONLY - COOLING COIL OR WASHER AT

c1851 DEWPOINT TEMPERATURE
— F, COOLING AND DEHUMIDIFYING - CHILLED WATER WASHER
. — G, DEHUMIDIFYING ONLY - NOT PRACTICAL

Fig. 31. — H, DEHUMIDIFYING AND HEATING - CHEMICAL DEHUMIDIFIER ciss2

LATENT HEAT CHANGE

SENSIBLE HEAT CHANGE

Fig. 32.

ASHRAE PSYCHROMETRIC CHARTS

The following two pages illustrate ASHRAE Psychrome@farts No. 1 and No. 2.
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Fig. 34. ASHRAE Psychrometric Chart No. 2.
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INTRODUCTION

This section provides basic information on pneumatic control — Many control sequences and combinations are possible
systems and components commonly used to control equipment  with relatively simple equipment.
in commercial heating and air conditioning applications. The — Pneumatic equipment is suitable where explosion hazards
information in this section is of a general nature in order to exist.
explain the fundamentals of pneumatic control. Some terms— The installed cost of pneumatic controls and materials
and references may vary between manufacturers (e.g., switch may be lower, especially where codes require that low-
port numbers). voltage electrical wiring for similar electric controls be

run in conduit.

Pneumatic control systems use compressed air to operate— Quality, properly installed pneumatic equipment is
actuators, sensors, relays, and other control equipment. reliable. However, if a pneumatic control system requires
Pneumatic controls differ from other control systemsin several  troubleshooting or service, most building-maintenance
ways with some distinct advantages: people have the necessary mechanical knowledge.

— Pneumatic equipment is inherently proportional but can

provide two-position control when required.

DEFINITIONS

Actuator: A mechanical device that operates a final controControl point: The actual value of the controlled variable
element (e.g., valve, damper). (setpoint plus or minus offset).

Authority (Reset Authority or Compensation Authority): A Controlled variable: The quantity or condition that is measured

setting that indicates the relative effect a compensa- and controlled (e.g., temperature, relative humidity,
tion sensor input has on the main setpoint (expressed pressure).
in percent).
Controller: A device that senses the controlled variable or receives
Branch line: The air line from a controller to the controlled device. an input signal from a remote sensing element, compares
the signal with the setpoint, and outputs a control signal
Branchline pressure (BLP):A varying air pressure signal from (branchline pressure) to an actuator.

a controller to an actuator carried by the branch line.
Can go from atmospheric to full main line pressure. Differential: A term that applies to two-position devices. The
range through which the controlled variable must pass

Compensation changeover:The point at which the in order to move the final control element from one to
compensation effect is reversed in action and changes the other of its two possible positions. The difference
from summer to winter or vice versa. The percent of between cut-in and cut-out temperatures, pressures, etc.
compensation effect (authority) may also be changed
at the same time. Direct acting (DA): A direct-acting thermostat or controller

increases the branchline pressure on an increase in the

Compensation control:A process of automatically adjusting measured variable and decreases the branchline pressure
the control point of a given controller to compensate on a decrease in the variable. A direct-acting actuator
for changes in a second measured variable such as extends the shaft on an increase in branchline pressure
outdoor air temperature. For example, the hot deck and retracts the shaft on a decrease in pressure.

control point is reset upward as the outdoor air

temperature decreases. Also know as “reset controlDischarge air: Conditioned air that has passed through a coil.
Also, air discharged from a supply duct outlet into a

Compensation sensorThe system element which senses a space. See Supply air.

variable other than the controlled variable and resets

the main sensor control point. The amount of this effedtinal control element: A device such as a valve or damper

is established by the authority setting. that acts to change the value of the manipulated
variable. Positioned by an actuator.
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Main line: The air line from the air supply system to controllersReverse acting (RA)A reverse-acting thermostat or controller

and other devices. Usually plastic or copper tubing. decreases the branchline pressure on an increase in the
measured variable and increases the branchline pressure
Manipulated variable: Media or energy controlled to achieve on a decrease in the variable. A reverse-acting valve
a desired controlled variable condition. actuator retracts the shaft on an increase in branchline

pressure and extends the shaft on a decrease in pressure.
Measuring element:Same as sensing element.
Sensing elementA device that detects and measures the
Mixed air: Typically a mixture of outdoor air and return air controlled variable (e.g., temperature, humidity).
from the space.
Sensor: A device placed in a medium to be measured or
Modulating: Varying or adjusting by small increments. Also controlled that has a change in output signal related
called “proportioning”. to a change in the sensed medium.

Offset: A sustained deviation between the actual systerBensor Span:The variation in the sensed media that causes

control point and its controller setpoint under stable the sensor output to vary between 20 to 100 kPa.
operating conditions. Usually applies to proportional
(modulating) control. Setpoint: The value on the controller scale at which the
controller is set (e.g., the desired room temperature
Proportional band: As applied to pneumatic control systems, set on a thermostat). The desired control point.

the change in the controlled variable required to change
the controller output pressure from 20 to 90 kPaSupply air: Air leaving an air handling system.
Usually expressed as a percentage of sensor span.
Thermostat: A device that responds to changes in temperature
Reset control: See compensation control. and outputs a control signal (branchline pressure).
Usually mounted on a wall in the controlled space.
Restrictor: A device in an air line that limits the flow of air.
Throttling range: Related to proportional band, and expressed
Return air: Air entering an air handling system from the in values of the controlled variable (e.g., degrees, percent
occupied space. relative humidity, kilopascals) rather than in percent.

ABBREVIATIONS

The following port abbreviations are used in drawings ofN.C. — Normally closed

relays and controllers: N.O. — Normally open
B — Branch
C — Common * The normally connected and common ports are connected on
E — Exhaust afallin pilot pressure below the relay setpoint, and the normally
M — Main disconnected port is blocked. On arise in pilot pressure above
O — Normally connected* the relay setpoint, the normally disconnected and common ports
X — Normally disconnected* are connected and the normally connected port is blocked.
P — Pilot (P, and B for dual-pilot relays) Refer to Figure 38 in RELAYS AND SWITCHES.
S — Sensor ($and S for dual-input controllers)
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SYMBOLS

MAIN AIR SUPPLY @— OR @:

RESTRICTOR —ppf— OR g

NOZZLE (W

FIXED POINT

S
R

PIVOT POINT

C1082

BASIC PNEUMATIC CONTROL SYSTEM

GENERAL

In a typical control system, the final control element (a valve
or adamper) is selected first because it must produce the desired

A pneumatic control system is made up of the followingcontrol results. For example, a system designed to control the

elements:
— Compressed air supply system
— Main line distribution system
— Branch lines
— Sensors
— Controllers
— Actuators
— Final control elements (e.g., valves, dampers)

flow of water through a coil requires a control valve. The type

of valve, however, depends on whether the water is intended
for heating or cooling, the water pressure, and the control and
flow characteristics required. An actuator is then selected to
operate the final control element. A controller and relays
complete the system. When all control systems for a building
are designed, the air supply system can be sized and designed.

A basic pneumatic control system consists of an air supply,AIR SUPPLY AND OPERATION
controller such as a thermostat, and an actuator positioning a

valve or damper (Fig. 1).

TO OTHER
CONTROLLERS

THERMOSTAT

COMPRESSED
AIR SUPPLY
SYSTEM

BRANCH

VALVE

C2353

Fig. 1. Basic Pneumatic Control System.

The controller receives air from the main line and regulates its

The main line air supply is provided by an electrically driven
compressor pumping air into a storage tank at high pressure
(Fig. 2). A pressure switch turns the compressor on and off to
maintain the storage tank pressure between fixed limits. The
tank stores the air until it is needed by control equipment. The
air dryer removes moisture from the air, and the filter removes
oil and other impurities. The pressure reducing valve (PRV)
typically reduces the pressure to 125 to 150 kPa. For two-
pressure (day/night) systems and for systems designed to change
from direct to reverse acting (heating/cooling), the PRV switches
between two pressures, such as 90 and 125 kPa. The maximum
safe air pressure for most pneumatic controls is 170 kPa.

AIR
SUPPLY

IN
output pressure (branchline pressure) as a function of the —>—|é'§MPRESSORH?XﬁEAGEHS'FTYER

temperature, pressure, humidity, or other variable. The branchline
pressure from the controller can vary from atmospheric to full

mainline pressure. The regulated branchline pressure energizes /— R Eaa e

the actuator, which then assumes a position proportional to the % AN AIRTO
branchline pressure applied. The actuator usually goes through [PRESSLRE :.%; PNEUMATIC
its full stroke as the branchline pressure changes from 20 kPa to VALVE SONTROL
90 kPa. Other pressure ranges are available. 26161

Fig. 2. Compressed Air Supply System.
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From the PRV, the air flows through the main line to the To create a branchline pressure, a restrictor (Fig. 3) is
controller (in Figure 1, a thermostat) and to other controllers aequired. The restrictor and nozzle are sized so that the nozzle
relays in other parts of the system. The controller positions tlean exhaust more air than can be supplied through the restrictor
actuator. The controller receives air from the main line at a constamhen the flapper is off the nozzle. In that situation, the
pressure and modulates that pressure to provide branchline aibeanchline pressure is near zero. As the spring tension increases
a pressure that varies according to changes in the controllerhold the flapper tighter against the nozzle, reducing the air
variable, as measured by the sensing element. The controller sigastaping, the branchline pressure increases proportionally.
(branchline pressure) is transmitted via the branch line to th&hen the spring tension prevents all airflow from the nozzle,
controlled device (in Figure 1, a valve actuator). The actuatdhe branchline pressure becomes the same as the mainline
drives the final control element (valve) to a position proportiongbressure (assuming no air is flowing in the branch line). This
to the pressure supplied by the controller. type of control is called a “bleed” control because air “bleeds”

continuously from the nozzle.

When the proportional controller changes the air pressure to
the actuator, the actuator moves in a direction and distancewith this basic mechanism, all that is necessary to create a
proportional to the direction and magnitude of the change abntroller is to add a sensing element to move the flapper as
the sensing element. the measured variable (e.g., temperature, humidity, pressure)

changes. Sensing elements are discussed later.

RESTRICTOR
PILOT BLEED SYSTEM
The restrictor is a basic component of a pneumatic control
system and is used in all controllers. A restrictor is usually a The pilot bleed system is a means of increasing air capacity
disc with a small hole inserted into an air line to restrict thas well as reducing system air consumption. The restrictor and
amount of airflow. The size of the restrictor varies with thenozzle are smaller in a pilot bleed system than in a nozzle-
application, but can have a hole as small as 0.08 millimeterdlapper system because in a pilot bleed system they supply air
only to a capacity amplifier that produces the branchline
pressure (Fig. 4). The capacity amplifier is a pilot bleed
NOZZLE-FLAPPER ASSEMBLY component that maintains the branchline pressure in proportion
to the pilot pressure but provides greater airflow capacity.
The nozzle-flapper assembly (Fig. 3) is the basic mechanism [/~ FLAPPER
for controlling air pressure to the branch line. Air supplied to . @
the nozzle escapes between the nozzle opening and the flapper. "
At a given air supply pressure, the amount of air escaping is NOZZLE
determined by how tightly the flapper is held against the nozzle

by a sensing element, such as a bimetal. Thus, controlling the — | o aBER
tension on the spring also controls the amount of air escaping. %l
Very little air can escape when the flapper is held tightly against BRANGH O r VENT
the nozzle. CHAMBER—\\_U_ |_‘\B/kE\E'E3
SENSOR |1_|—T> BRANCH
FORCE SPRING
T /— FLAPPER @ reeol 1 ' |
VALVE
-
oz =" é\SPRING Fig. 4. Pilot Bleed System with Amplifier Relay.
RESTRICTOR
= BRANCH The pilot pressure from the nozzle enters the pilot chamber
\—AIR SUPPLY C1084 of the capacity amplifier. In the state shown in Figure 4, no air
enters or leaves the branch chamber. If the pilot pressure from
Fig. 3. Nozzle-Flapper Assembly with Restrictor. the nozzle is greater than the spring force, the pilot chamber
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diaphragm is forced down, which opens the feed valve and TN+ SENSING
allows main air into the branch chamber. When the pilot pressure FORCE
decreases, the pilot chamber diaphragm rises, closing the feed
valve. If the pilot chamber diaphragm rises enough, it lifts the
bleed valve off the feed valve disc, allowing air to escape from
the branch chamber through the vent, thus decreasing the
branchline pressure. Main air is used only when branchline
pressure must be increased and to supply the very small amount
exhausted through the nozzle.

= BRANCHLINE

PRESSURE
PRESSURE

CHAMBER

EXH \_ g £ep valve
FEED VALVE

(M —/—— |

Fig. 5. Feed and Bleed System.

C2382-1

SIGNAL AMPLIFIER

In addition to the capacity amplifier, pneumatic systems also _ . .
use a signal amplifier. Generally, modern amplifiers use A force applied by the sensing element at the sensor input

diaphragms for control logic instead of levers, bellows, an@0int is opposed by the setpoint adjustment spring and lever.
linkages. When the sensing element pushes down on the lever, the lever

pivots on the bleed ball and allows the feed ball to rise, which
A signal amplifier increases the level of the input signal an_allows main air into the chamber. Ifthe sensing glement reduces
provides increased flow. This amplifier is used primarily inits force, the other end of the lever rises and pivots on the feed

sensor-controller systems where a small signal change fronPall. and the bleed ball rises to exhaust air from the system.
sensor must be amplified to provide a proportional branchlinEhe sensor can be any sensing element having enough force to
pressure. The signal amplifier must be very sensitive arPerate the system.

accurate, because the input signal from the sensor may change

as little as 0.74 kPa per kelvin.
SENSING ELEMENTS
Another use for a signal amplifier is to multiply a signal by
two to four times so a signal from one controller can operat8lMETAL
several actuators in sequence.
A bimetal sensing element is often used in a temperature
controller to move the flapper. A bimetal consists of two strips
FEED AND BLEED SYSTEM of different metals welded together as shown in Figure 6A. As
the bimetal is heated, the metal with the higher coefficient of
The “feed and bleed” (sometimes called “non bleed”) systeffxpansion expands more than the other metal, and the bimetal
of controlling branchline pressure is more complicated thaWarps toward the lower-coefficient metal (Fig. 6B). As the
the nozzle-flapper assembly but theoretically uses less air. THMperature falls, the bimetal warps in the other direction
nozzle-flapper system exhausts some air through the noz#fig- 6C).
continually, whereas the feed and bleed system exhausts air , N
only when the branchline pressure is being reduced. Since ' 'Q
modern nozzle-flapper devices consume little air, feed and A. CALIBRATION TEMPERATURE
bleed systems are no longer popular.

N

The feed and bleed system consists of a feed valve that
supplies main air to the branch line and a bleed valve that
exhausts air from the branch line (Fig. 5). Each valve consists
of a ball nested on top of a tube. Some pneumatic controllers

B. INCREASED TEMPERATURE

use pressure balance diaphragm devices in lieu of springs and . DECREASED TEMPERATURE

valves. A spring in the tube continually tries to force the ball

up. The lever holds the ball down to form a tight seal at the end METALS: [ HIGH COEFFICIENT OF EXPANSION
of the tube. The feed and bleed valves cannot be open at the g LOW CORFFICIENT OF EXPA’S:;;“
same time.

Fig. 6. Bimetal Sensing Element.
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A temperature controller consists of a bimetal element linkediaphragm chamber. The expansion causes the diaphragm pad
to a flapper so that a change in temperature changes the positiorpush the pin toward the lever, which moves the flapper to
of the flapper. Figure 7 shows a direct-acting thermostathange the branchline pressure.

(branchline pressure increases as temperature increases) in

which the branchline pressure change is proportional to thDeIAPHRAGM oAD
temperature change. An adjustment screw on the spring adjusts

the temperature at which the controller operates. If the tension ~ pin \ / HIQUID F'LLK
is increased, the temperature must be higher for the bimetal to oo

develop the force necessary to oppose the spring, lift the CONTROLLER N BULB_/
flapper, and reduce the branch pressure. \

)

DIAPHRAGM CHAMBER

CONTACT POINT FOR
THROTTING RANGE

ADJUSTMENT C1090-1

BIMETAL R
| N Fig. 9. Remote-Bulb Temperature Sensor.
—~ @ R g p
SETPOINT FLAPPER Remote-bulb temperature sensors are used in bleed-type
SCREW NOZZLE controllers. Capillary length of up to 2.5 meters are normally
used for inserting the bulb in duct, tank, or pipe.
@ >4 = BRANCH

C1088

. . AVERAGING ELEMENT
Fig. 7. Temperature Controller with

Bimetal Sensing Element. The averaging-element sensor is similar to the remote-bulb

sensor except that it has no bulb and the whole capillary is the
measuring element. The long, flexible capillary has a slightly
ider bore to accommodate the equivalent liquid fill that is
nd in a remote-bulb sensor. The averaging-element sensor
erages temperatures along its entire length and is typically
d to measure temperatures across the cross section of a
o?t in which two air streams may not mix completely.

ROD AND TUBE

The rod-and-tube sensing element consists of a brass t
and an Invar rod, as shown in Figure 8. The tube expands
contracts in response to temperature changes more than
rod. The construction of the sensor causes the tube to move
rod as the tube responds to temperature changes. One en
the rod connects to the tube and the other end connects to the

flapper spring to change the force on the flapper. THROTTLING RANGE ADJUSTMENT
/Il/ TUBE\ A controller must always have some means to adjust the
CONNECTION : - :| throttling range (proportional band). In a pneumatic controller,

SPRING - the throttling range is the change at the sensor required to
ROD-/ chan i inti
ge the branchline pressure 70 kPa. The setpoint is usually
1089 at the center of the throttling range. For example, if the throttling
range of a temperature controller is 2 kelvins and the setpoint

is 22C, the branchline pressure is 20 kPa at255 kPa at

On a rise in temperature, the brass tube expands and drag@sC> and 90 kPa at 2@ for a direct acting controller.

the rod with it. The rod pulls on the flapper spring which pulls ]
the flapper closed to the nozzle. The flapper movement In all pneumatic systems except the sensor-controller system,

decreases the air-bleed rate, which increases branchlifii¢ throttling range is adjusted by changing the effective length
of a lever arm. In Figure 7, the throttling range is changed by

Fig. 8. Rod-and-Tube Insertion Sensor.

pressure. ) ! )
moving the contact point between the bimetal and the flapper.
(For information on adjusting the throttling range in a sensor-

REMOTE BULB controller system, see SENSOR-CONTROLLER SYSTEMS.)

The remote-bulb sensing element has as measuring element
made up of a capillary and bulb filled with a liquid or vaporRELAYS AND SWITCHES
(Fig. 9). On and increase in temperature at the bulb, the liquid
or vapor expands through the capillary tubing into the Relays are used in control circuits between controllers and
controlled devices to perform a function beyond the capacity
of the controllers. Relays typically have diaphragm logic
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construction (Fig. 10) and are used to amplify, reverse, average The controlling pressure is connected at the pilot port (P),
select, and switch controller outputs before being sent to vahand pressures to be switched are connected at the normally

and damper actuators. connected port (O) or the normally disconnected port (X). The
SPRING operating point of the relay is set by adjusting the spring pressure
/ at the top of the relay.

coumon R - PORT When the pressure at the pilot port reaches the relay operating

PORT NORMALLY point, it pushes up on the diaphragm in the control chamber

[ DISCONNECTED PORT and connects pressure on the normally disconnected port (X)

el to the common port as shown. If the pilot pressure falls below

—| ~+— CONTROL | .
CHAMBER the relay setpoint, the diaphragm moves down, blocks the
ca608 normally disconnected (X) port, and connects the normally

Fig. 10. Typical Switching Relay. connected port (O) to the common port.

AIR SUPPLY EQUIPMENT

GENERAL AIR COMPRESSOR

A pneumatic control system requires a supply of clean, dry, The air compressor provides the power needed to operate
compressed air. The air source must be continuous becad$iecontrol devices in the system. The compressor maintains
many pneumatic sensors, controllers, relays, and other deviggessure in the storage tank well above the maximum required
bleed air. A typical air supply system includes a compressdn the control system. When the tank pressure goes below a
an air dryer, an air filter, a pressure reducing valve, and aiinimum setting (usually 480 to 620 kPa), a pressure switch
tubing to the control system (Fig. 11). starts the compressor motor. When the tank pressure reaches a

high-limit setting, the pressure switch stops the motor. A

The following paragraphs describe the compressor, filtestandard tank is typically large enough so that the motor and
pressure reducing valves, and air drying techniques. Feompressor operate no more than 50 percent of the time, with
information on determining the moisture content of compresseg to twelve motor starts per hour.
air, refer to the General Engineering Data section.

INTAKE FILTER
COMPRESSOR
PRESSURE SWITCH
HIGH PRESSURE SAFETY RELIEF VALVE SERVICE
BYPASS
DRIVE BELT VALVE
7

MOTOR
I PRESSURE

REDUCING
AIR DRYER 1 VALVE
| §'< HIGH-PRESSURE SAFETY REFIEF VALVE
{ I
MAIN AIR

STORAGE
TANK

TO SYSTEM
>

S GAGE\
LOW-PRESSURE GAGE
~&- AUTO

SEPARATOR \
FILTER/TRAP SUBMICRON
FILTER
DRAIN

COCK

TEST COCK

Iﬂ—q NORMALLY OPEN
SERVICE/TEST VALVE

NORMALLY CLOSED

SERVICE/TEST VALVE L
TEST COCK

-— AUTO TRAP

PIPED TO DRAIN C2617-2

Fig. 11. Typical Air Supply.
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Some applications require two compressors or a du@lRY AIR REQUIREMENT
compressor. In a dual compressor, two compressors operate
alternately, so wear is spread over both machines, each capabl&he coldest ambient temperature to which tubing is exposed
of supplying the average requirements of the system withoig the criterion for required dryness, or dew point. Dew point is
operating more than half the time. In the event of failure of onéhe temperature at which moisture starts to condense out of
compressor, the other assumes the full load. the air.

Contamination in the atmosphere requires a compressorThe coldest winter exposure is normally a function of outdoor
intake filter to remove particles that would damage thair temperature. Summer exposure is normally a function of
compressor pump. The filter is essential on oil-less compressdesnperature in cold air ducts or air conditioned space. The
because a contaminated inlet air can cause excessive weaitypical coldest winter application is an air line and control device
piston rings. The intake filter is usually located in the equipmer{e.g., damper actuator) mounted on a rooftop air handling unit
room with the compressor, but it may be located outdoors &nd exposed to outdoor air temperatures (Fig. 12). The second
clean outdoor air is available. After the air is compressedoldest winter exposure is an air line run in a furred ceiling or
cooling and settling actions in the tank condense some of tloaitside wall.
excess moisture and allow fallout of the larger oil droplets P e e
generated by the compressor pump. -

TUBING IN
FURRED CEILING

°

I
° l
A high pressure safety relief valve which opens on 2% demme e I
excessively high tank pressures is also required. A hand valve § z | :
or automatic trap periodically blows off any accumulated i % °7] : :
moisture, oil residue, or other impurities that collect in the 2O o : :
bottom of the tank. 3% 37 I I
#S ST | I I
8 -10- : TUBING AT : :
4 | kOUTDOOR | |
AIR DRYING TECHNIQUES 151 AR I I
i | TEMPERATURE | |
I 1 |

-20 T T T T T T T T 1

GENERAL 20 415 -10 -5 0 5 10 15 20 25

OUTDOOR AIR TEMPERATURE (*C) cante
Air should be dry enough to prevent condensation. Con-

densation causes corrosion that can block orifices and valve Fig. 12. Winter Dew Point Requirement.
mechanisms. In addition, dry air improves the ability of filters
to remove oil and dirt. A typical summer minimum dew point application is a cold

air plenum. Figure 13 shows a°@plenum application along

Moisture in compressed air is removed by increasing pressuigith winter requirements for a year-round composite.
decreasing temperature, or both. When air is compressed and

cooled below its saturation point, moisture condenses. Draining S e BLCIENT
the condensate from the storage tank causes some drying of - 10q====——=—=————-
the air supply, but an air dryer is often required.

=
o
1

WINTER REQUIREMENT
AT OUTDOOR AIR
TEMPERATURE

An air dryer is selected according to the amount of moisture
in the air and the lowest temperature to which an air line will
be exposed. For a chart showing temperature and moisture
content relationships at various air pressures, refer to the
General Engineering Data section. ]
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OUTDOOR AIR TEMPERATURE (DC)
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Fig. 13. Twelve-Month Composite
Dew Point Requirement.
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CONDENSING DRYING The heat exchanger reduces the temperature of the compressed
air passing through it. A separator/filter condenses both water
The two methods of condensing drying are high-pressur@nd oil from the air and ejects the condensate through a drain. A
drying and refrigerant drying. temperature-sensing element controls the operation of the refrig-
eration system to maintain the temperature in the exchanger.

High-Pressure Drying With a dew point of 2C and an average compressor tank

pressure of 550 kPa, air is dried to a dew point of €14t
High-pressure drying may be used when main air piping i$39 kPa. Under severe winter conditions and where piping

kept away from outside walls and chilling equipment. Duringand devices are exposed to outside temperatures, th€ —11

compression and cooling to ambient temperatures, air gives dpw point may not be low enough.

moisture which then collects in the bottom of the storage tank.

The higher the tank pressure, the greater the amount of moisture

that condenses. Maintaining a high pressure removes tBESICCANT DRYING

maximum amount of moisture. The compressor should have a

higher operating pressure than is required for air supply A desiccant is a chemical that removes moisture from air. A

purposes only. However, higher air pressure requires modesiccant dryer is installed between the compressor and the

energy to run the compressor. The tank must include a manuRRV. Dew points below —12Q are possible with a desiccant

drain valve or an automatic trap to continually drain offdryer. The desiccant requires about one-third of the process air

accumulated moisture. With tank pressures of 480 to 620 kPa,regenerate itself, or it may be heated. To regenerate, desiccant

a dew point of approximately 2@ at 140 kPa can be obtained. dryers may require a larger compressor to produce the needed
airflow to supply the control system and the dryer.

Refrigerant Drying It may be necessary to install a desiccant dryer after the
refrigerant dryer in applications where the 2@ dew point
Lowering air temperature reduces the ability of air to holdat 138 kPa mainline pressure does not prevent condensation in
water. The refrigerated dryer (Fig. 14) is the most commoair lines (e.g., a roof-top unit exposed to severe winters).
means of obtaining dry, compressed air and is available in
several capacities. It provides the greatest system reliability andThe desiccant dryer most applicable to control systems uses

requires minimal maintenance. the adsorbent principle of operation in which porous materials
attract water vapor. The water vapor is condensed and held as a
HOT GAS . - . . . .
BYPASS liquid in the pores of the material. The drying action continues
HEAT CONTROL until the desiccant is saturated. The desiccant is regenerated by
EXCHANGER _\\ REFRIGERANT T — removing the moisture from the pores of the desiccant material.
LINES U™ 1= The most common adsorbent desiccant material is silica gel,
ARIN v ) . L
which adsorbs over 40 percent of its own weight in water and
is totally inert. Another type of adsorbent desiccant is the
molecular sieve.
AR OUT —§ y A desiccant is regenerated either by heating the desiccant
| = material and removing the resulting water vapor from the
REFRIGERATION  NDENSOR desiccant chamber or by flushing the desiccant chamber with
S EFRIGERANT DRVER air at a lower vapor pressure for heatless regeneration. To
C1888 provide a continuous supply of dry air, a desiccant dryer has

two desiccant chambers (Fig. 15). While one chamber is being

regenerated, the other supplies dry air to the system. The cycling

The refrigerant dryer uses a non cycling operation with apcompllshed by_two solenoid valves and an ele_ctrlc timer.
uring one cycle, air passes from the compressor into the left

hot gas bypass control on the refrigerant flow to provide . L
constant dew point of approximatel§at the tank pressure. esiccant chamber (A). The air is dried, passes through the check

The refrigeration circuit is hermetically sealed to prevent Ios\éalve (B), and flows out to the PRV in the control system.
of refrigerant and lubricant and to protect against dirt.

Fig. 14. Typical Refrigerant Dryer Airflow Diagram.
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PRESSURE REDUCING VALVE STATION

_l DESICCANT 1-]
1 / CHAVBERS N\ The pressure reducing valve station is typically furnished
A E with an air filter. The filter, high-pressure gage, high pressure
1 1 relief valve, pressure reducing valve (PRV), and low-pressure

gage are usually located together at one point in the system
and may be mounted directly on the compressor. The most

ilm CHECK 1 CHECK important elements are the air filter and the PRV.
1 VALVE r— VALVE
C G
B .q | <‘/— ORIFICE 1 F 1 | <‘/_OF\’”:lCE
I_ '—I’_ AIR FILTER
= == DRLAROUT The air filter (Fig. 16) lid particul d
| e air filter (Fig. removes solid particulate matter an
SOLENOID . . .
| l - ! AH/_ SOLENOID oil aerosols or mist from the control air.
1 1| AIR& =) AR OUT
AIR FROM COMPRESSOR 4¢uum E_ INNER FOAM

c1sgo — | SLEEVE

Fig. 15. Typical Heatless Desiccant v
Dryer Airflow Diagram. I
Simultaneously, some of the dried air passes through the ( \\\
orifice (G) to the right desiccant chamber (E). The air is dry 559 Steeve
and the desiccant chamber is open to the atmosphere, which 8§8g°.\
reduces the chamber pressure to near atmospheric pressure. |3°3° \“\I\‘ PERFORATED
Reducing the air pressure lowers the vapor pressure of the air METAL
below that of the desiccant, which allows the moisture to transfer W CYHINDER
from the desiccant to the air. The timer controls the cycle, which I}
lasts approximately 30 minutes. LIUID
DRAIN C2601

During the cycle, the desiccant in the left chamber (A) becomes
saturated, and the desiccant in the right chamber (E) becomes Fig. 16. Typical Air Filter.
dry. The timer then reverses the flow by switching both of the
solenoid valves (D and H). The desiccant in the right chamberQil contamination in compressed air appears as a gas or an
(E) then becomes the drying agent connected to the compresg@fosol. Gaseous oil usually remains in a vapor state throughout
while the desiccant in the left chamber (A) is dried. the system and does not interfere with operation of the
controls. Aerosols, however, can coalesce while flowing
The process provides dry air to the control system continualtprough the system, and turbulence can cause particles to
and requires no heat to drive moisture from the desiccant.g®llect in device filters, orifices, and small passages.

fine filter should be used after the desiccant dryer to filter out
any desiccant discharged into the air supply. Many filters are available to remove solids from the air.

However, only an oil-coalescing filter can remove oil aerosols
from control air. An oil coalescing filter uses a bonded fibrous
material to combine the small particles of oil mist into larger
droplets. The coalesced liquids and solids gravitate to the bottom
of the outer surface of the filter material, drop off into a sump,
and are automatically discharged or manually drained.
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The oil coalescing filter continues to coalesce and drain offwo-Pressure Reducing Valve
accumulated oil until solid particles plug the filter. An increase
in pressure drop across the filter (to approximately 70 kPa) A two-pressure reducing valve is typically set to pass 90 or
indicates that the filter element needs replacement. For veityp4 kPa to the control system, as switched by a pilot pressure.
dirty air, a 0.005 millimeter prefilter filters out large particlesThe two-pressure reducing valve is the same as the single-
and increases the life of the final filter element. pressure reducing valve with the addition of a switchover
diaphragm and switchover inlet to accept the switchover
pressure signal. Switchover to the higher setting occurs when
PRESSURE REDUCING VALVES the inlet admits main air into the switchover chamber.
Exhausting the switchover chamber returns the valve to the
A pressure reducing valve station can have a single-pressuogver setting.
reducing valve or a two-pressure reducing valve, depending on
the requirements of the system it is supplying. The switchover signal is typically provided by an E/P relay
or a two-position diverting switch. An automatic time clock
can operate an E/P relay to switch the main pressure for a
Single-Pressure Reducing Valve day/night control system. A diverting switch is often used to
manually switch a heating/cooling system.
After it passes though the filter, air enters the PRV (Fig. 11).
Inlet pressure ranges from 415 to 1035 kPa, depending on tankin many applications requiring two-pressure reducing
pressures maintained by the compressor. Outlet pressurevadves, a single-pressure reducing valve is also required to
adjustable from 0 to 175 kPa, depending on the control asupply single-pressure controllers which do not perform well
requirements. The normal setting is 140 kPa. at low pressures. Higher dual pressure systems operating at
140 and 170 kPa are sometimes used to eliminate the need
A safety relief valve is built into some PRV assemblies t@and expense of the second PRV.
protect control system devices if the PRV malfunctions. The
valve is typically set to relieve downstream pressures above
165 kPa.

THERMOSTATS

Thermostats are of four basic types: — A dual-acting (heating/cooling) thermostat is another
— Alow-capacity, single-temperature thermostat is the basic ~ two-pipe, proportioning thermostat that has two bimetal
nozzle-flapper bleed-type control described earlier. It is sensing elements. One element is direct acting for heating
a bleed, one-pipe, proportional thermostat that is either ~ control, and the other, reverse acting for cooling control.
direct or reverse acting. Switchover is the same as for the dual-temperature
— A high-capacity, single-temperature thermostatis alow-  thermostat but without manual override.
capacity thermostat with a capacity amplifier added. It is
a pilot-bleed, two-pipe, proportioning thermostat that is Other thermostats are available for specific uses. Energy con-
either direct or reverse acting. servation thermostats limit setpoint adjustments to reasonable
— A dual-temperature thermostat typically providesminimums and maximums. Zero energy band thermostats
occupied/unoccupied control. It is essentially twoprovide anadjustable deadband between heating and cooling
thermostats in one housing, each having its own bimet&jperations.
sensing element and setpoint adjustment. A valve unit
controlled by mainline pressure switches between the The thermostat provides a branchline air pressure that is a
occupied and unoccupied mode. A manual override levdunction of the ambient temperature of the controlled space
allows an occupant to change the thermostat operatig@nd the setpoint and throttling range settings. The throttling
from unoccupied operation to occupied operation. range setting and the setpoint determine the span and operating
range of the thermostat. The nozzle-flapper-bimetal assembly
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maintains a fixed branchline pressure for each temperatuasad raises the flapper off the nozzle. This movement causes
within the throttling range (Fig. 17). The forces within thethe branchline pressure to bleed down and a heating valve to
nozzle-flapper-bimetal assembly always seek a balancexgpen. Heat enters the space until the temperature at the
condition against the nozzle pressure. If the setpoint is changeébermostat increases and the force of the bimetal is again in
the forces in the lever system are unbalanced and the roaquilibrium with the opposing force of the pressure at the nozzle.
ambient temperature must change in a direction to cause tBecreasing the setpoint causes the reverse to occur.

bimetal to rebalance the lever system.

The throttling range adjustment provides the means for

[ e changing the effective length of the cantilever bimetal in the
w : lever system. When the throttling range adjustment is positioned
- B . \ directly over the nozzle, the force of the bimetal increases and
g : \ a narrow throttling range or very high sensitivity results. For
w A : : example, a change in temperature of 0.5 kelvins could resultin
30 i
T 4 J a branchline pressure change of 35 kPa.
% SETPOINT
] --THROTTLING RANGE
D \OTE: SETPOINT IS AT MIDDLE OF When the throttling range adjustment is moved toward the
THROTTING RANGE cazg end of the bimetal and away from the nozzle, the force of the
) ) ) ) bimetal is reduced. This reduction requires a greater temperature
Fig. 17. Relationship between Setpoint, change at the bimetal to throttle the flapper over the nozzle.
Branchline Pressure, and Throttling Range. The result is a wider throttling range or very low sensitivity.

. . . _ For example, a temperature change of 0.5 kelvins could result
For example, if the setpoint of a direct acting thermostat is, 5 pranchline pressure change of only 7 kPa.
increased, the bimetal reduces the force applied to the flapper

CONTROLLERS

GENERAL main air goes into the controller, through an internal restrictor
in the controller, and out of the controller through a branch line

A controller is the same as a thermostat except that it ma9 the actuator. All pilot-bleed and feed-and-bleed controllers

have a remote sensing element. A controller typically measur@ge two pipe.

and controls temperature, humidity, airflow, or pressure.

Controllers can be reverse or direct acting, proportional or two-

position, single or two pressure, and bleed, feed and bleed, or

pilot bleed.

CONTROLLER

. . . MAIN BRANCH
A two-position controller changes branchline pressure rapidly

from minimum to maximum (or from maximum to minimum)
in response to changes in the measured condition, thus providing
ON/OFF operation of the controlled device. VALVE
C2342
A proportional controller changes branchline pressure
incrementally in response to a change in the measured condition,
thus providing modulating operation of the controlled device.

Fig. 18. One-Pipe Controller System.

CONTROLLER

A proportional-integral (PI) controller adds to the | .
M B
@MAIN

proportional controller a component that takes offset into
account. The integral component eliminates the control point
offset from the setpoint.

, BRANCH ,
t }

Bleed-type controllers can be used in one-pipe or two-pipe
configurations. In a one-pipe system (Fig. 18), the main air
goes through a restrictor to the controller and actuator in the Fig. 19. Two-Pipe Controller System.
most expeditious routing. In a two-pipe system (Fig. 19), the

VALVE  C2343
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Controllers may also be classified as single-pressure or twoennected to the pressure to be controlled, and the other side is
pressure controllers. Single-pressure controllers use a constaohnected to a reference pressure. Pressures can be measure
main air pressure. Two-pressure controllers use a main air respect to atmospheric pressure or another pressure source.
pressure that is alternately switched between two pressurdse low-pressure controller is available in both bleed-type and
such as 90 and 124 kPa. For example, occupied/unoccupigitbt-bleed designs.
controllers automatically change setpoint from a occupied
setting at a mainline pressure of 90 kPa to a lowered unoccupiedrigure 20 shows a schematic of a bleed-type, low-pressure
setting at 124 kPa. Heating/cooling controllers change froroontroller. The direct-acting pressure sensor measures static
reverse acting at mainline air pressure of 90 kPa for cooling fressure from a pressure pickup located in a duct. A reference
direct acting at 124 kPa for heating. pressure, from a pickup located outside the duct, is applied to

the other side of the diaphragm.

TEMPERATURE CONTROLLERS SETPOINT
SPRING
N
Temperature controllers can be one- or two-pipe. The sensing —
element is typically bimetal, liquid filled remote bulb, or liquid ' Y \_ 777
filled averaging capillary tube. Dimensional change of the MAIN LEVER
element with temperature change results in flapper position
change and therefore, pilot and branch pressure change. @/L_. )
—‘ FEEDBACK
¢ BELLOWS
HUMIDITY CONTROLLERS BRANCH
PRESSURE SENSOR
Principles that apply to temperature controllers also apply sraric —»:: ——
to humidity controllers. The primary difference between PRESSURE ~ / ~
temperature and humidity controllers is in the type of sensing F / 2608
element. The sensing element in a humidistat is usually a band ) DIAPHRAGM
of moisture-sensitive nylon. The nylon expands and contracts REFERENCE

. . . .y . PRESSURE
with changes in the relative humidity of the air.

o ) ) _ Fig. 20. Bleed-Type Static Pressure Controller.
The humidistat can be used in a one-pipe or two-pipe
configuration and is available as either a bleed-type humidistat

or a two-pipe capacity humidistat using a capacity amplifier. on an increase in static pressure, the increased force on the
The humidistat may be direct or reverse acting. The highgiaphragm exceeds the force of the setpoint spring, pulling the
capacity humidistat has a capacity amplifier. main lever downward. A setpoint adjustment screw determines
the tension of the setpoint spring. As the main lever is pulled
downward, it moves closer to the nozzle, restricts the airflow
PRESSURE CONTROLLERS through the nozzle, and increases the pressure in the branch.
The action continues until the pressure on the feedback bellows
Pressure controllers can be divided into two classes accordifglances the static pressure on the diaphragm.
to the pressure range of the measured variable. High-pressure
controllers measure and control high pressures or vacuumsOn a decrease in static pressure, or if the static pressure
measured in kilopascals or pascals (e.g., steam or watsensor is piped for reverse action (high- and low-pressure
pressures in an air conditioning system). Low-pressurgickups reversed), the diaphragm moves upward to move the
controllers measure and control low pressures and vacuumsain lever away from the nozzle and reduce the pressure in the
measured in kilopascals or pascals (e.g., pressure in an air du¢janch.

High- and low-pressure controllers have different size For differential pressure sensing, the two pressure pickup
diaphragms. In both types, one side of the diaphragm ines connect to opposite sides of the pressure sensor diaphragm.
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SENSOR-CONTROLLER SYSTEMS

A sensor-controller system is made up of a pneumatic SENSOR

controller, remote pneumatic sensors, and a final control MAIN AIR : W
) k : (125 kPa) + |_|_'

element. The controller provides proportional or proportional-
integral control of temperature, humidity, dew point, or pressure 1 RESET SENSOR
in HVAC systems. Sensors do not have a setpoint adjustment T |_|
and provide a linear 20 to 100 kPa signal to the controller over -
a fixed sensor range. The controller compares the sensor input
S|gnaI_W|th the s_e?pomt s_|gnal. The difference is the pilot input HOT WATER %) _@
to a signal amplifier, which provides a branchline pressure to  vawe

i MANUAL REMOTE
the controlled de\_/lce. Thqs the controller acts as a general- TP OINT CORTROL
purpose pneumatic amplifier. Mi15141

Fig. 22. Dual-Input Controller
PNEUMATIC CONTROLLERS with Manual Remote Setpoint.

Controllers generally use diaphragm logic, which allows
flexible system application, provides more accurate controPROPORTIONAL-INTEGRAL (PlI) CONTROLLERS
and simplifies setup and adjustment for the needs of each
system. Controllers may be proportional only or proportional- Variations of single-input and dual-input controllers can
integral (PI). The integral function is also called “automatigrovide proportional-integral (PI) control. Pl controllers are
reset”. Proportional and PI controllers are available with singletsed in critical applications that require closer control than a
sensor input or dual-sensor input for resetting the primary sengwoportional controller. A Pl controller provides close control
setpoint from a second sensor. They are also available witly eliminating the deviation from setpoint (offset) that occurs
integral or remote setpoint adjustment. in a proportional controller system. Pl controllers are similar
to the controllers in Figures 21 and 22 and have an additional
The single-input controller consists of a signal amplifieknob for adjusting the integral reset time.
feeding a capacity amplifier. The capacity amplifier is discussed
under PILOT BLEED SYSTEM. A dual-input controller has
inputs from a primary temperature sensor and a res€ONTROLLER ADJUSTMENTS
temperature sensor. The reset sensor resets controller setpoint.
Reset can be negative or positive. Controller operation is adjusted in the following ways:
— Adjusting the setpoint
Figure 21 depicts a single-input controller as it would appear— Changing between direct and reverse control action
in a simple application. Figure 22 depicts a dual-input controller — Adjusting the proportional band (throttling range)
with manual remote setpoint control. In Figures 21 and 22 the— Adjusting the reset authority
sensors are fed restricted main air from the controllers. Where— Adjusting the integral control reset time
sensors are located extremely remote from the controller, a

remote restrictor may be required. The setpoint can be manually adjusted with a dial on the
AN AR controller. Remote setpoint adjustment is available for all con-

(125 kPa) trollers. Control action may be direct or reverse, and is field

adjustable. The proportional band setting is typically adjust-
: o able from 2.5 to 50 percent of the primary sensor span and is

7 T |_| usually set for the minimum value that results in stable control.

oo TURE In a sensor with a span of 110 kelvins, for example, the mini-

mum setting of 2.5 percent results in a throttling range of

2.75 kelvins (0.025 x 110 = 2.75 kelvins). A change of 2.75

HOT WATER SINGLE INPUT 15140 kelvins is then required at the sensor to proportionally vary the

VALVE CONTROLLER

controller branchline pressure from 20 to 90 kPa. A maximum
setting of 50 percent provides a throttling range of 55 kelvins

Fig. 21. Single-Input Controller, .
9 ngie-inpt L-ontrotiet (0.50 x 110 = 55 kelvins).
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Reset authority, also called “reset ratio”, is the ratio of the The low-pressure sensor measures duct static pressure and
effect of the reset sensor compared to the primary sensdifferential pressure. When the duct static pressure or the
Figure 23 shows the effect of authority on a typical resgtressure differential increases, branchline pressure increases.
schedule. The authority can be set from 10 to 300 percent.

VELOCITY SENSOR-CONTROLLER

al
al
|

The velocity sensor-controller combines a highly sensitive
air velocity sensor with a pneumatic controller to detect and
control airflow regardless of system static pressure. It is used
in air terminal units and other air handling systems. Reverse-
' and direct-acting models are available for normally closed and

-20 1.5
COMPENSATION normally open dampers.

START POINT

OUTDOOR AR TEMPERATURE (°C) ¢, The velocity sensor measures actual velocity and does not
require the conversion of velocity pressure to velocity. Although
the sensor is typically used in duct air velocity applications, it
can accurately sense velocities as low as 5 meters per second.
: . : . Flow-limiting orifices inserted into the sensor sampling tube
The integral control reset time determines how quickly the 9 . pling
) ’_,.,can measure velocity ranges up to 17.8 meters per second.
P1 controller responds to a change in the controlled variable.

Proportional correction occurs as soon as the controlled Fi . . ,
: : T . igure 24 shows the operation of a velocity sensor. A restrictor
variable changes. The integral function is timed with the reset

. . . . . . Supplies compressed air to the emitter tube located in the air
time adjustment. The reset time adjustment is calibrated fro bp P

: ) stream to be measured. When no air is flowing in the duct, the
30 seconds to 20 minutes. The proper setting depends on syst : . A .

. - jetof air from the emitter tube impinges directly on the collector
response time characteristics.

tube and maximum pressure is sensed. Air flowing in the duct
blows the air jet downstream and reduces the pressure on the
collector tube. As the duct air velocity increases, less and less
of the jet enters the collector tube. The collector tube is

) ) ) _ ) connected to a pressure amplifier to produce a usable output
Pneumatic sensors typically provide a direct acting 20@kPa  hressure and provide direct or reverse action.
pneumatic output signal that is proportional to the measured

variable. Any change in the measured variable is reflected as a
change in the sensor output. Commonly sensed variables are @):b(:/ EMITTER TUBE
temperature, humidity, and differential pressure. The sensors use

the same sensing elements and principles as the sensors in the L
controllers described earlier, but do not include setpoint and AIR FLOW }GAP

DA TEMPERATURE
CONTROL POINT (°C)

o
|

Fig. 23. Typical Reset Schedule for
Discharge Air Control.

PNEUMATIC SENSORS

throttling range adjustments. Their throttling range is the same as —
their span.

o N CoLLEcToR
A gage connected to the sensor output can be used to indicate TUBE
the temperature, humidity, or pressure being sensed. The gage TO PRESSURE

. . AMPLIFIER
scale is calibrated to the sensor span. C2610

Fig. 24. Velocity Sensor Operation.

Temperature sensors may be vapor-filled, liquid-filled,

averaging capillary, or rod-and-tube. The controller usually A controller connected to the pressure amplifier includes
provides restricted air to the sensor. setpoints for maximum and minimum dual air velocity limits.

o ) o ~This allows the air volume to be controlled between the limits
Humidity sensors measure the relative humidity of the air ipy 5 thermostat or another controller.

a room (wall-mounted element) or a duct (insertion element).

Nylonis typically used as the sensing element. Humidity sensorsTywo models of the controller are available. One model

include temperature compensation and operate on a forcgyerates with a one-pipe, bleed-type thermostat, and the other

balance principle similar to a wall thermostat. with a two-pipe thermostat. The two-pipe model also allows
sequencing for reheat applications.
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Figure 25 shows a typical application of a thermostat and (v
velocity controller on a Variable Air Volume (VAV) terminal

unit with hot water reheat. The thermostat senses a change in T ,

room temperature and resets the velocity setpoint of the velocity
controller. The controller repositions the VAV damper to
increase or decrease airflow accordingly. If a change in duct
static pressure modifies the flow, the controller repositions the
actuator to maintain the correct flow. The reheat valve operates
only when the thermostat has reset the velocity setpoint down
to minimum airflow and the thermostat calls for heating.

L

b
VELOCITY
CONTROLLER
VELOCITY
SENSOR IN
DUCTWORK
W e e 7/
ACTUATOR VAV BOX
ROOM DAMPER
THERMOSTAT M10296

Fig. 25. VAV Box Velocity Controller Control System.

ACTUATORS AND FINAL CONTROL ELEMENTS

A pneumatic actuator and final control element such as a vayRCTUATORS

(Fig. 26) or damper (Fig. 27) work together to vary the flow of

the medium passing through the valve or damper. In the actuatgfe NERAL

a diaphragm and return spring move the damper push rod or valve
stem in response to changes in branchline pressure.

Pneumatic actuators position damper blades and valve

stems. A damper actuator typically mounts on ductwork or on

DIAPHRAGM
BRANCH 3\
UNE—""

o
SPRING o
o
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Fig. 26. Pneumatic Actuator and Valve.
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Fig. 27. Pneumatic Actuator and Damper.

the damper frame and uses a push rod and crank arm to position
the damper blades (rotary action). A valve actuator mounts on
the valve body and positions the valve stem directly (linear
action) for a globe valve or rotary action via linkage for a
butterfly valve. Valve actuator strokes typically are between 6
and 38 millimeters. Damper actuator strokes range from one
to four inches (longer in special applications). In commercial
pneumatic actuators, air pressure positions the actuator in one
direction and a spring returns it the other direction.

Valve actuators are direct or reverse acting. Damper actuators
are direct acting only. A direct-acting actuator extends on an
increase in branchline pressure and retracts on a decrease in
pressure. A reverse-acting actuator retracts on an increase in
branchline pressure and extends on a decrease in pressure.

Pneumatic valve and damper actuator assemblies are termed
“normally open” or “normally closed.” The normal position is
the one assumed upon zero actuator air pressure. Three-way valves
have both normally open (N.O.) and normally closed (N.C.) ports.

SPRING RANGES
Springs used in valve and damper actuators determine the

start pressure and pressure change required for full movement
of the actuator from open to closed, or from closed to open.
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Actuators designed for special applications can move The position maintained by the valve stem depends on the
through the full range, open to closed or closed to open, dralance of forces acting on it:
a limited change in pressure from the controller. Such — Force F1 from the air pressure on the diaphragm
actuators can provide a simple form of sequence control— Opposing force F2 from the actuator spring
(e.g., operating heating and cooling valves from a single — Controlled-medium force F3 acting on the valve disc and
thermostat). Typical spring pressure ranges are 15-50 kPa, plug due to the difference between inlet and outlet pressures
55-85 kPa, and 20-90 kPa.
An increase in controller branchline pressure increases force
F1, (Fig. 28A), moving the diaphragm down and positions the
CONTROL VALVES valve stem toward closed until it has moved far enough that the
sum of the spring force F2 and the controlled-medium force F3

Single-seated globe valves (Fig. 28) are used where tight clodacreases balance the increased force F1 on the diaphragm.
offis required. The valve body can be either direct acting or rever§é@nversely, a decrease in controller branchline air pressure in
acting. A direct-acting valve body allows flow with the stem upthe diaphragm chamber of a direct-acting actuator decreases
while a reverse-acting valve body shuts off flow with the stem uorce F1, allowing forces F2 and F3 to push the diaphragm
The combination of valve body and actuator (called the valvéPward and move the valve stem toward the open position.

assembly) determines the normal valve stem position.
In Figure 28B, branchline pressure is applied on the bottom

BRANCH surface of the diaphragm. An increase in air pressure in the
LNE—"" F1y i i i
) diaphragm chamber increases force F1 causing the actuator
5| o diaphragm to move upward and open the valve. Motion
o o continues until the increase in pressure on the diaphragm plus
o o the controlled-medium force F3 is balanced by the increase in
spring compression (force F2). On a decrease in air pressure in
h the diaphragm chamber, the compressed spring moves the
FLOW ) diaphragm down toward its normal position and the valve stem
| F3 | toward closed. A normally closed valve assembly usually has a
A. NORMALLY OPEN VALVE ASSEMBLY (DIRECT-ACTING Iowe_r close-off rating against the pressure of the cqntrolled
VALVE BODY AND DIRECT-ACTING ACTUATOR) medium than a normally open valve because the spring force

F2 is the only force available to close the valve.
e

In Figure 28C, an increase in branchline pressure in the
actuator increases force F1 causing the diaphragm to move
downward and open the valve. Motion continues until the
increase in pressure on the diaphragm (force F1) plus the
controlled-medium force F3 is balanced by the increase in
spring compression (force F2). On a decrease in air pressure in
b the diaphragm chamber, the compressed-spring pressure
B moves the diaphragm up and the valve stem moves toward

. NORMALLY CLOSED VALVE ASSEMBLY (DIRECT-ACTING s

VALVE BODY AND REVERSE-ACTING ACTUATOR) the closed position.

FLOW
—)

BRANCH

LINE—" In a double-seated valve (Fig. 29), the controlled agent flows
between the two seats. This placement balances the inlet
pressures between the two discs of the plug assembly and
reduces the actuator force needed to position the plug assembly.
Double-seated valves generally do not provide tight close-off
because one disc may seat before the other and prevent the

other disc from seating tightly.

C. NORMALLY CLOSED VALVE ASSEMBLY (REVERSE-ACTING
VALVE BODY AND DIRECT-ACTING ACTUATOR)
C2613

Fig. 28. Single-Seated Valves.

ENGINEERING MANUAL OF AUTOMATIC CONTROL 75



PNEUMATIC CONTROL FUNDAMENTALS

BRANCH . oy Two- and thre_e-way butterfly valves can be (_)perated py long
o stroke pneumatic actuators and appropriate linkage (Fig. 31).
o o
° ° One or two low pressure actuators powered directly by
° ° branchline pressure can operate butterfly valves up to about
300 millimeters, depending on the differential close-off rating
— of the valve. For other applications high pressure pneumatic
INLET OUTLET . . .
FLow ™ F3  ® :] FLOW cylinders can be used to provide the force required by the valve.
I | A pneumatic positioner provides an appropriate high pres-
NORMALLY OPEN VALVE sure signal to the cylinder based on a 20 to 100 kPa input
c2612 signal.

Fig. 29. Double-Seated Valve.

Figure 30 shows three-way globe valve assemblies. The

mixing valve has two inlets and a common outlet. The diverting

valve has a common inlet and two outlets. = =
BRAN
LINE—C}'
Q O
%)
OUTLET
lpﬁl_IE)EvT, — FLOW "= —
t M10403
INLET FLOW
MIXING VALVE, NORMALLY CLOSED TO )
STRAIGHT-THROUGH FLOW Fig. 31. Butterfly Valve Assembly.
BRANCH . . .
LINE—"" F1} For a more detailed discussion of valves, see the Valve
Ll B Selection And Sizing section.
o o
o o
DAMPERS
N - -\ O Dampers control the flow of air in air-handling systems. The
most common type of damper, a multiblade louver damper,
L—|1|—) can have parallel or opposed blades (Fig. 32).

OUTLET FLOW

DIVERTING VALVE, NORMALLY OPEN TO
STRAIGHT-THROUGH FLOW

AJ
y

A\

C2615

AJ
A)

A\
A\

Fig. 30. Three-Way Valve Assemblies.

AJ
y

AJ

Three-way valves may be piped to be normally open or
normally closed to the heating or cooling load. If a three-way
valve has linear characteristics and the pressure differentials
are equal, constant total flow is maintained through the common
inlet or outlet port.

A\
A\

N/ N/ /1

AAVMNANANAN

A\
\

PARALLEL OPPOSED
BLADES BLADES
C2604

Fig. 32. Parallel- and Opposed-Blade Dampers.

76 ENGINEERING MANUAL OF AUTOMATIC CONTROL



PNEUMATIC CONTROL FUNDAMENTALS

Figure 33 shows normally open and normally closed paral- For a more detailed discussion of dampers, see the Damper
lel-blade dampers. A normally open damper returns to the op&election and Sizing section.
position with low air pressure in the actuator diaphragm
chamber. An increase in branchline pressure forces the rolling —%T /’?/

diaphragm piston to move against the spring, and a decrease L

allows the compressed spring to force the piston and diaphragm 1+ )

back to the normal position. As with valve actuators, interme- BRANCH LINE } BRANCH LINE
diate positions depend on a balance between the force of the ¢~ ACTUATOR \ g ACTUATOR \
control air pressure on the diaphragm and the opposing force b o o S 1 o o S

of the actuator spring. .»—«""ﬂl U e e ZI

A normally closed damper returns to the closed position with NORMALLY OPEN NORMALLY CLOSED
low air pressure in the actuator diaphragm chamber. The way DAMPER ASSEMBLY DAMPER ASSEMBLY
the damper blades, crank arm, and push rod are oriented during
installation determines the normal (open or closed) position ofFig. 33. Normally Open and Normally Closed Dampers.
the damper blades.

C2605

RELAYS AND SWITCHES

In the following illustrations, common (C) and the normallyand cooling control systems use relays to switch a valve or
connected port (O) are connected on a fall in pilot pressure (Bqmper actuator from one circuit to another or to positively
below the relay setpoint, and the normally disconnected podpen or close a device. Both spdt and dpdt switching relays are
(X) is blocked (Fig. 34). On a rise in pilot pressure above thavailable with a variety of switching pressures.
relay setpoint, C and X are connected and O is blocked.

Figure 35 shows a typical spdt switching relay application for

PO PO heating/cooling operation in which the thermostat controls the
< x — heating/cooling coil valve. Seasonal mainline pressure changes
PILOT SIGNAL BELOW ~ PILOT SIGNAL ABOVE cause the action of the thermostat to be reversetis¢harge
RELAY SETPOINT RELAY SETPOINT low-limit control is switched into the control circuit for heat-
PR D I VON ing and out of the circuit for cooling. The switching is done
O= NORMALLY CONNECTED from mainline pressure connected to the pilot port (P).

X= NORMALLY DISCONNECTED
C2344

During the heating cycle, the 124 kPa mainline pressure is

Fig. 34. Relay Port Connections. above the preset switching pressure. The common port (C)
connects to the normally disconnected port (X), connecting the
SWITCHING RELAY low-limit controller to the thermostat branchline to prevent

discharge temperatures below the controller setting. The
A switching relay requires a two-position pilot signal and isiormally connected port (O) is blocked.
available with either single-pole, double-throw (spdt) or double-
pole, double-throw (dpdt) switching action. Pneumatic heating
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ROOM DA OUTDOOR AIR
THERMOSTAT THERMOSTAT DA ROOM
S
DA WINTER . THERMOSTAT
RA SUMMER M B
M B
(m) P x—@ M B
}[ RESTRICTOR
SWITCHING } c o +Ly I I_
RELAY T
". ol cap SNAP ACTING VAV TERMINAL UNIT
T RELAY DAMPER ACTUATOR
@
N.O. HEATING
VALVE LIMIT VALVE 2360
CONTROLLER
Fig. 36. Typical Application for Snap Acting Relay.
DISCHARGE
AR )
colL c2379

. _ . o The lockout relay is a three-port relay that closes off one
Fig. 35. Typical Switching Relay for Application. pressure signal when a second signal is higher. Figure 37 shows

] . o a typical application in which mixed air control becomes
During the cooling cycle, the 90 kPa mainline pressure &fisabled when outdoor air temperature is higher than return air

the pilot port (P) is below the minimum switching pressure Ofemperature. To prevent air from being trapped in the line
the preset limits. The common port (C) connects to the normallyatween the lockout relay and the snap acting relay, a small

connected port (O), which is capped. The normally disconnectggleed must be present either in the pilot chamber of the snap
port (X) is closed and removes the low-limit controller fromacting relay or in the line.

the system.
MIXED AIR
TEMPERATURE
In a dpdt model, the common, normally connected, and CONTROLLER
normally disconnected ports are duplicated in the second —
. . OUTDOOR AIR
switch section. g'ngPYACTlNG DAMPER ACTUATOR
® L F
exH €O
OUTDOOR AIR
SNAP ACTING RELAY RETURNAR P4 BLEED  THERMOSTAT
THERMOSTAT LOCKOUT

RELAY

The snap acting relay is a spdt switch that provides two- il
position switching action from a modulating signal and has an P2 ()
adjustable switching point. The switching differential is less 2
than 7.0 kPa. The switching pressure is manually adjustable e
for 20 to 100 kPa operation. Fig. 37. Lockout Relay in Economizer Cycle.

Figure 36 shows a snap acting relay application. Operation Figure 38 shows the lockout relay used as a repeater. This
is similar to the switching relay. When the branchline pressurapplication provides circuit isolation by repeating the pilot
from the outdoor air thermostat equals or exceeds the presignal with a second air source.
switchover pressure, the relay connects the normally
disconnected port (X) and blocks the normally connected port
(O) to deliver main air to the normally open heating valve

THERMOSTAT

and provide positive close off. When the outdoor air thermostat ex 4P, . RESTRICTOR
pressure drops below the relay setpoint, the normally @—> B -
disconnected port (X) is blocked and the normally connected RESTRICTOR | | ocxout A TUATOR
port (O) connects to the common port (C) to connect the valve RELAY

actuator to the room thermostat. ouTPUT cas5

Fig. 38. Lockout Relay as Repeater.
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HIGH-PRESSURE SELECTOR RELAY LOAD ANALYZER RELAY

The high-pressure selector relay is a three-port relay thatThe load analyzer relay is a bleed-type, diaphragm-logic
transmits the higher of two input signals to the output branclpressure selector. The relay selects the highest and lowest branch
The high sensitivity of the relay allows it to be used in sens@ressure from multiple inputs to operate final control elements
lines with an accuracy of 1 to 1.5 degrees C. (Fig. 41). The relay contains multiple diaphragms and control

nozzles. Each input pressure connects to two diaphragms.

The application shown in Figure 39 uses pressures from two

zones and a high-pressure selector relay to determine control. DA ZONE THERMOSTATS
A separate thermostat controls each zone damper. The -\ 7
thermostat that calls for the most cooling (highest branchline
pressure) controls the cooling valve through the high-pressure wel Ivs M B M B
selector relay.
DA ZONE DA ZONE T, >
THERMOSTAT THERMOSTAT T
H p| T
4 ZONE
H } DAMPERS
/ L
N.C. ZONE HIGHEST 1 2 3 N
DAMPER N.C. ZONE
/ / /LD o DAMPER M
15-50 kPa B P2 [ | // LOWEST /
DAMPER 15-50 kPa 55-85 kPa
ACTUATOR HIGH-PRESSURE DAMPER N.C. COOLING LOAD ANALYZER RELAY
SELECTOR RELAY ACTUATOR VALVE
15-50 kPa M15149
55-85 kPa M15147 N.O. HEATING
COOLING COIL VALVE
VALVE
Fig. 39. Typical Application for Fig. 41. Load Analyzer Relay in
High-Pressure Selector Relay. Multizone Air Unit Application.

LOW-PRESSURE SELECTOR RELAY
In Figure 41, the load analyzer relay selects the lowest

The low-pressure selector relay is a three-port relay th&essure signa} from the thermostat in th(=T coldest zone and
selects the lower of two input pressure signals and acts adransmits that signal to a normally open heating valve. The relay
repeater for the lower of the two inputs. The relay requires dF@nSmits the highest pressure signal from the thermostat in the
external restrictor on the input to the branch port. Figure 4yarmest zone to a normally closed cooling valve.
shows a low-pressure selector relay controlling the heating coil
valve from the thermostat that calls for the most heat.

CAPACITY RELAY

DA ZONE

THERMOSTAT
DA ZONE

THERMOSTAT The capacity relay is a direct-acting relay that isolates an

input and repeats the input pressure with a higher capacity
output. Figure 42 shows a capacity relay enabling a single bleed-
type thermostat to operate multiple damper actuators quickly
by increasing the output capacity of the thermostat.

N.O. ZONE
DAMPER

//AHT—H

DAMPER

RESTRICTOR }; ExHe@P1 . 1/ /
t B 55-85 kPa

LOW-PRESSURE DAMPER
SELECTOR RELAY ACTUATOR

15-50 kPa N.O.
HEATING COILVALVE

M15148

Fig. 40. Typical Application for
Low-Pressure Selector Relay.
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BLEED-TYPE i i i

ERMOSTAT damper precisely according to the branchline pressure _frqm a
thermostat or other controller, regardless of the load variations

affecting the valve stem or damper shaft. The relay is typically

used for large actuators for sequencing, or in applications

DAMPER

ACTUATOR T requiring precise control.
E —+ ROOM ROOM
THERMOSTAT THERMOSTAT

(m)y>re—tH P E ExH E

(m) M__B ER I |_
-+ P POSITIVE- P POSITIVE-
CAPACITY DAMPER @ M |PosimioninG @ M |PosiTIoNING
RELAY ACTUATOR R RELAY R RELAY
DAMPER FEEDBACK VALVE INTERNAL
T ACTUATOR FEEDBACK
_‘_D SPRING ACTUATOR SPRING
DAMPER _/ DAMPER VALVE
ACTUATOR
7 2366

C2365

. . ) o Fig. 44. Positive-Positioning Relay
Fig. 42. Typical Capacity Relay Application. with Damper and Valve Actuators.

When the relay is connected to an actuator, the feedback
REVERSING RELAY spring produces a force proportional to the actual valve or
damper position. The relay positions the actuator in proportion
The reversing relay is a modulating relay with an output thab the branchline input. If the connected load attempts to
decreases at a one-to-one ratio as the input signal increas@sbalance the required valve stem position, the relay either
Figure 43 shows a reversing relay application. A fallingexhausts or applies main pressure to the actuator to correct the
temperature at the direct-acting thermostat causes the branchlgamdition. If the valve or damper sticks or the load prevents
pressure to decrease. The reversing relay branch presspreper positioning, the relay can apply the pressure required
increases and opens the normally closed heating valve. (up to full main pressure) or down to zero to correct the

condition.
DA ROOM . . . i
THERMOSTAT The positive-positioning relay also permits sequenced
MB operation of multiple control valves or dampers from a single
" thermostat or controller. For example, a normally open heating
@—M B valve and a normally closed outdoor air damper could be
T P__El Ppexn controlled from a single thermostat piloting relays on two
REVERSING actuators. Relays typically have a 20, 35, or 70 kPa input
RELAY pressure span and an adjustable start pressure. As the space
N.C. HEATING temperature rises into the low end of the thermostat throttling
range, the heating valve positioner starts to close the valve.
C2354
Fig. 43. Reversing Relay Application. AVERAGING RELAY
POSITIVE-POSITIONING RELAY The averaging relay is a direct-acting, three-port relay used in

N o ) ) applications that require the average of two input pressures to
The positive-positioning relay (Fig. 44) mounts directly on &ypply a controller input or to operate a controlled device directly.
valve or damper actuator. The relay positions the valve or
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Figure 45 shows an averaging relay in a typical applicatioPNEUMATIC POTENTIOMETER
with two thermostat signals as inputs. The average of the

thermostat signals controls a valve or damper actuator.

THERMOSTAT 1

THERMOSTAT 2

P
2 B TO
P ACTUATOR

AVERAGING
RELAY

C2345

Fig. 45. Averaging Relay Application.

RATIO RELAY

The pneumatic potentiometer is a three-port, adjustable linear
restrictor used in control systems to sum two input signal values,
average two input pressures, or as an adjustable flow restriction.
The potentiometer is a linear, restricted air passage between
two input ports. The pressure at the adjustable output port is a
value based on the inputs at the two end connections and the
location of the wiper between them.

Figure 47 shows a pneumatic potentiometer providing an
average of two input signals. The wiper is set at mid-scale for
averaging or off-center for a weighted average. It can be used
this way to average two air velocity transmitter signals from
ducts with different areas by positioning the wiper according
to the ratio of the duct areas. This outputs a signal proportional
to the airflow.

The ratio relay is a four-port, non bleed relay that produces a

PNEUMATIC POTENTIOMETER

modulating pressure output proportional to the thermostat or
controller branchline output. Ratio relays can be used to control
two or three pneumatic valves or damper actuators in sequence
from a single thermostat. The ratio relay has a fixed input
pressure range of either 20 or 35 kPa for a 70 kPa output range
and an adjustable start point. For example, in a ratio relay with
a 35 kPa range set for a 50 kPa start, as the input pressure
varies from 48 to 83 kPa (start point plus range), the output
pressure will vary from 20 to 90 kPa.

In Figure 46, three 20 kPa span ratio relays are set for 20 to 40,
40 to 60, and 60 to 80 kPa inputs, respectively. The thermostat
signal through the relays proportions in sequence the three valves
or actuators that have identical 20 to 90 kPa springs.

OUTPUT
INPUT 2

SIGNALS —p—+T

FROM

SENSORS — >

WEIGHTED

H——p AVERAGE
.

SIGNAL

AVERAGE
> SIGNAL

C2374

DA ZONE
THERMOSTAT

M B

RATIO RELAY 1
20-40 kPa

exn dHe P

HEATING
VALVE

RATIO RELAY 2 20-90 kPa

40-60 kPa

Ol o

EXH | E P MIXING
DAMPERS

T 20-90 kPa

t
RATIO RELAY 3
60-80 kPa

M

exn dHe P

B

Fig. 46. Ratio Relays in Sequencing Control Application.

COOLING
VALVE
20-90 kPa

C4222
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Fig. 47. Pneumatic Potentiometer as Averaging Relay.

Figure 48 shows a pneumatic potentiometer as an adjustable
airflow restrictor.

PNEUMATIC POTENTIOMETER

OUTPUT

TO

L P CONTROLLED

DEVICE
C2372

I INPUT 1
=
vl

Fig. 48. Pneumatic Potentiometer as
Adjustable Airflow Restrictor.
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HESITATION RELAY ELECTRICAL INTERLOCKING RELAYS

The hesitation relay is used with a pneumatic actuator in unit Electrical interlocking relays bridge electric and pneumatic
ventilator applications. The output pressure goes to minimumwircuits. The electric-pneumatic relay uses electric power to
whenever the input pressure is below the minimum settingctuate an air valve in an associated pneumatic circuit. The
Figure 49 shows a graph of the output of a hesitation relay aseumatic-electric relay uses control air pressure to make or
controlled by the relay knob settings (piloted from thebreak an associated electrical circuit.
thermostat).

124 ELECTRIC-PNEUMATIC RELAY
110
- The electric-pneumatic (E/P) relay is a two-position, three-
97 i i Nni 1
2 P way air valve. Depending on the piping connecﬂo_ns to th_e po_rts,
€ 83— — 100 the relay performs the same functions as a simple diverting
5 69' 28 relay. A common application for the E/P relay is to exhaust and
E A 40 close an outdoor air damper in a fan system when the fan motor
o 20 is turned off, as shown in Figure 51.
e il e ey -T-—1--Fr—1T-- 0
o 41 KNOB SETTING (%)
@ - E/P RELAY
28 S S~
] o o [~ SOLENOID
14 FAN =% SPRING
- OC| —
AL L T
0 14 28 41 55 69 83 97 111 125 =

RELAY INPUT (kPa) _— PLUNGER

C4223

Fig. 49. Hesitation Relay Output Pressure 0* X
as a Function of Knob Setting. EXH
M
The hesitation relay has an internal restrictor. Figure 50 shows OUTDOOR
a typical application of a hesitation relay and a pneumatic ACTUATOR
damper actuator. When the thermostat branchline pressure ca602

reaches 10 kPa, the relay output goes to its preset minimum
pressure. When the branchline pressure of the thermostat

reaches the setting of the hesitation relay, the thermostat CoerIWhen the relay coil is de-energized, the solenoid spring seats

the damper actuator. _\Nhen the therm(_)stat branchline Pressife plunger. The normally disconnected port (X) is blocked
drops below the hesnatlo_n_ relay Se“_'T‘g' the_ relay holds t d the normally connected port (O) connects to the common
damper_ actuator at the minimum position until the thermost ort (C). The connection exhausts the damper actuator which
Erar_wtcrt]_lme plressutre ?]rcolrl)stbelow 10 kPa. At that point, t foses the damper. When the relay coil is energized, the plunger
esitation refay output fafls to zero. lifts against the tension of the spring and blocks the normally

Fig. 51. E/P Relay Application.

DA ROOM connected port (O). Main air at the normally disconnected port
THERMOSTAT (X) connects to the common port (C) and opens the damper.
HESITATION
RELAY
(W) P PNEUMATIC-ELECTRIC RELAY
B M
@ Figure 52 shows a simplified pneumatic-electric (P/E) relay
T ] with a spdt switch. The P/E relay makes the normally closed
DAMPER contact on a fall in pilot pressure below the setpoint, and makes
ACTUATOR the normally open contact on a rise above a value equal to the
c2346 setpoint plus the differential. For example, with a setpoint

adjustment of 21 kPa and a differential of 14 kPa, the pump is
energized at pilot pressures below 20 kPa and turns off at pilot
pressures above 35 kPa.

Fig. 50. Typical Hesitation Relay Application.
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TEMPERATURE
CONTROLLER

P/E RELAY

BELLOWS

o O SPRING

SETPOINT
ADJUSTMENT bt

PUMP C2384

Fig. 52. P/E Relay Application.

ELECTRONIC-PNEUMATIC TRANSDUCER

A resistance-type temperature sensor in the discharge air duct
is the input to the controller, which provides all of the system
adjustments and logic requirements for control. The controller
output of 2 to 10 volts dc is input to the electronic-pneumatic
transducer, which converts the signal to a 20 to 100 kPa output
to position the heating valve.

PNEUMATIC SWITCH

The pneumatic switch is available in two- or three-position
models (Fig. 54). Rotating the switch knob causes the ports to
align in one of two ways in a two-position switch, and in one
of three ways in a three-position switch. The two-position switch
is used for circuit interchange. The three-position switch
sequentially switches the common port (Port 2) to the other
ports and blocks the disconnected ports.

1 3 1 3
The electronic-pneumatic transducer is a proportional relay j}) (i
that varies the branch air pressure linearly 20 to 100 kPa in
4 2 4

response to changes in an electrical input of 2 to 10 volts or 4
to 20 mA. Electronic-pneumatic transducers are used as the

systems and pneumatic output devices (e.g., actuators).

TWO-POSITION SWITCH

interface between electronic, digital, or computer-based control il 3i il 3]
Figure 53 shows discharge air temperature control of a heating M
2 4 2 4

coil using digital control for sensing and control. The output of

the transducer positions the valve on a heating coil.

DDC
CONTROLLER
T

ELECTRONIC-
PNEUMATIC
TRANSDUCER

HEATING

VALVE | ELECTRONIC

1 TEMPERATURE
! SENSOR

]

" DISCHARGE

AIR _>

HEATING COIL

C2378

Fig. 53. Typical Electronic-Pneumatic
Transducer Application.
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THREE-POSITION SWITCH C1887
Fig. 54. Pneumatic Switches.

Figure 55 shows a typical application for sequential
switching. In the OPEN position, the valve actuator exhausts
through Port 4 and the valve opens. In the AUTO position, the
actuator connects to the thermostat and the valve is in the
automatic mode. In the CLOSED position, the actuator
connects to main air and the valve closes.
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oA Figure 56 shows the switch functioning as a minimum
w &| THERMOSTAT positioning switch. The damper will not close beyond the
™ minimum setting of the positioning switch. As the controller
signal increases above the switch setting, the switch positions
®_ IRE the damper according to the controller signal.
‘Fﬁ 2 4 —> EXH MINIMUM
POSITION
;HWIT_II_ECE':'POSITION géT%’%giR SWITCH
T+
P M

N.O. VALVE

DA MIXED AIR @
TEMPERATURE

CONTROLLER

NOTE: POSITION 1: OPEN—PORTS 2 AND 4 CONNECTED
POSITION 2: AUTO—PORTS 2 AND 3 CONNECTED
POSITION 3: CLOSED—PORTS 2 AND 1 CONNECTED

M10295

Fig. 55. Typical OPEN/AUTO/CLOSED Application.

C2348

MANUAL POSITIONING SWITCH Fig. 56. Typical Three-Port Minimum
Position Switch Application.

A manual positioning switch is used to position a remote
valve or damper or change the setpoint of a controller. The
switch takes input air from a controller and passes a presetManual switches are generally panel mounted with a dial
constant, minimum air pressure to the branch regardless of tpkite or nameplate on the front of the panel which shows the
controller output (e.g., to provide an adjustable minimunswitch position. Gages are sometimes furnished to indicate the
position of an outdoor air damper). Branchline pressure fromnain and branch pressures to the switch.
the controller to other devices connected to the controller is
not affected.

PNEUMATIC CONTROL COMBINATIONS

DA
GEN ERAL THERMOSTAT
A complete control system requires combinations of several
controls. Figure 57 shows a basic control combination of a (W) —trt o }mggm
thermostat and one or more control valves. A normally open
control valve assembly is selected when the valve must open if

the air supply fails. A normally open control valve requires a MO, HEATING COIL VALVES
direct-acting thermostat in the heating application shown in cose
Figure 57. Cooling applications may use normally closed valves
and a direct-acting thermostat. The thermostat in Figure 57 has
a 2.5 kelvins throttling range (output varies from 20 to 90 kPa
of the 2.5 kelvins range) and the valves have an 55 to 85 kPaA

spring range, then the valve will modulate from open to Closeéjomkr)]iﬁ;n(;i\lllii/h (z)ap;?e:tra?:tirr]wor(r)nrazll)r/e\(;le(:zsic\g’;lve'}[h:rzrirzlo:t(;t
on a 1 kelvin rise in temperature at the thermostat. 9 9 ’

depending on the requirements and the conditions in the
30 kPa controlled space. Applications that require several valves
70 kPa X 29°K =1°K controlled in unison (e.g., multiple hot water radiation units in
a large open area) have two constraints:
— All valves that perform the same function must be of
the same normal position (all normally open or all
normally closed).

Fig. 57. Thermostat and One or
More Normally Open Valves.
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— The controller must be located where the condition itooling valve is closed. As the temperature rises, the branchline
measures is uniformly affected by changes in position giressure increases and the heating valve starts to close. At
the multiple valves. If not, the application requires moret8 kPa branchline pressure, the heating valve is fully closed.
than one controller. If the temperature continues to rise, the branchline pressure

increases until the cooling valve starts to open at 55 kPa. The

A direct- or reverse-acting signal to a three-way mixing otemperature must rise enough to increase the branchline pressure

diverting valve must be selected carefully. Figure 58 shows thad 90 kPa before the cooling valve will be full open. On a drop

the piping configuration determines the signal required. in temperature, the sequence is reversed.
DIRECT- REVERSE- ) . . )
ACTING ACTING Valves with positive positioners ensure tight close-off of the
¥ p heating valve at 48 kPa branchline pressure, and delay opening
THREE-WAY A H 5 H H
MIXING VALVE Y e of th_e_ coollng yalve until 55Pabranchl|r1e pressure is reach_ed_.
HOT WATER LT WATER HOT WATER _Posmvg positioners prevent overlapping caused by a variation
SUPPLY RETURN RETURN in medium pressure, a binding valve or damper, or a variation
HOT WATER in spring tension when using spring ranges for sequencing.

SUPPLY

A greater deadband can be set on the positioners to provide a
larger span when no energy is consumed. For example, if the
positioners are set for 13 to 48 kPa on heating and 90 to 124 kPa

HOT WATER COIL HOT WATER COIL on cooling, no energy is used when the controller branchline
_ o = pressure is between 48 and 90 kPa. The positioners can also be
Fig. 58. Three-Way Mixing Valve set to overlap (e.g., 30 to 60 and 48 to 80 kPa) if required.

Piping with Direct Actuators.
Valve and damper actuators without positioners have various
SEQUENCE CONTROL spring ranges. To perform the sequencing application in Figure
59 without positioners, select a heating valve actuator that has
In pneumatic control systems, one controller can opera:% 13 to 48 kPa spring range and a cooling vz_ilve actuator that
several dampers or valves or several groups of dampers or val 2s an 55 to_ 90 I_<Pa spring range. Although th'.s method Iess_ens
[ecise positioning, it is usually acceptable in systems with

For example, year-round air conditioning systems sometim wer pressure differentials across the valve or damper and on
require heating in the morning and evening and cooling in the P P
Fnaller valves and dampers .

afternoon. Figure 59 shows a system in which a single controll@
controls a normally open heating valve and normally closed
cooling valve. The cooling valve is set for an 55 to 90 kPa range

and the heating valve, for a 13 to 48 kPa range. The controIEILIIMlT CONTROL
operates the two valves in sequence to hold the temperature at the

desired level continually. Figure 60 shows a s_ensqr-controller co_m_bmatlon for space
oA temperature control with discharge low limit. The discharge
SENSOR ' CONTROLLER low limit controller on a heating system prevents the discharge
air temperature from dropping below a desired minimum.
S M B
¥, ) RETURN AIR  PRIMARY LOW-LIMIT
d\D t =t } SENSOR CONTROLLER (DA) CONTROLLER (DA)

@ | | B S M B S M
POSITIVE L @ +—'—'—+ @

POSITIONING LOW-PRESSURE
ACTUATORS

SELECTOR

() 5 p|RELAY
N.C. COOLING N.O. HEATING ) P 4 *
VALVE VALVE )<
50-90 kPa 13-48 kPa o EXH
caz24 VALVE SENSOR
Fig. 59. Pneumatic Sequencing of Two Valves —
with Positive Positioning Actuators. |_| AIR )
When the temperature is so low that the controller calls for HEATING COIL C2380

full heat, the branchline pressure is less than 20 kPa. The o _ o
normally open heating valve is open and the normally closed Fig. 60. Low-Limit Control (Heating Application).
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Low-limit control applications typically use a direct-acting MANUAL SWITCH CONTROL
primary controller and a normally open control valve. The
direCt'aCting, low-limit controller can lower the branchline Common app"cations for a diverting switch include on/off/
pressure regardless of the demands of the room controller, thaistomatic control for a heating or a cooling valve, open/closed
opening the valve to prevent the discharge air temperature frog8ntrol for a damper, and changeover control for a two-pressure
dropping below the limit controller Setpoint. Whenever the |0Wair Supp'y System_ Typ|ca| app“cations for a proportiona'
limit discharge air sensor takes control, however, the return ai{yitch include manual positioning, remote control point
sensor will not control. When the low-limit discharge air sensogdjustment, and minimum damper positioning.
takes control, the space temperature increases and the return
air sensor will be unable to control it. Figure 63 shows an application for the two-position manual
switch. In Position 1, the switch places the thermostat in
A similar combination can be used for a h|gh'l|m|t heating:ontro| of Valve 1 and opens Valve 2 by b|eeding Valve 2 to
control system without the selector relay in Figure 61. The limifero through Port 1. When turned to Position 2, the switch places

controller output is piped into the exhaust port of the primaryhe thermostat in control of Valve 2 and Valve 1 opens.
controller, which allows the limit controller to limit the bleed-

down of the primary controller branch line. THERMOSTAT

PRIMARY LOW-LIMIT
CONTROLLER (DA CcO (0]

(DA) NTROLLER (DA) @ = "

B S M B S M ExH {1 2

|:|- TWO-POSITION
| | SWITCH
N.O. VALVE 2

PRIMARY N.O. VALVE 1
SENSOR NOTE:

N.O. POSITION 1: PORTS 3 AND 2, 1 AND 4 CONNECTED
VALVE LIMIT POSITION 2: PORTS 3 AND 4, 1 AND 2 CONNECTED
SENSOR C2351

" " Fig. 63. Application for Two-Position Manual Switch.

Figure 64 shows an application of the three-position switch

HEATING COIL case1 and a proportioning manual positioning switch.
Fig. 61. High-Limit Control (Heating Application). DAMPER
ACTUATOR
Bleed-type, low-limit controllers can be used with pilot- /7 N TONING
bleed thermostats (Fig. 62). A restrictor installed between the DA SWITCH
I T THERMOSTAT Y _@
thermostat and the low-limit controller, allows the low limit M B 2 1
controller to bleed the branch line and open the valve. The (W) 4 3l pexn
restrictor allows the limit controller to bleed air from the valve THREE-POSITION
. SWITCH EXH
actuator faster than the thermostat can supply it, thus
idi NOTE: POSITION 1: AUTO—PORTS 2 AND 4 CONNECTED
Over”dlng the thermOStat' POSITION 2: CLOSED—PORTS 2 AND 3 CONNECTED
POSITION 3: MANUAL—PORTS 2 AND 1 CONNECTED
DA C2352
DA LOW-LIMIT
THERMOSTAT CONTROLLER

Fig. 64. Application for Three-Position Switch
and Manual Positioning Switch.

In Position 1, the three-position switch places the thermostat
in control of the damper. Position 2 closes the damper by
bleeding air pressure to zero through Port 3. Position 3 allows
the manual positioning switch to control the damper.

N.O. VALVE

C2350

Fig. 62. Bleed-Type, Low-Limit Control System.
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CHANGEOVER CONTROL FOR TWO- according to a preset schedule. The system then provides the

PRESSURE SUPPLY SYSTEM scheduled water temperature to the convectors, fan-coil units,
or other heat exchangers in the system.

Figure 65 shows a manual switch used for changeover from HOT WATER SUPPLY
90 to 124 kPa in the mains. Either heating/cooling or day/night q') T | | CEMEORATURE
control systems can use this arrangement. In Position 1, the
switch supplies main pressure to the pilot chamber in the PRV. VALVE BM St OUTDOOR AIR
The PRV then provides 124 kPa (night or heating) main air S2 | |;EK'§5§ATURE
pressure to the control system. CONTROLLER -

MANUAL
SWITCH

1 3 CAP

Fig. 67. Compensated Supply Water System
Using Dual-Input Controller.

exH dH, 4
2 MAIN PRESSURE1

GAUGE T, N MAIN
TWO-PRESSURE gt ELECTRIC-PNEUMATIC RELAY CONTROL

REDUCING VALVE

HIGH PRESSURE
GAGE

FROM
COMPRESSOR

FILTER

e Figure 68 shows one use of an E/P relay in a pneumatic

Fig. 65. Two-Pressure Main Supply System control circuit. The E/P relay connects to a fan circuit and
with Manual Changeover. energizes when the fan is running and de-energizes when the
fan turns off, allowing the outdoor air damper to close

In Position 2, the manual switch exhausts the pilot chamb&utomatically when the fan turns off. The relay closes off the

in the PRV. The PRV then provides 90 kPa (day or cooling) teontroller branch line, exhausts the branch line going to the
the system. damper actuator, and allows the damper to go to its normal

(closed) position. Figure 69 shows an E/P relay application

Figure 66 shows a two-pressure system with automati#at shuts down an entire control system.
changeover commonly used in day/night control. A switch in a

seven-day time clock and an E/P relay provide the changeover. 7~ N

- VOLTAGE

When the E/P relay energizes (day cycle), the pilot chamber in MIXED AIR !
the PRV exhausts and controls at 90 kPa. When the electric- Ep
pneumatic relay de-energizes, the pilot chamber receives full |:| X 0 c | RELAY N.C. DAMPER
main pressure and the PRV provides 124 kPa air. ot :++'|:'—|:|7// /
N.C. DAMPER
‘Ic')I;ERMOSTAT @ EXH ACTUATOR
E/P RELAY TIME CLOCK B M S
| _ E - c2361
! ELECTRIC
__________ POWER DA CONTROLLER
FROM . . . .
COMPRESSOE’TWO_PRESSURE > Fig. 68. Simple E/P Relay Combination.
REDUCING VALVE
X = NORMALLY DISCONNECTED
O = NORMALLY CONNECTED C2376

_____ SYSTEM
INTERLOCK
1~ "VOLTAGE

L THERMOSTAT

E/P RELAY .
X 0 C M B

T } } !
COMPENSATED CONTROL SYSTEM O+ ™ ol T

VALVE

Fig. 66. Two-Pressure Main Supply System
with Automatic Changeover.

In a typical compensated control system (Fig. 67), a dual-
input controller increases or decreases the temperature of the
supply water as the outdoor temperature varies. In thisFig. 69. E/P Relay Combination for System Shutdown.
application, the dual-input controller resets the water
temperature setpoint as a function of the outdoor temperature

C2358
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PNEUMATIC-ELECTRIC RELAY CONTROL started on low speed by Relay 1 which makes common to
normally open. As a further rise in temperature increases the
A P/E relay provides the interlock when a pneumati(pranchline pressure to 94 kPa, Relay 2 breaks the normally
controller actuates electric equipment. The relays can be gd@sed circuit and makes the normally open circuit, removing
for any desired pressure. Figure 70 shows two P/E relay§ltage from Relay 1, shutting down the low speed, and
sequenced to start two fans, one at a time, as the fans are nee@88/9izing the high speed. On a decrease in temperature, the
sequence reverses and the changes occur at 80 and 49 kPa

WIRED TO WIRED TO T
SITART FAIN 1 S'II'ART FANI 2 reSpeCtlver.

THERMOSTAT | c Inc N.OlP/E RELAYS | c Incl N.OI

SET SET
@ 35-49 kPa 70-84 kPa
T

PNEUMATIC RECYCLING CONTROL

ca22s E/P and P/E relays can combine to perform a variety of logic
functions. On a circuit with multiple electrically operated
Fig. 70. P/E Relays Controlling Fans in Sequence. devices, recycling control can start the devices in sequence to

prevent the circuit from being overloaded. If power fails,
On arise in temperature, Relay 1 puts Fan 1 in operation eacycling the system from its starting point prevents the circuit
the thermostat branchline pressure reaches 49 kPa. Relay 2 staviarload that could occur if all electric equipment restarts
Fan 2 when the controller branchline pressure reaches 84 kBamultaneously when power resumes.
On a decrease in branchline pressure, Relay 2 stops Fan 2 at
70 kPa branchline pressure, and Relay 1 stops Fan 1 at 35 kPRigure 72 shows a pneumatic-electric system that recycles

---9-
1
1

-—— -

| CHECK E/P
OVERLOAD

1 VALVE RELAY

branchline pressure. equipment when power fails.
. . . TO LOAD SIDE
Figure 71 shows two spdt P/E relays starting and stopping a OF POWER WIRED TO START
SUPPLY SWITCH ELECTRICAL EQUIPMENT
two-speed fan to control condenser water temperature. —— —_——
H G
1 1 . N '
_ —  Z THERMOSTAT ! 1 : : : :
COOLING TOWER P O G B
FAN STARTER [ !
CON'IFROL VOLTAGE ® -+ - :
1
1 : !
! L !
®

q
:
LOW SPEED | HIGH SPEED |/I o o ¢
P/IE
' X0C RELAYS
HIGH AUX|L|ARY¢ 1 LOW AUXILIARY
1
: : 1 ADJUSTABLE
; : L STARTER RESTRICTOR EXH 2368
1
pmmmm oo P
L L L
[ ¢ [ne]no] [c[uc]uo] Fig. 72. Recycling System for Power Failure.
P/E RELAY 1 P/E RELAY 2
SET49-63kPa SET809ukPa SENSOR IN When power is applied, the E/P relay operates to close the

CONTROLLER  CONDENSER exhaust and connect the thermostat through an adjustable restrictor
to the P/E relays. The electrical equipment starts in sequence
|;| determined by the P/E relay settings, the adjustable restrictor, and
: ot =+(“b+= : the branchline pressure from the thermostat. The adjustable
restrictor provides a gradual buildup of branchline pressure to the
P/E relays for an adjustable delay between startups. On power
Fig. 71. Two-Speed Fan Operated by P/E Relays. failure, the E/P relay cuts off the thermostat branch line to the two
P/E relays and bleeds them off through its exhaust port, shutting
Voltage is applied to the common contact of Relay 1 fron§lown the electrical equipment. The check valye allows the
the normally closed contact of Relay 2. When the controligfiermostat to shed the controlled loads as rapidly as needed
branchline pressure rises to 63 kPa, the cooling tower fan (#ithout the delay imposed by the restrictor).

C4a227
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PNEUMATIC CENTRALIZATION

Building environmental systems may be pneumatically The Discharge Air Temperature Indicator is fed from the
automated to any degree desired. Figure 73 provides gmeumatic discharge air temperature sensor and the Three-Way
example of the front of a pneumatic automation panel. Thi¥alve Gauge is fed from the valve control line.
panel contains pneumatic controls and may be local to the
controlled HVAC system, or it may be located centrally in a When pneumatic automation panels are located local to the
more convenient location. HVAC system, they are usually connected with 6 mm plastic

tubing. When there are many lines at extended lengths, smaller

In this example, the on-off toggle switch starts and stops thdiameter plastic tubing may be preferable to save space and
fan. The toggle switch may be electric, or pneumatic with anaintain responsiveness. When the panel devices are remote,
Pneumatic-Electric (P/E) relay. the air supply should be sourced remotely to avoid pressure

losses due to long flow lines. The switching air may be from

Two pneumatic “target” gauges are shown for the outside athe automation panel or it may be fed via a remote restrictor
damper and the supply fan. The ON/OFF Supply Fan Gauge @&d piped in an exhaust configuration.
fed from a fan proof-of-flow relay, and the OPEN/CLOSED
Damper Gauge is fed from the damper control line.

DISCHARGE AIR
TEMPERATURE

RETURN
AIR
30-75 kPa
NORMALLY
OPEN

OUTSIDE

AIR T
COOLING
colL

M15142

Fig. 73. Pneumatic Centralization
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PNEUMATIC CONTROL SYSTEM EXAMPLE

The following is an example of a typical air handling systenControl Requirements:
(Fig. 74) with a pneumatic control system. The control system — Maintain design outside air airflow during all levels of
is presented in the following seven control sequences (Fig. 75  supply fan loading during occupied periods.

through 79): — Use normally open two-way valves so system can heat
— Start-Stop Control Sequence. or cool upon compressed air failure by manually running
— Supply Fan Control Sequence. pumps and adjusting water temperatures.
— Return Fan Control Sequence. — Provide exhaust/ventilation during after-hour occupied
— Warm-Up/Heating Coil Control Sequence. periods.
— Mixing Damper Control Sequence. — Return fan sized for 16.5%s.

— Discharge Air Temperature Control Sequence.
— Off/Failure Mode Control Sequence.
START-STOP CONTROL SEQUENCE
Controls are based upon the following system information
and control requirements: Fans 1M through 3M (Fig. 75) operate automaticsilyject

to starter-mounted Hand-Off-Automatic Switches.
System Information:

— VAV air handling system. The Supply Fan 1M is started and controls are energized by
— Return fan. Electric-Pneumatic Relay 2EP at 0645 by one of the following:
— 16.5 ni/s. — An Early Start Time Clock 1TC
— 1.9 n¥/s outside air. — Adrop in perimeter space temperature téCl&t Night
— 1.4 n¥/s exhaust air. Thermostat TN
— Variable speed drives. — An after-hour occupant setting the Spring-Wound Interval
— Hot water coil for morning warm-up and to prevent Timer for 0 to 60 minutes.

discharge air from getting too cold in winter .
— Chilled water coil. The Supply Fan 1M operation is subject to manually reset
— Fan powered perimeter VAV boxes with hotwaterreheagafety devices including Supply and Return Air Smoke
— Interior VAV boxes. Detectors; a heating coil, leaving air, Low Temperature
— Water-side economizer. Thermostat; and a supply fan discharge, duct High Static
— 8:00 A.M. to 5:00 P.M. normal occupancy. Pressure Cut-Out.

— Some after-hour operation.

RETURN FAN E
EXHAUST
4_ RETURN
AR

SUPPLY FAN

DISCHARGE
(S s

GRAVITY
RELIEF

\\\

EAST
ZONE

e
SEIQDE _,} :;

v

WEST
ZONE

M10298

Fig. 74. Typical Air Handling System.
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Any time the Supply Fan 1M runs, the Return Fan 2M rundnterval Timer or by the Occupancy Schedule Time Clock
2TC set for 0750.
Any time the Return Fan 2M runs, the Exhaust Fan 3M
and the ventilation controls are energized by the After-Hours Both Clocks 1TC and 2TC are set to shut the system down
at 1700.

480V

480V 480V

Y
Y

E

E

E

VY

| ] ]

X2-1 X1-1 X22 X1-2 X2-3 X1-3
O O O
X1-1 X2-1
4
o E'é'?;CET or Low HIGH STATIC
TEMPERATURE PRESSURE oL
E\ SUPPLY ~ RETURN  THERMOSTAT cuTouT 1TC
1CR M
jo-e 2EP
™
o NIGHT
'STAT
X1-2 X2-2
w
O oL
O\ M H
A o o NN (@m)
X1-3 M X2-3
w
O FIRE oL
o\ EXHAUST 2CR P
A o o |o NN GM)
M
H N
120 VOLT CONTROL CIRCUIT
EARLY STARTCLOCK 7~
1</
TIME CLOCKS
OCCUPANCY CLOCK o~
INTERVAL TIMER ¢/
(AFTER HOURS)
[ /1T
\cR/
2TC M
ool fo—e Ao &
1CR
2CR

=
m
o

M10303

Fig. 75. Start-Stop Control.
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SUPPLY FAN CONTROL SEQUENCE

Any time the Supply Fan (Fig. 76) runs, the pressure
controller with the greatest demand, Static Pressure Controller
PC, or PG, operates the Electronic-Pressure Transducer PT.
The controller used is determined by High Pressure Selector
Relay HSR. Transducer PT controls the Supply Fan Variable
Speed Drive (VSD) to maintain duct static pressure. The pick-

NOTE: 1. Because of varying exhaust between occupied and

warm-up modes, space static pressure control of
the return fan is selected. Return fan tracking from
supply fan airflow is acceptable but is complex if
varying exhaust is worked into the control scheme.

. Exercise care in selecting location of the inside

pickup and in selection of the pressure controller.
Location of the reference pickup above the roof is

up probes for Static Pressure Controllersdt@ PCare located
at the end of the east and west zone ducts.

SUPPLY FAN

(/

VSD

STARTER %

{ L
) )

C

)
EAST ZONE

WEST ZONE

M|Pc,

350 Pa

P1
pTH 8
P

M15143

Fig. 76. Supply Fan Load Control.

RETURN FAN CONTROL SEQUENCE

Static Pressure Controller PC (Fig. 77) controls the return
fan variable speed drive to maintain space static pressure. The

pick-up probe is located in the space

RETURN FAN

)
STARTER |§|

REFERENCE PICK-UP
RUN TO 5 METERS

ABOVE ROOF\\)

DA

L

H

PC

- 11

TO SPACE

[H—) STATIC PRESSURE

PICK-UP

12 Pa

2

PT

EP

M15144

Fig. 77. Return Fan Load Control.

92

recommended by ASHRAE.

3. To prevent unnecessary hunting by the return fan
at start-up, the supply fan control signal should be
slow loading such that the supply fan goes from
zero or a minimum to maximum load over three
minutes. Shut down should not be restricted.

WARM-UP/HEATING COIL CONTROL
SEQUENCE

Any time the Supply Fan (Fig. 78) runs and the return air
temperature is below 206, Temperature Controller TC-1 trips
Snap-Acting Relay SA-1 to position Switching Relays SR-1
and SR-2 to initialize warm-up control. Relay SA-1 also
positions Switching Relay SR-4 to disable cooling controls.
Switching Relay SR-2 opens all interior VAV box dampers and
starts the hot water pump. Relay SR-1 switches the hot water
valve from normal control to warm-up control via Controller
TC-2 and modulates the hot water valve to maintain a discharge
air temperature setpoint of 32.

NOTE: Fan powered perimeter VAV boxes are cool in this
mode and operate with the fans on and at the minimum
airflow (warm air) setpoints. Reheat valves at each
box operate as needed. This allows the warm-up cycle
to operate the air handling unit (AHU) fans at a
reduced and low cost power range.
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RETURN FAN
7 RETURN
< ; |'| AR
]
SA-1
sNap H P 0
ACTING
RELAY +—]C_ X
cx<21°C
| C-0>22°C AIR DURING COLD RETURN AIR (WARM-UP) )
\\\ ' 1
SUPPLY FAN
(X X))
z
OUTSIDE R
AR ; R " -»
R
| FROM T5_1|:':| TO COOLING
COOLING CONTROLS
Sr.1 CONTROLS L
20-55 kPa N.O. _._>®
P o =
il 3
T SR-3 B S M] pa
P O —® Tc2 | 32°C
+ 4 T, T
t C X } 4 i s
SR-2
TO
1+ Ir o
SIGNAL TO OPEN + cooLinG (z)
ALLINTERIOR VAV c x _® CONTROLS
BOX DAMPERS AND
START HOT WATERPUMP T, T V15145

Fig. 78. Heating Coil Control.

MIXING DAMPER CONTROL SEQUENCE

NOTE: These dampers can control in sequence also, but unison
control positions the damper blades better for mixing
which is helpful during freezing periods. If the outside
air is provided from an outside air shaft with an outside
air fan, an outside air filter is helpful to keep the flow
sensing element/pick-up clean and effective. Electric-
Pneumatic Relay 1EP starts the outside air system.

Any time the AHU (Fig. 79) runs in the occupied mode with
Electric-Pneumatic Relay 1EP energized, Outside Air airflow
Controller P-F modulates the outside air damper toward open
and the return air damper toward closed (or vice versa) in unison
to maintain design outside air at 1.9sn

25-75 kPa
o no E‘A\\\

SUPPLY FAN
kx4
OUTSIDE —| / K
AIR — e
— R
i LIere L L]
iy 40-75 kP, N.O. TO HEATING COIL '—q—>® TO WARM-UP
@ CONTROL AND TO C CONTROLS
CHILLER PLANT
S ey N CONTROL
B M L B S M| pa
TC-3 | 13°C
FROM WARM-UP SR-4 =
@ CONTROL @+ P o
(AIR DURING 20-55 kPa HW GOES OPEN TO CLOSED
T T T COLD RETURN) c x 60-95 kPa CHW GOES CLOSED TO OPEN
o ' P = 0—-140 kPa
RR B =140—~0 kPa
O
AIR WHEN SRS 40-75 kPa CHW
FAN ON .— P O —@ } P_E OPEN TO CLOSED
+ M15146
f c_ X h

Fig. 79. Mixing Damper and Discharge Air Temperature Control.
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DISCHARGE AIR TEMPERATURE OFF/FAILURE MODE CONTROL
CONTROL SEQUENCE SEQUENCE

Any time the AHU (Fig. 79) operates in the non-warm-up If compressed air fails, both control valves open, the outside
mode, Switching Relay SR-4 operates to allow the normalir damper closes, and the return air damper opens.
Discharge Air Temperature Controller TC-3 to modulate the
hot water valve closed (through Switching Relay SR-1, Fig. 77) When the fan is off, Switching Relay SR-3 (Fig. 78) positions
and the chilled water valve open in sequence, on a rising coolitg close the hot water valve, Switching Relay SR-5 (Fig. 79)
load, to maintain the Temperature Controller TC-3 setpoinpositions to close the chilled water valve, the outside air damper
Controller TC-3 is a PI (proportional plus integral) controller.closes, and the return air damper opens.

NOTE: In this constant 1.93s outside air system, if the return
air is 22C and the outside air is -25, the mixed air
temperature will drop below 1@ if the AHU airflow
drops below 52 percent of the design airflow.
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ELECTRIC CONTROL FUNDAMENTALS

INTRODUCTION

This section provides information on electric control circuits Electric controls consist of valve/damper actuators,
used in heating, ventilating, and air conditioning systemgemperature/pressure/humidity controllers, relays, motor starters
Electric energy is commonly used to transmit the measuremefind contactors. They are powered by low or line voltage,
of a change in a controlled condition from a controller to othedlepending on the circuit requirements. Controllers can be wired
parts of a system and to translate the change into work at tlteperform either primary or limit functions (high or low limit).
final control element. For these purposes, electricity offers thelectric actuators can be two position or proportioning and
following advantages: either spring return or nonspring return.

— Itis available wherever power lines can be run.

— The wiring is usually simple and easy to install. The information in this section is of a general nature and

— The signals received from sensing elements can be usidended to explain electric control fundamentals. There are

to produce one or a combination of electro-mechanicgilaces where Honeywell nomenclature is used, such as R,
outputs. For example, several actuators can be controlld¥d, B, for wiring terminals and Series 40 through 90 for
from one controller. classifying control circuits. These may vary with controls

— Single controller-actuator combinations are possible withowtf a different manufacturer.

the need for a main-air source as in pneumatic control.

DEFINITIONS

Actuator: A device used to position control dampers and
control valves. Electric actuators consist of an electric
motor coupled to a gear train and output shaft.
Typically, the shaft drives through 90 degrees or
160degrees of rotation depending on the application.
For example, 90-degree stroke actuators are used with
dampers, and 160-degree stroke actuators are used
with valves. Limit switches, in the actuator, stop the

function maybe provided by an integral rechargeable
battery, capacitor, or constantly wound spring so that
there is no reduction in operating force.

The direction of shaft rotation on loss of power varies
by model for spring-return actuators. The direction
can be clockwise (cw) or counterclockwise (ccw) as
viewed from the power end of the actuator. Actuator

motor at either end of the stroke or current limiters
sense when the motor is stalled at the end of the stroke.
Actuator gear trains are generally factory lubricated
for life so no additional lubrication is necessary.

Actuators may attach to the valve stem or damper shaft
through a linkage or be direct coupled connecting
directly to the stem or shaft.

In some actuators the motor is electrically reversible
by the controller. A Solenoid brake is commonly used
on spring-return actuators to hold the actuator in the
control position. Some actuators have a return spring
which enables the output shaft to return to the normal
position on loss or interruption of power. Most two-
position actuators drive electrically to the control
position and rely on only the spring to return to the
normal position. Spring-return actuators have
approximately one-third the output torque of
comparable non-spring-return actuators since the
motor must drive in one direction against the return
spring. A return-to-normal position on power failure
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controlled valves and dampers also vary as to whether
they open or close on a loss of power. This depends
on the specific actuator, linkage arrangement, and
valve or damper selected. Because of these factors,
the terms cw/ccw or open/close as used in this
literature are for understanding typical circuits only

and do not apply to any particular model of actuator.

Actuators are available with various timings to
drive through full stroke such as 15, 30, 60, 120, or
240 sec. In general, the timing is selected to meet
the application requirements (e.g., an actuator with
240 sediming might be used to control the inlet vanes
to a fan in a floating control system).

Actuators designated as line voltage have line-voltage
inputs but commonly have a low-voltage control
circuit since the motor is powered by low voltage. A
transformer is used to supply power to the low voltage
motor coils. It can be built into the actuator housing
(Fig. 1) or supplied separately.
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LOW-VOLTAGE
CONTROL CIRCUIT

\ I
T1 T2
:I_ |__— MOTOR COILS
LJ

|_— TRANSFORMER

! | — ACTUATOR
L1 L2
1 '

LINE-VOLTAGE
INPUT 2502

Fig. 1. Typical Actuator Wiring.

Contact arrangement: The electric switch configuration of a

controller, relay, contactor, motor starter, limit switch,
or other control device. Contacts which complete
circuits when arelay is energized (pulled in) are called
normally open (N.O.) or “in” contacts. Contacts which
complete electric circuits when a relay is deenergized
(dropped out) are called normally closed (N.C.) or
“out” contacts. Many contact arrangements are
available depending on the control device. Figure 2
illustrates three contact arrangements.

o—{F—o
A) N.O. SPST CONTACT

o—i4f—o

B) N.C. SPST CONTACT

o——o—}f—o

C) SPDT CONTACTS
C2503

Fig. 2. Typical Contact Arrangements.

Control valve: A device used to control the flow of fluids such

as steam or water.

Controller: A temperature, humidity, or pressure actuated

device used to provide two-position, floating, or
proportioning control of an actuator or relay. It may
contain a mercury switch, snap-acting contacts, or a
potentiometer. Controllers can be two-wire or three-
wire devices. Two-wire controllers are spst devices.
The N.O. type (Fig. 3A) generally opens the circuit
on afallin the controlled variable and closes the circuit
on arise. The N.C. type (Fig. 3B) generally closes
the circuit on a fall in the controlled variable and
opens the circuit on a rise. Three-wire controllers
are spdt, floating, or potentiometer devices. The spdt
controllers (Fig. 3C) generally close R to B contacts
and open R to W contacts on a fall in the controlled
variable. The opposite occurs on a rise. The controllers
in Figures 3A through 3C do not have a true
N.O./N.C. contact arrangement but provide a
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switching action dependent on the condition of the
controlled variable. Floating controllers (Fig. 3D) are
spdt devices with a center-off position. Refer to
SERIES 60 FLOATING CONTROL CIRCUITS for

a discussion of floating control operation.
Potentiometer controllers (Fig. 3E) move the wiper
(R) toward B on a fall and toward W on a rise in the
controlled variable. This action varies the resistance
in both legs of the potentiometer and is used for
proportional control.

E
l

A) N.O. SPST CONTROLLER
(CONTACTS OPEN ON A TEMPERATURE FALL)

[e——]

B) N.C. SPST CONTROLLER
(CONTACTS CLOSE ON A TEMPERATURE FALL)

s

W|R|B

C) SPDT CONTROLLER
(CLOSERTO B, OPENRTOW ON A
TEMPERATURE FALL)

1]

W|R|B

D) FLOATING CONTROLLER
(SEE SERIES 60 FLOATING CONTROL
CIRCUITS FOR OPERATION)

4

W|R|B

E) POTENTIOMETER TYPE CONTROLLER
(WIPER R MOVES FROMW TO B ON A

TEMPERATURE FALL) 2504

Fig. 3. Typical Controller Action.

Control Modes:

Modulating Control: When an actuator is energized,

it moves the damper or valve a distance proportional
to the sensed change in the controlled variable. For
example, a Series 90 thermostat with a 5 kelvins
throttling range moves the actuator 1/5 of the total
travel for each degree change in temperature.

Two-Position Control: When an actuator is energized
it moves the valve or damper to one of the extreme
positions. The valve or damper position remains
unchanged until conditions at the controller have
moved through the entire range of the differential.

Floating Control: When an actuator is energized, it
moves the damper or valve until the controller is
satisfied. The actuator maintains that position until the
controller senses a need to adjust the output of the
valve or damper.
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Damper: A device used to control the flow of air in a duct or
through a wall louver.

the linkage connects the actuator to the valve and
translates the rotary output of the actuator to the linear
action of the valve stem.
Line voltage: A term which refers to the normal electric supply
voltage. Line voltage can be used directly in somé.ow voltage: A term which applies to wiring or other electrical
control circuits or can be connected to the primary devices using 30 volts or less. Low-voltage control
side of a step down transformer to provide power for devices usually function on 24V ac +10%/-15%.
a low-voltage control circuit. Most line-voltage
devices function at their rated voltage +10%/-15%Relay: A device consisting of a solenoid coil which operates
Line-voltage devices should be tested and listed by load-carrying switching contacts when the coil is
an appropriate approval agency. energized. Relays can have single or multiple contacts.

Linkage: A device which connects an actuator to a damper ofransformer: A device used to change voltage from one level
control valve. To open and close a damper, the typical to another. For control circuits this is usually line
linkage consists of an actuator crankarm, balljoints, voltage to low voltage. Transformers can be used only
pushrod, and damper crank arm. In a valve application, on ac power.

HOW ELECTRIC CONTROL CIRCUITS ARE CLASSIFIED

There are seven basic electric control circuits, each of The construction of individual control devices conforms to
which has unique characteristics. These control circuits atbe requirements for the basic series for which it is intended.
identified by Series Numbers 10, 20, 40, 60, 70, 80, and Y9owever, there are many applications which incorporate
(Table 1). Series 10 and 20 are no longer used. Series 70cantrols of different series in the same control circuit.
electronic control and is covered in the Electronic Control
Fundamentals section.

Table 1. Honeywell Electric Control Circuits.

Series Controller Signal Circuit Actuator/Relay Control Mode
40 Line voltage, spst. Makes circuit | Two-wire, line voltage | Any Series 40 actuator | Two-position
when switch is closed, breaks it or load
when switch is open.
60 Line voltage spdt equivalent of Three-wire, line voltage |Any Series 60 actuator | Two-position, reversible
Two position | Series 40 or load
60 Line voltage spdt with center Three-wire, low voltage |Any Series 60 actuator |Floating, reversible
Floating neutral or dual Series 40
80 Low voltage, spst equivalent of Two-wire, low voltage | Any Series 80 actuator | Two-position
Series 40. or load
90 Low voltage. Proportional action | Three-wire, low voltage |Any Series 90 actuator |Proportional

Table 1 lists and describes the basic control circuits. TheseThe following paragraphs illustrate and discuss some of the
basic circuits are frequently expanded to provide additionahore common applications. To make it easier to understand
features such as: the control circuits, the simplest circuits (i.e., Series 40) are

1. High-limit override or control. presented first.

2. Low-limit override or control.

3. Minimum/maximum positioning of dampers and valves.

4. Manual reset.
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SERIES 40 CONTROL CIRCUITS

APPLICATION RELAYS

A Series 40 circuit is a line-voltage control circuit which is A Series 40 relay consists of a line-voltage coil which operates
switched directly by the single-pole, single-throw switching actior@n armature to control one or more normally open or normally
of a Series 40 controller. A Series 40 control circuit is two positioflosed, or single-pole, double-throw contacts.
and requires two wires. It can be used to control fans, electric
motors, lights, electric heaters, and other standard line-voltagécTUATORS
equipment in addition to relays and spring-return actuators.

Series 40 actuators usually operate valves or dampers. The

The equipment controlled is energized when the controllexctuator is electrically driven through its stroke (usually either
switch is closed and deenergized when the switch is open. 90 or 160 degrees) when the controller contact is closed. A

limit switch in the motor opens at the end of the power stroke,

Normally, a Series 40 controller closes and opens the circulie actuator stops, and the drive shaft is held in position by a
load directly. However, when a load exceeds the contact ratirsglenoid brake (Fig. 4), or one of the motor windings (Fig. 5),
of the controller, an intermediate (pilot) relay with higher contacas long as the circuit is closed. When the controller circuit opens
ratings must be used between the controller and the load circuit.a power failure occurs, the solenoid brake (or motor winding)

releases and an integral spring returns the actuator to the

Also a relay can be used if a load circuit requires double- ateenergized position. Series 40 actuators should be used in
multi-pole switching action. The Series 40 controller energizeapplications that do not require frequent cycling due to the high
the coil of the relay to actuate the contacts. speed spring return.

Series 40 controllers which operate at line voltage must be CONTROLLER

wired according to codes and ordinances for line-voltage
circuits. Series 40 controllers when used to switch low voltage
can be wired according to low-voltage circuit requirements.

L] L]

EQUIPMENT

CAM
DRIVE
CONTROLLERS SHAFT R
LIMIT
SWITCH
. Temperature controllers.

Pressure controllers.
Humidity controllers.
Other two-position devices that have a normally open or
normally closed contact action such as a line-voltage relay.

Eal e

MOTOR
SOLENOID
BRAKE

In these controllers, either snap-acting or mercury switch WJ
contacts close and open the circuit. In most cases, Series 40 =22~ | TrRANSFORMER
controllers are snap-acting. Series 40 controllers can be used ™
in low-voltage circuits, but low-voltage controllers cannot be
used in Series 40 line-voltage circuits. [T

ACTUATOR 1 1
LINE VOLTAGE 2505

Fig. 4. Series 40 Actuator Circuit
with Low-Voltage Motor.
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CONTROLLER CONTROL COMBINATIONS
LINE UNIT HEATER CONTROL
|—> VOLTAGE
|_Lﬂ | 2 | In unit heater control (F_ig. 7)itis usuall_y necessary to keep
the heater fan from running to prevent circulation of cold air
when heat is not being supplied to the heater coils.
DRIVE A LOW-LIMIT
SHAFT 4 L THERMOSTAT CONTROLLER FAN
MOTOR
Ji L= | g
O
f
LINE VOLTAGE
MOTOR SOLENOID C2508
BRAKE . . .
Fig. 7. Series 40 Unit Heater Control System.
ACTUATOR C2506-1

The thermostat controls the fan motor from room temperature.

Fig. 5. Series 40 Actuator Circuit The low-limit controller is a reverse-acting temperature controller
with Line-Voltage Motor. installed with the sensing element in the steam or water return

from the unit heater. It is connected in series with the thermostat
Most Series 40 actuators have low-voltage motor coils andad fan motor and prevents the fan from operating until the
built-in line-voltage to low-voltage transformer. Power to themedium flow is established through the coil. With large fan motors,
unitis line voltage but the control circuit in the motor is normally2 relay must be added to handle the motor load.
low voltage. These actuators can use either a Series 40 line-
voltage controller or a Series 80 low-voltage controller and are
wired as shown in Figure 4. Series 40 controllers can also H#GH-LIMIT CONTROL
used in the line-voltage supply to the actuator.
Figure 8 shows a Series 40 thermostat and a high-limit
Some Series 40 actuators have line-voltage motor coils aedntroller operating a hot water valve. The thermostat controls
can use either a Series 40 line-voltage controller or a Series 8@ hot water valve from room temperature. The high-limit
two-position controller (which is also line voltage) and are wiredontroller is located in the discharge of the heating coil to

as shown in Figure 5. prevent excessive discharge air temperatures. The high-limit
controller is wired in series with the thermostat and valve so
OPERATION that it opens the circuit to the valve on a rise in discharge
temperature to the high-limit setting.
A simple Series 40 circuit is shown in Figure 6. It consists of: HIGH-LIMIT
1. A Series 40 (or 80) controller. THERMOSTAT CONTROLLER
2. A Series 40 actuator with low-voltage control circuit. | o= || g9 | _scrumos
| | —
When the controller switch is closed as in Figure 6, the L2
actuator drives to the open limit where it is held by the solenoid LINE VOLTAGE
brake. When the controller switch is open, the actuator returns HOTWATER_O_> TO
to its spring-return position. Series 80 controllers cannot be SuPPLY cot
used with actuators having a line-voltage control circuit. VALVE c2509
CONTROLLER Fig. 8. Series 40 Control System with High Limit.
| o—ifF—o |
Tl | | T2
ACTUATOR
L1 | | L2
LlINE-VOLTAC}E €2507

Fig. 6. Series 40 Control Circuit.
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LOW-LIMIT CONTROL LOW-LIMIT
THERMOSTAT CONTROLLER
A low-limit controller is connected in parallel with the | R .i ” .i ? 1i | AR
thermostat as shown in Figure 9. The low-limit controller can \____— ¢ -
complete the circuit to the valve actuator even though the L2
thermostat has opened the circuit. The actuator remains LINE VOLTAGE
energized when the contacts on either controller are closed. H%TU‘F’,VQIYER—O—}CTCEI’L

VALVE C2510

Fig. 9. Series 40 Control System with Low Limit.

SERIES 80 CONTROL CIRCUITS

APPLICATION Many Series 80 heating thermostats have internal adjustable
heaters in series with the load. This provides enough artificial
Series 80 is the low-voltage equivalent of Series 40. It ibeat during the on cycle to cause the sensing element to open

suited for applications requiring low-voltage, two-positionthe switch on a smaller rise in space temperature. Some Series
control of two-wire circuits by single-pole, single-throw 80 cooling thermostats have a fixed heater which energizes when

controllers. the cooling circuit is deenergized. This provides artificial heat
to the sensing element to close the switch on a small rise in
Series 80 has two advantages over Series 40: space temperature. This cooling and heating anticipation (also

1. Since contacts of Series 80 controllers are required &#lled time proportioning) provides close space-temperature
carry less current, the controller mechanism can beontrol. See the Control Fundamentals section.
physically smaller than a Series 40. The controller there-
fore has less lag and the capability to have a narrower

differential. RELAYS AND ACTUATORS
2. Low-voltage wiring (when not in conduit or armor) costs
less than line-voltage wiring. Relays and actuators are similar to those of Series 40 except

that they operate on low voltage.

EQUIPMENT
OPERATION
CONTROLLERS
Figure 10 illustrates a simple Series 80 circuit. This is the
1. Temperature controllers. same as a Series 40 circuit with the added transformer.
2. Humidity controllers.
3. Any low-voltage device with a minimum of one THERMOSTAT
normally-open contact such as a low-voltage relay. | —H—o | TRANSFORMER
A Series 80 controller cannot switch line voltage directly. A l_:} ¢ | une
relay must be used between the controller and a line-voltage ¢ | VorTReE
load. However, Series 40 or Series 80 controllers can be used [ ]
with Series 80 actuators. (] [
A Series 80 controller has snap-acting contacts or a mercury ~CTUATOR cos11
switch. Some Series 80 controllers are three-wire, double-throw
devices as in heating-cooling thermostats. Fig. 10. Series 80 Actuator Application.
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CONTROL COMBINATIONS THERMOSTAT  CONTROLLER

| O_‘H_T | | T_‘H_T | ACTUATOR

Series 80 control combinations are similar to those of
Series 40. Thedllowing applies:

1. Series 80 circuits require an external, low-voltage

transformer. TRANSFORMER

T1
I T2
2. Series 80 equipment can be controlled by Series 40 or —rwq SSJQI\L’@TER—O—V N
|

80 controllers.
3. Series 80 controllers can control line-voltage actuators

VALVE

or other line-voltage devices by using a Series 80 relay LINE VOLTAGE cast
with fine-voltage contacts. Fig. 11. High-Limit Control of Series 80 Solenoid Valve.
HIGH-LIMIT CONTROL LOW-LIMIT CONTROL

A Series 80 valve with high-limit controller is shown in
Figure 11. The transformer supplies 24V ac to the circuit. Th
thermostat controls the heating valve actuator. The high-limi
controller opens the circuit on a temperature rise to the high-
limit setting. Contacts on both controllers must be closed to
open the valve.

Same as for Series 40 except that a transformer and a
eries 80 actator are used. See Figure 9.

SERIES 60 TWO-POSITION CONTROL CIRCUITS

APPLICATION ACTUATORS

A Series 60 two-position control circuit is a line- or low-voltage  Series 60 actuators consist of a low-voltage, reversible
circuit which requires a single-pole, double-throw controller tgnotor whichoperates a gear train to rotate a drive shaft. The
operate a reversible drive actuator. Series 60 two-position contRftuator drives open and closed by switching voltage input to
circuits can be used for open-closed control of valves or dampef@e motor, not depending on a spring to close. Built-in limit

switches stop the motor at open and closed positions of the

The basic Series 60 circuit contains a Series 60 actuator and@uator stroke. The drive shaft is mechanically connected to

Series 60 controller. Limit controllers can be added wherte damper or valve by a suitable linkage. On power interruption
or loss of control signal, the actuator maintains its current

required. Os Sl : .
position between limits. This allows the actuator to be used in
either two-position applications or floating applications (see

EQUIPMENT SERIES 60 FLOAING CONTROL CIRCUITS).

CONTROLLERS Most Series 60 actuators have low-voltage motors. Line-
voltage models will often have a built-in transformer to change

1. Temperature controllers. the incoming line voltage to low voltage for the control circuit
2. Humidity controllers. and the motor. Low-voltage models require an external
3. Pressure controllers. transformer to supply voltage to the actuator. See Figure 12.
4. Any ;ln%Ie-pole, double-throw controller such as a relagome Series 60 actuators have line-voltage motors.

or switch.

Series 60 two-position controllers are line-voltage rated
devices and have a spdt switching action that is obtained by
use of a mercury switch or snap-acting contacts. Series 60
controllers can operate line- or low-voltage devices.
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CONTROLLER

11

W|R|B

ACTUATOR

DRIVE
SHAFT

OPEN
LIMIT
SWITCH

CLOSE
LIMIT
SWITCH

ccw
WINDING
(CLOSE)

cw
WINDING
(OPEN)

TRANSFORMER

E |

LINE VOLTAGE c2513

Fig. 12. Series 60 Two-Position Control Circuit.

Low-voltage controllers cannot be used on line-voltage
control circuits. If the control circuit is low voltage, it can use
either a line-voltage controller or any low-voltage, spdt, or
floating controller.

OPERATION

Figure 12 illustrates the actuator in the closed position. On
a drop in temperature or pressure, the controller contacts close
R to B and open R to W (Fig. 13). The OPEN winding is
energized and the actuator shaft rotates cw until it reaches the
limit of travel and opens the OPEN limit switch (Fig. 14). The
actuator remains in this position until a rise in temperature or
pressure causes the controller contacts R to B to open and R to
W to close. The CLOSE coil is then energized and the actuator
shaft rotates ccw until it reaches the limit of travel and opens
the CLOSE limit switch.

NOTE: Most Honeywell Series 60 controllers close R to B on
a fall in the controlled variable and R to W on a rise.
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CONTROLLER

A

W|R|B

ACTUATOR

CcCcw

WINDING
(CLOSE)

DRIVE
SHAFT

CAM

/ oPEN
LIMIT
SWITCH

cw
WINDING
(OPEN)

Fig. 13. Series

TRANSFORMER

%

LINE VOLTAGE

C2514

60 Initial Control Action on

a Temperature (or Pressure) Drop.

CONTROLLER

ACTUATOR

CLOSE
LIMIT
SWITCH

CcCcw

(CLOSE)

WINDING

cw
WINDING
(OPEN)

TRANSFORMER

LINE VOLTAGE C2515

Fig. 14. Series 60 Final Control Action
at End of Open Stroke.
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CONTROL COMBINATIONS oo R
The following are representative Series 60 two-position |_| 1
control circuits. Notice that many of these functions can be wlr][EB

done with Series 40 or 80 systems. If spring-return action is
required when power fails, use Series 40 or 80.

[ _j_ LOW-LIMIT

_1' CONTROLLER

HIGH-LIMIT
CONTROLLER

TWO-POSITION CONTROL OF STEAM VALVE CAPILLARY

/ ACTUATOR
.

TRANSFORMER

Figure 15 illustrates two-position control of a steam valve.
During the day when the temperature sensed by the Series 60
controller drops below the setpoint, contacts R to B close and
the actuator opens the valve allowing the steam to flow to the
coil. On a rise in temperature, contacts R to W close and the
actuator closes the valve stopping the flow of steam. At night WATER
the time clock overrides the temperature controller and drives

w|R|B
T1 §
T2

TO BOILER

LINE
VOLTAGE

>
>
>

the actuator/valve closed. BrRRRG
TEMPERATURE TO CHILLER -
TIME CLOCK
i_ o= Fig. 16. Series 60 Summer/Winter
DAY |—| I—T—M—l Changeover Control of Diverting Valve.
N'GHTé wlele VALVE When the outdoor air temperature rises above the setpoint
ACTUATOR
—\ of the controller, contacts R to B open and R to W close
' TRANSFORMER calling for summer operation. If the water temperature is
wlrle below the setting of the high limit, the R to W circuit
T2 ‘3”; LINE VOLTAGE completes, and the actuator positions the diverting valve to
1 H C d the ret ter to the chiller. If the high-limit controller
send the return wa g

STEAM TO senses that the return water is too warm, the contacts open,
cot 1o and the valve remains in a position to divert the return water

through the boiler. This circuit protects the chiller by not
Fig. 15. Series 60 Two-Position Control of allowing hot water into the chiller.
Steam Valve with Time clock Override.

OPEN-CLOSED CONTROL OF DAMPER
SUMMER/WINTER CHANGEOVER CONTROL OF A
THREE-WAY DIVERTING VALVE Figure 17 illustrates open-closed control of a damper. A
Series 60 actuator is linked to a ventilating damper. When the
Figure 16 illustrates summer/winter changeover control afontroller senses that the temperature in the interior of the
a three-way diverting valve. A Series 60 controller sensduiilding is above the controller setpoint, contacts R to B open
outdoor air temperature to determine when to change ovand R to W close. This powers the R to B actuator terminals
from heating to cooling. When the outdoor air temperatureausing the actuator shaft to turn, opening the dampers. When
drops below the setpoint of the controller, contacts R to Whe controller senses that the temperature is below the setpoint,
open and R to Blase calling for winter operation. The low- contacts R to W open and R to B close causing the actuator
limit controller, located in the return water line, senses the returshaft to close the damper.
water temperature. If the water temperature is above the setpoint

of the low limit controller, the R to B circuit completes, and the CEERATURE
actuator positions the diverting valve to send the return water
to the boiler. If the low-limit controller senses that the return |‘J/"T‘| "|
water is too cool, the contacts open, and the valve remains in a DAMPER 5[ r|w
position to divert the return water through the chiller. This circuit \
protects the boiler from thermal shock by not allowing chilled \\
water into the hot boiler. \\_ w | R | B | TRANSFORMER
T1 I S
3| e
ACTUATOR 2518

Fig. 17. Series 60 Open-Closed Control of Damper.
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SERIES 60 FLOATING CONTROL CIRCUITS

APPLICATION ACTUATORS

A Series 60 floating control circuit is a line- or low-voltage The actuators discussed in SERIES 60 TWO-POSITION

control circuit comprising a spdt controller with a center-of CONTROL are also used for floating control. In addition,
(floating) position and a reversible actuator. On a change @ctuator assemblies are available with two, single direction
the controlled variable, the controller drives the actuator t1otors driving a common shaft. One motor drives the shaft
an intermediate position and then opens the circuit to tH8 one direction, and the other motor drives the shaft in the
actuator. The actuator remains in this position until a furthegther direction.

change at the controller. The actuator is said to float between

the limits of the controller to satisfy various load requirementOPERATION

In many systems, Series 60 floating control provides adequate

modulating control. Operation of the Series 60 floating control circuit is similar
_ ) ) to that discussed in SERIES 60 TWO-POSITION CONTROL

To provide stable Series 60 floating control, carefulyith one major difference: the controller has a center off

consideration must be given to the speed of response of thgsition allowing the actuator to stop at positions between

controller and the timing of the actuator. For a given change e open limit and the close limit.

the system, the actuator timing and the subsequent change in

the controlled variable must be slower than the response tir@ONTROL COMBINATIONS

of the controller. To accomplish this, Series 60 actuators are

available with various drive speeds. : . .
P Series 60 floating control can be used to regulate static or

differential pressures in applications where the pressure pickup
can sense changes and position a damper actuator at
intermediate locations between open and closed. Figure 18
illustrates a static pressure controller connected to a Series 60
amper actuator. A drop in static pressure to the controller
setpoint closes R to B at the controller and causes the actuator
o drive toward open. As soon as the static pressure increases
@ove the setpoint, R to B opens and the actuator stops. The
moveable contact R of the controller remains at the center or
neutral position until a further drop causes the actuator to open
the damper further. On a rise in static pressure to the setpoint
plus a differential, or dead band, R to W closes driving the

Series 60 floating control circuits can be used for:

1. Control of two-way or three-way valves.

2. Control of dampers.

3. Control of inlet vane or other static pressure regulatin
equipment.

The basic Series 60 floating control circuit consists of
Series 60 actuator and a Series 60 floating controller. Vario
limit controllers can be added where required.

EQUIPMENT actuator toward closed. When the controller is satisfied, R to
W opens stopping the actuator. Thus, the damper actuator floats
CONTROLLERS between open and closed limits to maintain static pressure.
1. Floating temperature controllers. A N TROLLER o RE
2. Floating pressure controllers.
3. Simulated Series 60 floating control using two Series 40 9 "" f " i |
REFERENCE—
or 80 controllers. STATIC — w|RrR|B
DAMPER
Series 60 floating controllers are three-wire, line- or low-voltage
devices with a spdt switching action and a center off position. §

\_ W] R ] B | TRANSFORMER
LN % LINE

>
>
7 H > VOLTAGE

ACTUATOR
C2519

Fig. 18. Series 60 Floating Control.
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SERIES 90 CONTROL CIRCUITS

APPLICATION ACTUATORS

The Series 90 low-voltage control circuit provides modulating A Series 90 actuator (Fig. 19) consists of the following:
or proportional control and can be applied to: — Reversible drive motor.

— Motorized valves. — Electronic relay.

— Motorized dampers. — Switching triacs.

— Sequence switching mechanisms. — Feedback potentiometer.

— Gear train and drive shaft.

The Series 90 circuit can position the controlled device — Rotation limit switches. _
(usually a motorized damper or valve) at any point between — Optional spring-return mechanism.

full-open and full-closed to deliver the amount of controlled ] ] )
variable required by the controller. The actuator has a low-voltage, reversible-drive motor which

turns a drive shaft by means of a gear train. Limit switches
Proportional control, two-position control, and floating limit drive shaft rotation to 90 or 160 degrees depending on the
control have different operating limitations. For example: ~ actuator model. The motor is started, stopped, and reversed by

1. In modulating control, when an actuator is energized, e electronic relay.
moves the damper or valve a distance proportional to the ] ] ] ] ]
sensed change in the controlled variable. For example, aThe feedback potentiometer is electrically identical to the
Series 90 thermostat with a 5 kelvins throttling rang@ne in the controller and consists of a resistance path and a

moves the actuator 1/5 of the total travel for each degrdBovable wiper. The wiper is moved by the actuator drive shaft
change in temperature. and can travel from one end of the resistance path to the other

2. In two-position control, when an actuator is energized i@S the actuator drive shaft travels through its full stroke. For
moves the valve or damper to one of the extreme positior@NY given position of the actuator drive shaft, there is a
The valve or damper position remains unchanged untfiorresponding position for the potentiometer wiper.

conditions at the controller have moved through the entire ) )
range of the differential. All Series 90 actuators have low-voltage motors. A line-

3. Infloating control, when an actuator is energized, it move¥oltage model has a built-in transformer to change the incoming
the damper or valve until the controller is satisfied. Thdine voltage to low voltage for the control circuit and the motor.
actuator maintains that position until the controller senses@W-voltage models require an external transformer to supply
a need to adjust the output of the valve or damper.  the actuator (Fig. 19).

. . . . . . TEMPERATURE CONTROLLER
Series 90 circuits combine any Series 90 controller with an 135 OHMS

actuator usable for proportioning action. Limit controls can also SENSING
be added. WV(HD,

EQUIPMENT

ACTUATOR

CONTROLLERS Lvlele] rRANSFoRMER

TRIAC | ELECTRONIC TRIAC |_ T1 §
Temperature controllers. SWITCH
Humidity controllers. -

RELAY SWITCH
Pressure controllers. SHAFT
Manual positioners.

LINE
VOLTAGE

VY'Y

OPEN
LIMIT
SWITCH

CLOSE
LIMIT

SWITCH FEEDBACK

POTENTIOMETER
135 OHMS

S

Series 90 controllers differ from controllers of other serieg
in that the electrical mechanism is a variable potentiometd
rather than an electric switch. The potentiometer has a wip4 cew
that moves across a 135-ohm coil of resistance wire. Typically (cLose)
the wiper is positioned by the temperature, pressure, or humidit
sensing element of the controller.

=

P

cw
WINDING
(OPEN)

C2520-1

Fig. 19. Series 90 Actuator Circuit.
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OPERATION Basic Bridge Circuit

GENERAL BRIDGE CIRCUIT IN BALANCED CONDITION

Figure 20 illustrates the bridge circuit in a balanced condition.

Figure 19 illustrates a basic Series 90 system including .
: r the bridge to be balanced, R1 plus R3 must equal R2 plus
temperature controller, actuator, and transformer. The wiper @QZ R1 plus R3 is referred to as the left or W leg of the bridge,

the potentiometer on the controller is at the midpoint and th . : .

actuator drive shaft is at midposition when the controlle nthZ pluts R4, tr_\etrrl]gf}t ?trIB Ieg](-)fthgggdge%cl)n trf]us e)fl‘?mp{ﬁ’

variable is at the setpoint. The shaft remains unchanged u fehresistances in the leltieg, KL an , 1S Foonms. fogether
gy equal 140 ohms. Similarly, each resistance in the right

the controlled variable increases or decreases. The amount .
controlled variable must change to drive the actuator driv g, R2 and R4, is 70 ohms. Together they also equal 140 ohms.

shaft from full closed to full open (or vice versa) is called th |_r:jce t_he_SL:)mls of thgr[]e_s[star;]ces n t?ﬁ t\]/cv<?lleg_s art'ekiqgal, the
throttling range. The setpoint and the throttling range are usua jidge IS In balance. This IS shown In the Tollowing table-

adjustable at the controller. LefiLeg  RightLeg

Controller potentiometer 70 70
Feedback potentiometer 70 70
Total 140 140

The controller and feedback potentiometer form a bridge
circuit which operates switching triacs through an electronic
relay. When the controlled variable changes, the potentiometer
wiper in the controller moves and unbalances the bridge circuit.

The ele_ctromc.relgy dgtects the.unba.lance and trlggers.the b ONIROLLER

appropriate switching triac. The triac drives the actuator drive 700 700

shaft and feedback potentiometer wiper in the direction

necessary to correct the unbalance. When the electronicrelay |7 ¢-%-f----- { ihtibet
detects that the bridge is rebalanced, the triac is switched off

and the actuator drive shaft stops at the new position. If the
actuator drive shaft drives to the full open or full closed position,
the appropriate limit switch stops the motor.

For example, in a heating application a fall in temperature ETECTRONIG
causes the controller potentiometer wiper R to move from W
toward B. This unbalances the bridge and drives the actuator
toward open. The actuator drive shaft and feedback
potentiometer wiper R drives cw toward open until the bridge

DRIVE
SHAFT

is rebalanced. The actuator drive shaft and feedback OPEN CLOSE
potentiometer then stop at a new position. On a rise in 00 700

i 1 FEEDBACK
temperature, the actuator drive shaft and feedback potentiometer POTENTIOMETER comon

drive ccw toward closed stopping at a new position.
i Fig. 20. Bridge Circuit in Balanced Condition.
To reverse the action of the actuator, the W and B leads can
be reversed at either the actuator or the controller. The actuator
then drives toward the closed position as the potentiometerwhen the bridge is balanced, neither triac is triggered, neither
wiper at the controller moves toward B on a fall in the controllethotor winding is energized, and the actuator drive shaft is
variable and toward the open position as the potentiometer wipstopped at a specified point in its stroke (the midposition or
moves toward W on a rise in the controlled variable. Thessetpoint in this case).
connections are typically used in a cooling application.
BRIDGE CIRCUIT ON INCREASE IN CONTROLLED VARIABLE
NOTE: Most Honeywell Series 90 controllers move the po-
tentiometer wiper toward B on a fall in the controlled Figure 21 illustrates the bridge circuit in an unbalanced
variable and toward W on a rise. condition on an increase in the controlled variable. The
controller potentiometer wiper has moved to one-fourth the
distance between W and B but the feedback potentiometer
BRIDGE CIRCUIT THEORY wiper is at the center. This causes an unbalance of 70 ohms
(175 — 105) in the right leg as follows:

The following sections discuss basic bridge circuit theory

and limit controls as applied to Series 90 control. The drawings LeftLeg  RightLeg
illustrate only the bridge circuit and electronic relay, not the Controller potentiometer 35 105
triacs, motor coils, and transformer. Potentiometers are Feedback potentiometer 70 70
referred to as having 140 or 280 ohms for ease of calculation Total 105 175

in the examples. These potentiometers are actually 135- or
270-ohm devices.
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CONTROLLER CONTROLLER
POTENTIOMETER POTENTIOMETER
35 Q 105 Q 140 Q
SENSING SENSING
ELEMENT ELEMENT
70Q 70Q 70Q 70Q
FEEDBACK FEEDBACK
POTENTIOMETER C2522 POTENTIOMETER C2523
Fig. 21. Bridge Circuit on Increase Fig. 22. Bridge Circuit on Decrease
in Controlled Variable. in Controlled Variable.

The unbalance causes the electronic relay to trigger the leffThe unbalance causes the electronic relay to trigger the right
triac, energize the ccw motor winding, and drive the actuatariac (Fig. 19), energize the cw motor winding, and drive the
drive shaft toward closed. Since half of the 70-ohm unbalaneetuator drive shaft toward open. Since half of the 140-ohm
has to go on each side of the bridge to rebalance the circuit, ngbalance has to go on each side of the bridge to rebalance the
feedback potentiometer will move 35 ohms to the right. Theircuit, the feedback potentiometer will move 70 ohms to the

table then appears as follows: left. The table then appears as follows:

Left Leg Right Leg Left Leg Right Leg
Controller potentiometer 35 105 Controller potentiometer 140 0
Feedback potentiometer 105 35 Feedback potentiometer _0 140
Total 140 140 Total 140 140

When the feedback potentiometer reaches the new positionVhen the feedback potentiometer reaches the new position
(shown dotted) the bridge is rebalanced, the left triac turr(shown dotted) the bridge is rebalanced, the right triac turns
off, and the actuator drive shaft stops in the new positiooff, and the actuator drive shaft stops in the new position
(25 percent open). (100 percent open).

BRIDGE CIRCUIT ON DECREASE IN CONTROLLED VARIABLE BRIDGE CIRCUIT WITH LIMIT CONTROLS

Figure 22 illustrates the bridge circuit in an unbalanced Limit controls are commonly used to prevent the discharge
condition on a decrease in the controlled variable. The controllair temperature of a central fan system from becoming too low
potentiometer wiper R has moved all the way to the B end amd too high. Figures 23 and 24 illustrate limit controls in a
the feedback potentiometer wiper is at the center. This caudesating application. These controls add resistance in the bridge
an unbalance of 140 ohms (210 — 70) in the left leg as showgitcuit and drive the actuator toward the open position if a low-

limit condition is approached (Fig. 23) or toward the closed

Left Leg Right Leg position if a high-limit condition is approached (Fig. 24).
Controller potentiometer 140 0
Feedback potentiometer 70 70 Limit controllers can have either a 140- or a 280-ohm
Total 210 70 potentiometer. The 140-ohm potentiometer can drive an actuator

only half-way open (or closed) since it adds resistance into one
leg of the bridge but does not subtract resistance from the other
leg. If 100 percent control is required from a limit controller, a
280-ohm potentiometer device should be used. The following
examples are for limit controls with 140-ohm potentiometers.
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BRIDGE CIRCUIT WITH LOW-LIMIT CONTROL has to go on each side of the bridge to rebalance the circuit, the
feedback potentiometer moves 35 ohms to the left. The table
In a heating application, a low-limit controller moves a valvethen appears as follows:
actuator toward open when the low-limit setting is reached. To

do this, the limit controller is wired into the left or W leg of the LeftLeg Right Leg
bridge. An increase in resistance in the left leg of the controll&Zontroller potentiometer 0 140
circuit drives the actuator and feedback potentiometer towattw-limit potentiometer 70 0
the open position. Feedback potentiometer 105 _35
Total 175 175

In Figure 23, when the controller and the low limit are
satisfied (both potentiometer wipers at the W ends), the actuatoWhen the feedback potentiometer reaches the new position
is at the closed position and the bridge is balanced. This (shown dotted) the bridge is rebalanced, the right triac turns
shown in the following table: off, and the actuator drive shaft stops in the new position
(25 percent open).
LeftLeg Right Leg

Controller potentiometer 0 140 BRIDGE CIRCUIT WITH HIGH-LIMIT CONTROL
Low-limit potentiometer 0 0
Feedback potentiometer 140 _0 In a heating application, a high-limit controller moves a valve
Total 140 140 actuator toward closed when the high-limit setting is reached.
To do this, the limit controller is wired into the right or B leg of
R the bridge. An increase in resistance in the right leg of the
CONTROLLER CONTROLLER controller circuit drives the actuator and feedback potentiometer

"\‘/\\/Y\/\’" "\‘/<\N\" towards the closed position.
: In Figure 24, when the controller and high limit are satisfied

wirle] [wlr[s] (both potentiometer wipers at the B ends), the actuator is at the
open position and the bridge is balanced. This is shown in the
following table:

Left Leg Right Leg
0

Controller potentiometer 140
High-limit potentiometer 0 0
DRIVE SHAFT Feedback potentiometer _0 140
Total 140 140
OPEN CLOSE D'i‘fgﬁﬁ/’ﬁ ﬁ'R
FEEDBACK CONTROLLER CONTROLLER
POTENTIOMETER c2524
i
Fig. 23. Bridge Circuit with Low-Limit Control. ;
lwirle] [wlr]el]

When the low-limit controller calls for more heat, the
potentiometer wiper R (shown dotted) moves halfway from W
to B. This causes an unbalance of 70 ohms (210 — 140) in left
leg of the bridge as shown in the following table:

[
LeftLeg Right Leg
Controller potentiometer 0 140 DRIVE SHAFT
Low-limit potentiometer 70 0
Feedback potentiometer 140 0
Total 210 140
OPEN CLOSE
i i X FEEDBACK 2525
The unbalance causes the electronic relay to trigger the right POTENTIOMETER

triac, energize the cw motor winding, and drive the actuator _ _ o -
drive shaft toward open. Since half of the 70-ohm unbalance Fig. 24. Bridge Circuit with High-limit Control.
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When the high-limit controller calls for less heat, the poten- DISCHARGE AIR
tiometer wiper R (shown dotted) moves halfway from B to W. o comOM
This causes an unbalance of 70 ohms (210 — 140) in the right 135 Q 135 Q
leg of the bridge as shown in the following table:
LeftLeg  RightLeg wlr]|e wlr|e
Controller potentiometer 140 0 —
High-limit potentiometer 0 70
Feedback potentiometer _0 140 ACTUATOR w R ]E |
Total 140 210 TN = T e
= j ¢ |voLTAGE
The unbalance causes the electronic relay to trigger the left =
triac, energize the ccw motor winding, and drive the actuator HOT WATER col
drive shaft toward closed. Since half of the 70-ohm unbalance VALVE

C2526

has to go on each side of the bridge to rebalance the circuit, the
feedback potentiometer moves 35 ohms to the right. The table Fig. 25. Series 90 Circuit with Low-Limit Control.
then appears as follows:

_ LeftLeg  RightLeg HIGH-LIMIT CONTROL
Controller potentiometer 140 0
High-limit potentiometer 0 70 Fi : ; ; e ;

. gure 26 illustrates a typical Series 90 circuit for a heating
_Ilz_ce)te;back potentiometer %55 11—0755 application with a room controller, motorized valve, and high-

limit controller located in the discharge air to the space. This

. ... circuit is used when there is danger of the temperature rising
When the feedback potentiometer reaches the new positiqg, high. The high-limit controller takes over control of the

(shown dotted) the bridge is rebalanced, the left triac turng, e 1o the heating coil if the discharge air temperature rises

off, and the actuator drive shaft stops in the new position,ye a comfortable level. This circuit is similar to the low-

(75 percent open). limit circuit except that the high-limit controller is in the B
leg of the actuator circuit and drives the actuator toward the
closed position.

CONTROL COMBINATIONS
DISCHARGE AIR
ROOM HIGH LIMIT

The following illustrates common applications of Series 90 CONTROLLER CONTROLLER
controls including low- and high-limit controls from an
application viewpoint.

w | R | B w | R | B

LOW-LIMIT CONTROL

Figure 25 illustrates a typical Series 90 circuit for a heating TRANSFORMER
application with a room controller, motorized valve, and a low- wlr]e
limit controller located in the discharge air to the space. The ACTUATOR ik é ¢ VoTacE
temperature of the space can rise rapidly as a result of increased = C
solar radiation, occupancy, or other conditions resulting in a HOT WATER o

sudden decrease in heating load. The room controller is then

satisfied and closes the valve to the heating coil. If the system

uses outdoor air, closing the valve to the heating coil can cause VALVE
air to be discharged into the room at a temperature lower than

desirable. To correct this, the low-limit controller causes the Fig. 26. Series 90 Circuit with High-Limit Control.
valve to move toward open thus limiting the low temperature

of the discharge air.

C2527
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TWO-POSITION LIMIT CONTROL the controller and shorts R to W at the actuator. The actuator
drives to the closed position. Such a hookup is often used in
Two-position limit controllers can be used in Series 9dan heating systems to manually close a valve or damper when
circuits where proportioning action is unnecessary oPperation Is unnecessary.
undesirable. They must be snap-acting, spdt. Two-position SWITCH
controls should not be used where the temperature of the CONRG auto cLosep

controlled variable is greatly affected by the opening and ;\'1

closing of the controlled valve or damper. For example, if
Series 60 high- or low-limit controllers are used as limit wlr]eE
controllers in discharge air, whenever the temperature of the L]
air is within the range of the limit controller, the steam valve

TRANSFORMER

for the heating coil will cycle on and off continuously.

Figure 27 illustrates a Series 90 circuit with a temperature ACTUATOR E % E OETAGE
controller, normally closed (spring-return actuator) cooling
valve, and a two-position, high-limit humidity controller. When HOT WATER oL
the humidity is below the setting of the high-limit humidity VALVE c2s529
controller, the R circuit is completed from the Series 90
controller to the actuator and the cooling valve is controlled Fig. 28. Series 90 Circuit with SPDT Switch
normally. If the humidity rises above the setting of the limit for Automatic or Manual Operation.

controller, R to B is connected at the actuator and the cooling

valve opens fully. Reheat is advisable in a system of this kind

since opening the cooling valve to reduce humidity also lowergransferring Actuator Control from
the temperature of the air and may result in occupant discomfogine Thermostat to Another

HIGH LIMIT
coma ea CONTROLLER Figure 29 illustrates using a dpdt switch or time clock to
135 Q — transfer control of a single Series 90 actuator from one
rNY\/\,_' |_| thermostat to another. Opening both the W and B wires prevents
interaction of the two thermostats when taking one of them out
wlr|s elrfw of control. The R wire need not be opened.
I
m THERMOSTAT 1 THERMOSTAT 2
w | R | B
e AT e M
ACTUATOR - ¢ VOLTAGE w | T IE wlr] s
CHILLED
WATER _O_> E&L o b g\il?‘ITCH
OR TIME
CLOSED VALVE 4 Z—| crock
3 °J
Fig. 27. Diagram of Series 90 Circuit with |
Two-Position, High-Limit, Humidity Controller. |
W | R 5 TRANSFORMER
T1 § : LINE
MANUAL AND AUTOMATIC SWITCHING T2 ] OTACE
ACTUATOR C2530

Figures 28 through 31 illustrate various uses of manual
switches or relays in Series 90 circuits. Substitute a relay with Fig. 29. Circuit for Transferring a Series 90
the same switching action as a manual switch where automatic ~ Actuator from One Thermostat to Another.
switching is desired.

Reversing for Heating and Cooling Control
Closing the Actuator with a Manual Switch
Figure 30 shows a thermostat used for both heating and

Figure 28 shows a manual switch with spdt switching actioooling control. With the switch in the heating position, the
With the switch in auto position, the R circuit is completedhermostat and actuator are wired B to B and W to W. With
from the controller to the actuator. The actuator operatdéie switch in the cooling position they are wired B to W and
normally under control of the controller. Placing the switch iWW to B which causes the actuator to operate the opposite of
the closed position (dotted arrow) opens the R circuit frorheating control.
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THERMOSTAT

LINE

DPDT
SWITCH, wlrle
RELAY, OR
THERMOSTAT —
HEATING
COOLING
1
[ TRANSFORMER
w|r |8
T1 % q
L | >
T2 g

VOLTAGE

ACTUATOR

C2531

Fig. 30. Circuit Used for Reversing
Heating and Cooling Control.

Transferring Controller from
One Actuator to Another

Figure 31 illustrates a circuit which allows a single controller
to control two Series 90 actuators, one at a time. With the 3pdt
switch in the Cooling (C) position, the circuit connects the

UNISON CONTROL

Figure 32 illustrates a circuit for controlling up to six
Series 90 actuators in unison from one Series 90 controller.
The B to W terminals of the controller are shunted with the
appropriate value resistor, depending on the number of
actuators in the circuit. This method can control a large bank
of dampers requiring more torque than can be provided from
a single actuator.

CONTROLLER

W|R|B

SHUNTING
RESISTOR

sH4
o e

TRANSFORMER

2_
o

B B WlR B

LINE
VOLTAGE

Tl T1 é
T2

VY

T2 |+
ACTUATOR ACTUATOR

Tl
T2
ACTUATOR —‘

C2533

Fig. 32. Actuators Controlled in
Unison from One Controller.

controller to the cooling actuator with B to W and W to B. The

cooling actuator operates under normal control of the controlle
At the same time, the manual switch causes R to W to conne

ANUAL MINIMUM POSITIONING
OUTDOOR AIR DAMPER

at the heating actuator, positively closing it. With the switch in ) o ) )

the Heating (H) position, the controller is connected B to B Figure 33 illustrates a circuit for a typical outdoor air damper
and W to W to the heating actuator which operates normall§ontrol system with a manual potentiometer for minimum
and the cooling actuator is positively closed by a R to Wpositioning. Adjusting the potentiometer so that the wiper is at
connection at the actuator.

CONTROLLER

LINE
VOLTAGE

w | R | B
—
SPDT SWITCH
——
H
I PR P
R [
TRANSFORMER | TRANSFORMER
w|Rr|[B wlr]|B
1 ¢ | une T1 ¢
R ¢ | voLmce R 4

HEATING
ACTUATOR

COOLING
ACTUATOR

C2532

Fig. 31. Circuit for Transferring Controller
from One Actuator to Another.
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W shorts the potentiometer coil out of the circuit and the outdoor
air damper actuator operates normally. The damper closes
completely if commanded by the controller. Moving the
potentiometer wiper toward B increases the resistance between
B on the controller and W on the actuator to limit the travel of
the actuator toward closed. The damper remains at the set
minimum position even though the controller is trying to close

it completely.

MINIMUM POSITION

POTENTIOMETER CONTROLLER

135 Q 135 Q
W|R|B B|R|W
L |

W|R B
T2 i
T1

ACTUATOR

TRANSFORMER

LINE
VOLTAGE

VY

DAMPER

C2534

Fig. 33. Manual Minimum Positioning
of Outdoor Air Damper.
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A 135-ohm manual potentiometer provides up to a 50 percepbsition, and then permits the step controller to recycle to the
minimum-position opening, and a 270-ohm manual potentionrposition called for by the thermostat.
eter provides up to a 100 percent minimum-position opening.
Step controllers can also be actuated by Series 60 floating

STEP CONTROLLERS controllers.
A step controller consists of a series of switches operated s
sequentially by cams on a crankshaft. Figure 34 illustrates a CAM OPERATED
Series 90 step controller used to stage electric heating elements SWITCHES
or compressors. The step controller crankshaft is positioned wlr|s SPRING.RETURN
by a Series 90 actuator through an interconnecting linkage. / ACTUATOR STEP
Whenheat is called for at the thermostat, the actuator turns the ] CONTROLLER
electric heat elements on in sequence. When less heatis [w [r | s
required, the electric heat elements turn off in reverse sequence. HWACEL ... -,—r};/;”‘
If power is interrupted, a spring return in the actuator cycles TL] 12 / 9 _© o 9
the step controller to the no-heat position. As power resumes, CRANK
the loads recycle in sequence to the level called for by the SHAFT S e
thermostat. The recycle feature assures that the starting loads ELEMENTS
will not overload the power line. (LS PORIER
C LINE
In some Series 90 step controllers, the recycle feature is § < VOLTAGE
accomplished with a relay rather than a spring-return actuator. 253
On resumption of power, after an interruption, the relay
deenergizes the loads, drives the controller to the no-heat Fig. 34. Typical Step Controller System.
MOTOR CONTROL CIRCUITS
APPLICATION A starter also contains thermal overloads in series with the
load contacts. In the event of prolonged excess current draw
Motor control circuits are used to: through any of the load contacts, the overload contact opens,
1. Start and stop motors. deenergizing the solenoid and stopping the motor. After the

2. Provide electric overload and low-voltage protection. overload has cooled and/or the problem has been corrected,

3. Provide interlocks for human safety, equipment protectiorin® overload reset button can restart the motor.

and integration with the temperature control system. i i
Starters can also contain a transformer to provide reduced

voltage to power the starter control circuit. In addition, they
can contain a manual hand-off-auto switch, a push-button
EQUIPMENT start/stop switch, and auxiliary switching contacts.

STARTERS
CONTACTORS AND RELAYS
The starter is a motor load switching device having one or
more load switching contacts and optional, auxiliary, pilot-duty Rejays are load switching devices similar to starters but
contacts. All contacts are closed by a solenoid which pulls ijthout thermal overloads. Contactors are heavy-duty relays.

an armature. Starters are provided to control high curreRiese devices switch electric heaters or other equipment that

a_nd/or voltage for single and multiple phase motors from gave independent safety and overload protection.
single, low-current and/or voltage contact or switch.
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OPERATION HAND-OFF-AUTO START-STOP CIRCUIT

Three basic types of motor control circuits are discussed in The starter switch in Figure 36 has three positions: HAND,
the following. This topic is only intended to illustrate genera@FF, and AUTO. The HAND position energizes starter solenoid

principles. There are many variations for each of these of circuit¥! and starts the motor. The OFF position deenergizes starter
solenoid M and stops the motor. The AUTO position allows the

motor to be turned on or off as called for by an operating control
device (interlock) such as a thermostat, pressure controller, or

lay contact. This is the preferred starter circuit when the motor
Bad is under automatic control.

MOMENTARY START-STOP CIRCUIT

Figure 35 illustrates a momentary push-button start-sto
circuit. Both the START and the STOP buttons are spring load
and return to the positions shown after pressing momentarily.

Pressing the START button completes a circuit energizing starter yscouecr STARTER
solenoid M. Contacts 1M through 3M start the motor and m oL T
contact 4M forms a holding circuit across the START buttorr 1 = H—‘%‘ﬂ
allowing it to be released. Pressing the STOP button opens the . o . 3
holding circuit, drops out the starter coil M, and stops the moto#&- | —e )Y _ro—e D
For digital control N.C. and N.O. momentarily actuated relay F oL

3M T3
contacts under computer control are added to the start and S.LE).IJ. |
contacts circuit. The N.C. contact is in series with the stop F
contact and the N.O. contact is in parallel with the start contact.

An overload in any of the motor coils causes the associated
overloads OL to heat up and open the OL contacts, opening the
holding circuit, and stopping the motor. Overloads are thermal
heaters which allow brief periods of significant overload but
their response is too slow to protect the electrical system from
a short circuit. The circuit shown includes a separate manually
operated, fused (F), line disconnect, for short circuit protection.

FUSED Iﬂl

Q
= | TRANSFORMER
[

AUTO

DISCONNECT STARTER OPERATING CONTROL c2539
™ oL T1 DEVICE
Lif g | f——e X O @
F o MOTOR Fig. 36. Hand-Off-Auto Start-Stop Circuit.
A0
=
el 3EM oL T3
F

= o) TRANSFORMER
[

F
STOP S}RT oL

4M C2538

Fig. 35. Momentary Push-button Start-Stop Circuit.
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MOMENTARY FAST-SLOW-OFF windings at the same time. Pressing the STOP button opens
START-STOP CIRCUIT both holding circuits and stops the motor.

Figure 37 illustrates a momentary, two-speed, start-stop Where a mechanical interlock does not exist between the
circuit with separate windings for fast and slow motor speed§0lding circuits and push-button contacts, the fast speed start
Pressing the FAST button closes a circuit energizing start§fcuit must be opened before energizing the slow speed circuit
solenoid F for the fast windings. Pressing the SLOW buttoRecause of the N.C. slow auxiliary contact wired in series with
closes a circuit energizing starter solenoid S for the slop€ fast speed solenoid. A similar situation exists when changing
windings. The holding circuits and the push-button contact0om slow to fast.
are mechanically interlocked to prevent energizing both sets of

FUSED

DISCONNECT STARTER
s oL
T1
Lil, | —oL X jo9—o
F
F oL
T4
L2y, | —eo X oo
] oL T°
L3 o |S T T3
o | —o/ X o9 MOTOR
F | WINDINGS
—
.MA.J |F o erL o T_S T6
TRANSFORMER F e e
s oL T2
el [ e et

oL J
SR
(FAST AND SLOW

OVERLOADS IN
SERIES)

C2540

Fig. 37. Momentary Fast-Slow-Off Start-Stop Circuit.
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CONTROL COMBINATIONS

There are many different control combinations for motoThe return fan will not start until supply airflow is proven. A
control circuits. Figure 38 illustrates a return fan interlockedelay can be added to interlock to the temperature control
with the supply fan. In this circuit, the supply fan starts whesystem. An auxiliary contact on the supply fan starter, when
the START button is pressed energizing starter solenoid 1Mwailable, can be used for this same function.

FUSED
DISCONNECT STARTER
L1 1.M < . Tl SUPPLY
F MOTOR
™ oL 2
L2y g | *—e
E
iM oL T3
Ly, | —o /|
F
=== | TRANSFORMER
[
F
START
sTop T Fs oL M
I-O—lb
M
PUSH-BUTTON START-STOP
MOTOR CONTROL -O__
RELAY
INTERLOCK TO ENERGIZE
TEMPERATURE CONTROLS
FUSED
DISCONNECT STARTER

1 2M oL T RETURN
=1 | FAN
= MOTOR
2M oL T2
Lyg | —o/ X _ro—e
F

nMA.J
=— | TRANSFORMER
[

AUTO 2M

HAND/OFF/AUTO SWITCH

MOTOR CONTROL
| o—] }—o |
C2541-1

SUPPLY FAN
AIRFLOW SWITCH

Fig. 38. Typical Interlock of Supply and Return Fans.
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INTRODUCTION

This section provides information about electronic controbn microprocessor-based systems. The distinction between
systems used to control HVAC equipment. An electronic contrgdlectronic control systems and microprocessor-based systems
system comprises a sensor, controller, and final control elemeis.in the handling of the input signals. In an electronic control
The sensors used in electronic control systems are simple, logystem, the analog sensor signal is amplified, then compared
mass devices that provide stable, wide range, linear, and f&gta setpoint or override signal through voltage or current
response. The electronic controller is a solid-state device the@mparison and control circuits. In a microprocessor-based
provides control over a discrete portion of the sensor range afgstem, the sensor input is converted to a digital form, where
generates an amplified correction signal to control the finadiscrete instructions (algorithms) perform the process of
control element. Electronic controllers provide two-positioncomparison and control.
proportional, or proportional plus integral (PI) control.

Electronic control systems usually have the following

Features of electronic control systems include: characteristics: _

— Controllers can be remotely located from sensors and Controller: Low voltage, solid state. .
actuators. Inputs: O to 1V dc, 0 to 10V dc, 4 to 20 mA, resistance

— Controllers can accept a variety of inputs. element, thermistor, thermocouple.

d Outputs: 2 to 10V dc or 4 to 20 mA device.
Control Mode: Two-position, proportional, proportional
plus integral (PI), step.

— Remote adjustments for multiple controls can be locate
together, even though sensors and actuators are not.
— Electronic control systems can accommodate complex

control and override schemes. _ Circuits in this section are general. A resistance-temperature
— Universal type outputs can interface to many differenfnpyt and a 2 to 10V dc output are used for purposes of
actuators. discussion. Electric circuits are defined in Electric Control
— Display meters indicate input or output values. Fundamentals. A detailed discussion on control modes can be
found in the Control Fundamentals section.
The sensors and output devices (e.g., actuators, relays) used
for electronic control systems are usually the same ones used

DEFINITIONS

NOTE: For definitions of terms not in this section, see th&ontrol Point: The actual value of a controlled variable
Control Fundamentals section. (setpoint plus or minus offset).

Authority (Compensation Authority or Reset Authority): A Deviation: The difference between the setpoint and the value

setting that indicates the relative effect a compensation of the controlled variable at any moment. Also
sensor input has on the main setpoint (expressed in called offset.
percent).

Direct acting: A direct acting controller increases its output
Compensation changeover:The point at which the signal on an increase in input signal.
compensation effect is reversed in action and changes
from summer to winter or vice versa. The percent oElectric control: A control circuit that operates on line or low

compensation effect (authority) may also be changed voltage and uses a mechanical means, such as a
at the same time. temperature-sensitive bimetal or bellows, to perform
control functions, such as actuating a switch or
Compensation control:A process of automatically adjusting positioning a potentiometer. The controller signal
the control point of a given controller to compensate usually operates or positions an electric actuator,
for changes in a second measured variable such as although relays and switches are often included in the
outdoor air temperature. For example, the hot deck circuit.

control point is reset upward as the outdoor air
temperature decreases. Also known as “reset controlElectronic control: A control circuit that operates on low
voltage and uses solid-state components to amplify

Compensation sensorThe system element which senses a input signals and perform control functions, such
variable other than the controlled variable and resets as operating a relay or providing an output signal
the main sensor control point. The amount of this effect to position an actuator. Electronic devices are
is established by the authority setting. primarily used as sensors. The controller usually

furnishes fixed control routines based on the logic
of the solid-state components.
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of a power supply, a sensor amplification circuit, a
process/comparing circuit, an output driver section,
and various components that sense changes in the
controlled variable and derive a control output which

Electronic controller: A solid-state device usually consisting Proportional control (P): A control algorithm or method in

which the final control element moves to a position
proportional to the deviation of the value of the
controlled variable from the setpoint.

provides a specific control function. In general, Proportional-integral (PI) control: A control algorithm that

adjustments such as setpoint and throttling range
necessary for the process can be done at the controller

combines the proportional (proportional response) and
integral or deviation control algorithms. Integral action

tends to correct the offset resulting from proportional
control. Also called “proportional plus reset” or “two-
mode” control.

via potentiometers and/or switches.

Final control element: A device such as a valve or damper

that changes the value of the manipulated variable.

The final control element is positioned by an actuatorRemote setpoint:A means for adjusting the controller setpoint
from a remote location, in lieu of adjusting it at the
controller itself. The means of adjustment may be
manual with a panel or space mounted potentiometer,
or automatic when a separate device provides a signal
(voltage or resistive) to the controller.

Integral action (I): An action in which there is a continuous
linear relationship between the amount of increase (or
decrease) on the output to the final control element
and the deviation of the controlled variable to reduce
or eliminate the deviation or offset.

Reset control: See Compensation Control.

Limit sensor: A device which senses a variable that may be
other than the controlled variable and overrides th&eset sensorSee Compensation Sensor.
main sensor at a preset limit.

Reverse actingA reverse acting controller decreases its output
Main sensor:A device or component that measures the variable signal on an increase in input signal.

to be controlled.

Setpoint: The value on the controller scale at which the
controller is set such as the desired room temperature
set on a thermostat. The setpoint is always referenced
to the main sensor (not the reset sensor).

Negative (reverse) compensationA compensating action
where a decrease in the compensation variable has
the same effect as an increase in the controlled
variable. For example, in a heating application as the
outdoor air temperature decreases, the control poifithrottling range: In a proportional controller, the control
of the controlled variable increases. Also called point range through which the controlled variable must
“winter compensation or reset”. pass to move the final control element through its full

operating range. Throttling range is expressed in values

of the controlled variable such as temperature in
kelvins, relative humidity in percent, or pressure in

pascals or kilopascals. A commonly used equivalent
is “proportional band” which is expressed in percent
of sensor or transmitter span.

Offset: A sustained deviation between the control point and
the setpoint of a proportional control system under
stable operating conditions. Also called Deviation.

Positive (direct) compensationA compensating action where
an increase in the compensation variable has the same
effect as an increase in the controlled variable. Fofransducer: A device that converts one energy form to another.
example, in a cooling application as the outdoor air It amplifies (or reduces) a signal so that the output of
temperature increases, the control point of the a sensor or transducer is usable as an input to a
controlled variable increases. Also called “summer controller or actuator. A transducer can convert a
compensation or reset”. pneumatic signal to an electric signal (P/E transducer)

or vice versa (E/P transducer), or it can convert a

Proportional band (throttling range): In a proportional change in capacitance to an electrical signal.

controller, the control point range through which the

controlled variable must pass to drive the final controlfransmitter: A device that converts a sensor signal to an input

element through its full operating range. Proportional signal usable by a controller or display device. See

band is expressed in percent of the main sensor span. also Transducer.

A commonly used equivalent is “throttling range”

which is expressed in values of the controlled variable.
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TYPICAL SYSTEM

Figure 1 shows a simple electronic control system with a
controller that regulates supply water temperature by mixing
return water with water from the boiler. The main temperature = main sensor
sensor is located in the hot water supply from the valve. To"©TWATERSUPPLY)
increase efficiency and energy savings, the controller resets
the supply water temperature setpoint as a function of the
outdoor air temperature. The controller analyzes the sensor data
and sends a signal to the valve actuator to regulate the mixture
of hot water to the unit heaters. These components are described
in COMPONENTS.

ELECTRONIC
CONTROLLER
A

FINAL CONTROL

INPUTS DEVICE
A AN

CONTROLLER

OUTDOOR AIR

SENSOR RETURN

FROM
SYSTEM

HOT WATER
SUPPLY TO
HEATING
SYSTEM

AC
POWER
INPUT

FROM

REMOTE BOILER

SETPOINT
ADJUSTMENT

Fig. 1. Basic Electronic Control System.

C3096

COMPONENTS

An electronic control system includes sensors, controller§ EMPERATURE SENSORS
output devices such as actuators and relays, final control

elements such as valves and dampers, and indicating,For electronic control, temperature sensors are classified as
interfacing, and accessory devices. Figure 2 provides a systégtiows:

overview for many electronic system components.

SENSORS

A sensing element provides a controller with information _
concerning changing conditions. Analog sensors are used to
monitor continuously changing conditions such as temperature
or pressure. The analog sensor provides the controller with a
varying signal such as 0 to 10V. A digital (two-position) sensop,
is used if the conditions represent a fixed state such as a pum
that is on or off. The digital sensor provides the controller with
a discrete signal such as open or closed contacts.

es
p
In

Some electronic sensors use an inherent attribute of their
material (e.g., wire resistance) to provide a signal and can be
directly connected to the electronic controller. Other sensors
require conversion of the sensor signal to a type or level that—
can be used by the electronic controller. For example, a sensor
that detects pressure requires a transducer or transmitter to
convert the pressure signal to a voltage or current signal usable
by the electronic controller. Typical sensors used in electronic
control systems are included in Figure 2. A sensor-transducer
assembly is called a transmitter.

122

Resistance Temperature Devices (RTDs) change resistance
with varying temperature. RTDs have a positempera-

ture coefficient (resistance increases with temperature).
Thermistors are solid-state resistance-temperature sensors
with a negative temperature coefficient.

Thermocouples directly generate a voltage as a function of
temperature.

istance Temperature Devices

general, all RTDs have some common attributes and

limitations:

The resistance of RTD elements varies as a function of temp-
erature. Some elements exhibit large resistance changes,
linear changes, or both over wide temperature ranges.

The controller must provide some power to the sensor and
measure the varying voltage across the element to determine
the resistance of the sensor. This action can cause the element
to heat slightly (called self-heating) and can create an
inaccuracy in the temperature measurement. By reducing
the supply current or by using elements with higher nominal
resistances the self-heating effect can be minimized.
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SENSORS/TRANSMITTERS INDICATING ACCESSORY INDICATING INTERFACING OUTPUT FINAL CONTROL
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/ N\ 7 A \ 7/ A \ 7 N\ 7/ A \ 7/ A \ 7 "_\ 4 \
DIGITAL SENSOR TEMPERATURE "LED PANEL] CONTACTOR FAN/PUMP
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Fig. 2. Typical Electronic Control System Components.

— Some RTD element resistances are as low as 100 ohms. CONTROLLER
In these cases, the resistance of the lead wires connecting
the RTD to the controller may add significantly to the
total resistance of the connected RTD, and can create an SENSOR
error in the measurement of the temperature. Figure 3
shows a sensor and controller in relation to wire lead |= 8m =!
lengths. In this figure, a sensor 8 meters from the SENSORTO CONTROLLER M15130
controller requires 16 meters of wire. If a solid copper wire
with a dc resistance of 20.96 ohms per km is used, the Fig. 3. Lead Wire Length.

16 meters of wire has a total dc resistance of 0.335 ohms. If

the sensor is a 100-ohm platinum sensor with a temperature

coefficient of 1.24 ohms per kelvin, the 16 meters of wire — The usable temperature range for a given RTD sensor
will introduce an error of 0.27 degrees C. Ifthe sensorisa ~ may be limited by nonlinearity at very high or low
3000-ohm platinum sensor with a temperature coefficient temperatures.

of 8.6 ohms per kelvin, the 16 meters of wire will introduce — RTD elements that provide large resistance changes
an error of 0.039 degrees C. per degree of temperature reduce the sensitivity and

complexity of any electronic input circuit. (Linearity may

Significant errors can be removed by adjusting a be a concern, however.)

calibration setting on the controller, or, if the controller ) o
is designed for it, a third wire can be run to the sensor A SENsor constructed using a BALCO wire; is a commonly

and connected to a special compensating circuit designé‘&ed RTD sensor. BALCO is an annealed resistance alloy with

to remove the lead lenath effect on the measurement F nominal composition of 70 percent nickel and 30 percent
. 9 ) \ o “{fon. A BALCO 500-ohm resistance element provides a
early electronic controllers, this three-wire circuit was

relatively linear resistance variation from —40 to 0T he

connected to a Wheatstone Bridge configured for leadensor is a low-mass device and responds quickly to changes
wire compensation. In digital controllers, lead wirejn temperature.

compensation on low resistance sensors may be handled
by software offset.

ELECTRONIC K SENSOR LEAD WIRES

V)
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Another material used in RTD sensors is platinum. It i®r small transistor) and provide quick response. As the
linear in response and stable over time. In some applicatiotsmperature increases, the resistance of a thermistor decreases
a short length of wire is used to provide a nominal resistang€ig. 6). Selection of a thermistor sensor must consider the
of 100 ohms. However, with a low resistance value, thaighly nonlinear temperature/resistance characteristic.
temperature indication can be effected by element self heating
and sensor leadwire resistance. Additionally, due to the small THERMISTORS POSITIVE RTD
amount of resistance change of the element, additional
amplification must be used to increase the signal level.

To use the desirable characteristics of platinum and minimize
any offset, one manufacturing technique deposits a film of
platinum in a ladder pattern on an insulating base. A laser
trimming method (Fig. 4) then burns away a portion of the metal caor7
to calibrate the sensor, providing a resistance of 1000 ohms at

23°C. This platinum film sensor provides a high resistance-to- Fig. 5. Solid-State Temperature Sensors.
temperature relationship. With its high resistance, the sensor is
relatively immune to self-heating and sensor leadwire resistance 80K
offsets. In addition, the sensor is an extremely low-mass device 0K
and responds quickly to changes in temperature. RTD elements \
of this type are common. Early thin film platinum RTDs drifted 2 60K \
due to their high surface-to-volume ratio which made them J sok N\
sensitive to contamination. Improved packaging and film 3 \
isolation have eliminated these problems resulting in increased Z a0k
use of platinum RTDs over wire wound and NTC thermistors. § a0k \‘
o \
LADDER NETWORK OF 20K \‘ §35F?§‘5“!C’§T—
METALLIC FILM RESISTOR \ \
10K \“

30 40 50 60 70 80 90 100 110 °F
10 20 30 40 °C
TEMPERATURE (DEGREES)

o

20K OHM NTC THERMISTOR
LASER TRIM (INDICATEDBY

GAPS IN LADDER NETWORK)

POSITIVE RTD RESISTANCE (Q2)

v TEMPERATURE (°C)

M15131

CONNECTION PADS —&
C3098 POSITIVE RTD

Fig. 4. Platinum Element RTD Sensor. Fig. 6. Resistance vs Temperature

Relationship for Solid-State Sensors.

Solid-State Resistance Temperature Devices

Positive temperature coefficient solid-state temperature

Figure 5 shows examples of solid-state resistance temperatgnhsors may have relatively high resistance values at room
sensors having negative and positive temperature coefficientsmperature. As the temperature increases, the resistance of the
Thermistors are negative temperature coefficient sensoggnsor increases (Fig. 6). Some solid-state sensors have near
typically enclosed in very small cases (similar to a glass diodgerfect linear characteristics over their usable temperature range.
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Thermocouples Transmitters measure various conditions such as
temperaturerelative humidity, airflow, water flow, power

A thermocouple, consists of two dissimilar metals, such agonsumption, air velocity, and light intensity. An example of a
iron and constantan, welded together to form a two thermocougk&nsmitter would be a sensor that measures the level of carbon
junctions (Fig. 7). Temperature differences at the junctions caus@®xide (CQ) in the return air of an air handling unit. The sensor
a voltage, in the millivolt range, which can be measured by tHerovides a 4 to 20 mA signal to a controller input which can
input circuits of an electronic controller. By holding one junctionthen modulate outdoor/exhaust dampers to maintain acceptable
at a known temperature (reference junction) and measuring tAé quality levels. Since electronic controllers are capable of
voltage, the temperature at the sensing junction can be deduce@ndling voltage, amperage, or resistance inputs, temperature
The voltage generated is directly proportional to the temperatuté@nsnitters are not usually used as controller inputs within the
difference (Fig. 8). At room temperatures for typical HVACranges of HVAC systems due to their high cost and added
applications, these voltage levels are often too small to be us€é@mplexity.
but are more usable at higher temperatures of 100 900
Consequently, thermocouples are most common in high-

temperature process applications. RELATIVE HUMIDITY SENSOR
DISSIMILAR METALS ggﬁ%ﬁfﬁé‘; Various sensing methods are used to determine the percentage
of relative humidity, including the measurement of changes of
W\ REFERENCE resistance, capacitance, impedance, and frequency.
JUNCTION
INPUT LOAD Resistance Relative Humidity Sensor
OF SENSING
CIRCUIT . . .
An older method that used resistance to determine relative
humidity depended on a layer of hygroscopic salt, such as
ENLARGED VIEW OF THERMOCOUPLE lithium chloride or carbon powder, deposited between two
SENSING JUNCTION C300 electrodes (Fig. 9). Both materials absorb and release moisture
as a function of the relative humidity, causing a change in
Fig. 7. Basic Thermocouple Circuit. resistance of the sensor. An electronic controller connected to
this sensor detects the changes in resistance which it can use to
provide control of relative humidity.
50 WIRES TO THIN, GOLD ELECTRODES
CONTROLLER \/_ NONCONDUCTIVE BASE
40 N LAYER OF CONDUCTIVE
E /_ HYGROSCOPIC SALT
= 30
2
5
© 2
C3099
10
0 Fig. 9. Resistive Type Relative Humidity Sensor.
0 100 200 300 400 500 600 700
TEMPERATURE (°C) Mis132 Capacitance Relative Humidity Sensor
Fig. 8. Voltage vs Temperature for A method that uses changes in capacitance to determine
Iron-Constantan Thermocouple. relative humidity measures the capacitance between two
. conductive plates separated by a moisture sensitive material
Transmitter/Transducer such as polymer plastic (Fig. 10A). As the material absorbs

water, the capacitance between the plates decreases and the

The input circuits for many electronic controllers can accepthange can be detected by an electronic circuit. To overcome
a voltage range of 0 to 10V dc or a current range of 4 to 20 mAuny hindrance of the material’s ability to absorb and release
The inputs to these controllers are classified as universal inputsoisture, the two plates and their electric leadwires can be
because they accept any sensor having the correct output. Theseone side of the polymer plastic and a third sheet of
sensors are often referred to as transmitters as their outputs aseremely thin conductive material on the other side of the
an amplified or conditioned signal. The primary requiremenpolymer plastic form the capacitor (Fig. 10B). This third plate,
of these transmitters is that they produce the required voltageo thin for attachment of leadwires, allows moisture to
or current level for an input to a controller over the desiregenetrate and be absorbed by the polymer thus increasing
sensing range. sensitivity and response.
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WIRES TO CONTROLLER

OR SENSING CIRCUIT MOISTURE
SENSITIVE
POLYMER

)

GOLD FOIL OR OTHER
TYPE OF ELECTRODE PLATES

A. MOISTURE SENSITIVE MATERIAL BETWEEN ELECTRODE PLATES.

ULTRA THIN LAYER OF
CONDUCTIVE MATERIAL \ MOISTURE
SENSITIVE
WIRES TO CONTROLLER /_ POLYMER

OR SENSING CIRCUIT \: C )
GOLD FOIL OR

OTHER TYPE OF
ELECTRODE PLATES

B. MOISTURE SENSITIVE MATERIAL BETWEEN ELECTRODE PLATES
AND THIRD CONDUCTIVE PLATE.
C3100

Fig. 10. Capacitance Type Relative Humidity Sensor.

A relative humidity sensor that generates changes in bo
resistance and capacitance to measure moisture level
constructed by anodizing an aluminum strip and then applyi
a thin layer of gold or aluminum (Fig. 11). The anodize
aluminum has a layer of porous oxide on its surface. Moisture
can penetrate through the gold layer and fill the pores of th
oxide coating causing changes in both resistance ar??{
capacitance which can be measured by an electronic circuit.

THIN
GOLD LAYER

POROUS

OXIDE LAYER— \

l l ELECTRODE

ANODIZED ELECTRODE

ALUMINUM STRIP
C3101

Fig. 11. Impedance Type Relative Humidity Sensor.

TEMPERATURE COMPENSATION

PROTECTIVE
POLYMER

POROUS
/ PLATINUM
DIELECTRIC
POLYMER —= CERAMIC
r =< —I‘/ SUBSTRATE

T
1000 OHM /
PLATINUM RTD

Fig. 12. Capacitance Type RH Sensor with Integral
Temperature Compensation Sensor.

ELECTRODE
FINGERS

M10685

CONDENSATION AND WETTING

Condensation occurs whenever the sensors surface
temperature drops below the dew point of the surrounding air,
even if only momentarily. When operating at levels of 95% rh
and above small temperature changes can cause condensation.

nder these conditions where the ambient temperature and the

|w point are very close, condensation forms quickly, but the

r;gwoisture takes a long time to evaporate. Until the moisture is

one the sensor outputs a 100% rh signal.

When operating in high rh (90% and above), consider these

ategies:

1. Maintain good air mixing to minimize local temperature
fluctuations.

2. Use a sintered stainless steel filter to protect the sensor
from splashing. A hydrophobic coating can also suppress
condensation and wetting in rapidly saturating/
desaturating or splash prone environment.

3. Heat the rh sensor above the ambient dew point
temperature.

NOTE: Heating the sensor changes the calibration and
makes it sensitive to thermal disturbances such
as airflow.

Quartz Crystal Relative Humidity Sensor

Sensors that use changes in frequency to measure relative
humidity (Fig. 13) can use a quartz crystal coated with a
hygroscopic material such as polymer plastic. When the quartz
crystal is energized by an oscillating circuit, it generates a
constant frequency. As the polymer material absorbs moisture
and changes the mass of the quartz crystal, the frequency of
oscillation varies and can be measured by an electronic circuit.

Both temperature and percent rh effect the output of all Most relative humidity sensors require electronics at the

absorption based humidity sensors. Applications calling fosensor to modify and amplify the weak signal and are referred
either high accuracy or wide temperature operating range as transmitters. The electronic circuit compensates for the
require temperature compensation. The temperature shoulddféects of temperature as well as amplifies and linearizes the
made as close as possible to the rh sensors active area. Thisigasured level of relative humidity. The transmitters typically
especially true when using rh and temperature to measupeovides a voltage or current output that can be used as an input
dewpoint. Figure 12 shows an rh sensor with the temperatute the electronic controller.

sensor mounted directly on the substrate.
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POLYMER COATING PRESSURE INLET
(E.G., AR, WATER)

— FLEXIBLE

OSCILLATING FREQUENCY DIAPHRAGM
CIRCUIT — MEASURING [—®» TO CONTROLLER
CIRCUIT

: : | FLEXIBLE PLATE
- (TOP PORTION OF
CAPACITOR)

L

QUARTZ CRYSTAL
(ENLARGED VIEW) C3088

k ]
AMPLIFIER
FIXED PLATE

PRESSURE SENSORS (BOTTOM PORTION
OF CAPACITOR)
C3103

Fig. 13. Quartz Crystal Relative Humidity Sensor.

An electronic pressure sensor converts pressure changes into _ _
a signal such as voltage, current, or resistance that can be used Fig. 15. Capacitance Type Pressure Transmitters.

by an electronic controller.

A method that measures pressure by detecting changes irA variation of pressure sensors is one that measures
resistance uses a small flexible diaphragm and a strain gagi@erential pressure using dual pressure chambers (Fig. 16).
assembly (Fig. 13). The strain gage assembly includes vefe force from each chamber acts in an opposite direction with
fine (serpentine) wire or a thin metallic film deposited on aespectto the strain gage. This type of sensor can measure small
nonconductive base. The strain gage assembly is stretcheddifferential pressure changes even with high static pressure.
compressed as the diaphragm flexes with pressure variations.
The stretching or compressing of the strain gage (shown by PRESSURE A
dotted line in Fig. 14) changes the length of its fine wire/thin /
film metal, which changes the total resistance. The resistance
can then be detected and amplified. These changes in resistance (-
are small. Therefore, an amplifier is provided in the sensor j STRAIN GAGE
assembly to amplify and condition the signal so the level sent
to the controller is less susceptible to external noise interference.

The sensor thus becomes a transmitter.

CHAMBER A
FLEXIBLE DIAPHRAGM

\ CHAMBER B

\_ FLEXIBLE DIAPHRAGM
PRESSURE B

C3104

FINE

(SERPENTINE)
WIRE/THIN 7 FLEXIBLE
FILM METAL BASE

i

AMPLIFIER
CONNECTION

Fig. 16. Differential Pressure Sensor.

PRESSURE INLET
(E.G., AIR, WATER)

FLEXIBLE
DIAPHRAGM

CONTROLLER

The electronic controller receives a sensor signal, amplifies
and/or conditions it, compares it with the setpoint, and derives
STRAIN GAGE ASSEMBLY a correction if necessary. The output signal typically positions
FLEXING (GREATLY EXAGGERATED) an actuator. Electronic controller circuits allow a wide variety

of control functions and sequences from very simple to multiple
input circuits with several sequential outputs. Controller circuits
( use solid-state components such as transistors, diodes, and
integrated circuits and include the power supply and all the
e adjustments required for proper control.

Fig. 14. Resistance Type Pressure Sensor.

Another pressure sensing method measures capacitance
(Fig. 15). A fixed plate forms one part of the capacitor assembHNPUT TYPES

and a flexible plate is the other part of the capacitor assembly. ) )
As the diaphragm flexes with pressure variations, the flexible Electronic controllers are categorized by the type or types

plate of the capacitor assembly moves closer to the fixed pla@inputs they accept such as temperature, humidity, enthalpy,
(shown by dotted line in Fig. 14) and changes the capacitand¥. universal.
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Temperature Controllers OUTPUT CONTROL

Temperature controllers typically require a specific type or Electronic controllers provide outputs to a relay or actuator
category of input sensors. Some have input circuits to accefor the final control element. The output is not dependent on
RTD sensors such as BALCO or platinum elements, whiléhe input types or control method. The simplest form of output
others contain input circuits for thermistor sensors. These two-position where the final control element can be in one of
controllers have setpoint and throttling range scales labeledtiwo states. For example, an exhaust fan in a mechanical room
degrees F or C. can be turned either on or off. The most common output form,

however, provides a modulating output signal which can adjust
the final control device (actuator) between 0 and 100 percent
Relative Humidity Controllers such as in the control of a chilled water valve.

The input circuits for relative humidity controllers typically
receive the sensed relative humidity signal already convertddUTPUT DEVICES
to a 0 to 10V dc voltage or 4 to 20 mA current signal. Setpoint

and scales for these controllers are in percent relative humidity.actuator, relay, and transducer (Fig. 2) are output devices
which use the controller output signal (voltage, current, or relay
contact) to perform a physical function on the final control

Enthalpy Controllers element such as starting a fan or modulating a valve. Actuators
can be divided into devices that provide two-position action

Enthalpy controllers are specialized devices that use specitid those that provide modulating action.

sensors for inputs. In some cases, the sensor may combine

temperature and humidity measurements and convert them to

a single voltage to represent enthalpy of the sensed air. In othRWO-POSITION

cases, individual dry bulb temperature sensors and separate wet

bulb or relative humidity sensors provide inputs and the Tyo-position devices such as relays, motor starters, and
controller calculates enthalpy. In typical applications, th&olenoid valves have only two discrete states. These devices
enthalpy controller provides an output signal based on jaterface between the controller and the final control element.
comparison of two enthalpy measurements, indoor and outdogizr example, when a solenoid valve is energized, it allows steam
rather than on the actual enthalpy value. In other cases, theenter a coil which heats a room (Fig. 17). The solenoid valve
return air enthalpy is assumed constant so that only outdoor gifovides the final action on the controlled media, steam. Damper

enthalpy is measured. It is compared against the assumggtuators can also be designed to be two-position devices.
nominal return air value.

ELECTRONIC

CONTROLLER 120V
. | 1
Universal Controllers T
OUTPUT
T
The input circuits of universal controllers can accept one or WOPOSITION
more of the standard transmitter/transducer signals. The most SOLENOID VALVE
common input ranges are 0 to 10V dc and 4 to 20 mA. Other STEAM SUPPLY

TO COIL

input variations in this category include a 2 to 10V dc and a 0 ca080

to 20 mA signal. Because these inputs can represent a variety
of sensed variables such as a current of 0 to 15 amperes or Fig. 17. Two-Position Control.
pressure of 0 to 21000 kPa, the settings and scales are often
expressed in percent of full scale only.
MODULATING

CONTROL MODES Modulating actuators use a varying control signal to adjust
the final control element. For example, a modulating valve
The control modes of some electronic controllers can beontrols the amount of chilled water entering a coil so that cool
selected to suit the application requirements. Control modé&sipply air is just sufficient to match the load at a desired
include two-position, proportional, and proportional-integral setpoint (Fig. 18). The most common modulating actuators
Other control features include remote setpoint, the additioaccept a varying voltage input of 0 to 10 or 2 to 10V dc or a
of a compensation sensor for reset capability, and override edrrent input of 4 to 20 mA. Another form of actuator requires
limit control. a pulsating (intermittent) or duty cycling signal to perform
modulating functions. One form of pulsating signal is a Pulse
Width Modulation (PWM) signal.
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CLECTRONIC INDICATING DEVICE
+ - - -
OUTPUT An electronic control system can be enhanced with visual
- — A S R displays that show system status and operation. Many electronic
POWER controllers have built-in indicators that show power, input signal,
CHILLED WATER deviation signal, and output signal. Figure 20 shows some types

SUPPLY TO COIL
C3081

of visual displays. An indicator light can show on/off status or,
if driven by controller circuits, the brightness of a light can

Fig. 18. Modulating Control. show the relative strength of a signal. If a system requires an
analog or digital indicating device and the electronic controller
TRANSDUCER does not include this type of display, separate indicating devices
can be provided.
In some applications, a transducer converts a controller output
to a signal that is usable by the actuator. For example, Figure 19 0000 “ 7
shows an Electronic-to-Pneumatic (E/P) transducer: electronic- LED PANEL 20 / 80
to-pneumatic that converts a modulating 2 to 10V dc signal from |1 23 4| o 100
the electronic controller to a pneumatic proportional modulating
. . DIGITAL ANALOG METER
20 to 90 kPa signal for a pneumatic actuator. DISPLAY 3080
ELECTRONIC W) 140 kPa Fig. 20. Indicating Devices.
CONTROLLER AIR SUPPLY
2-10V dc
* v |er INTERFACE WITH OTHER SYSTEMS
OuTPUT 1{' TRANSDUCER
20-90 kPa It is often necessary to interface an electronic control device
to a system such as a microprocessor-based building management
PNEUMATIC system. An example is an interface that allows a building
ACTUATOR management system to adjust the setpoint or amount of reset
VARIABLE RESTRICTION CONTROLLED (compensation) for a specific controller. Compatibility of the two

BY E/P TRANSDUCER ELECTRONICS

13 systems must be verified before they are interconnected.

Fig. 19. Electric-to-Pneumatic Transducer.

ELECTRONIC CONTROLLER FUNDAMENTALS
GENERAL POWER SUPPLY CIRCUIT

The electronic controller is the basis for an electronic control The power supply circuit of an electronic controller provides
system. Figure 21 shows the basic circuits of an electronibe required voltages to the input, control, and output circuits.
controller including power supply, input, control, and outputMost voltages are regulated dc voltages. The controller design
For greater stability and control, internal feedback correctiodictates the voltages and current levels required.
circuits also can be included, but are not discussed. The circuits
described provide an overview of the types and methods of All power supply circuits are designed to optimize both line

electronic controllers. and load regulation requirements within the needs and con-
straints of the system. Load regulation refers to the ability of
POWER the power supply to maintain the voltage output at a constant

INPUT -] SUPPLY ..
POWER | CIRCUIT value even as the current demand (load) changes. Similarly,

line regulation refers to the ability of the power supply to main-

T REGULATED
VOLTAGES tain the output load voltage at a constant value when the input

D'E“\‘,T:’TﬂONl PSilivies l ACTUATOR OR (ac) power varies. The line regulation abilities or limitations of
1 {SIGNAL {(INTERNAL) ACCESSORY a controller are usually part of the controller specifications
sensors > oon TA  fconrol A | outeur [ such as 120V ac +10%, —15%. The degree of load regulation
REMOTE—| CIRcUIT U™ | circurr [U CIRCUIT 9 > involves the end-to-end accuracy and repeatability and is usu-
SETPOINT n 1 ally not explicitly stated as a specification for controllers.
COMPENSATION LT QVERRIDE
SENSOR SENSORS

C3087

Fig. 21. Electronic Controller Circuits.
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TYPICAL SYSTEM APPLICATION

Figure 22 shows a typical air handling system controlled by When the outdoor temperature is below the selected reset
two electronic controllers, C1 and C2; sequencer S;  changeover point seton C1, the controller is in the winter
multicompenstor M; temperature sensors T1 through T4; compensation mode. As the outdoor air temperature falls,
modulating hot and chilled water valves V1 and V2; and the space temperature setpoint is raised. When the outdoor
outdoor, return, and exhaust air damper actuators. The control temperature is above the reset changeover point, the
sequence is as follows: controller is in the summer compensation mode. As the
outdoor temperature rises, the space temperature setpoint

— Controller C1 provides outdoor compensated, summer- o
is raised.

winter control of space temperature for a heating/cooling
system which requires Pl control with a low limit. Sensor
T4 provides the compensation signal through —
multicompensator M which allows one outdoor
temperature sensor to provide a common input to several
controllers.Controller C1 modulates the hot and
chilled water valves V1 and V2 in sequence to
maintain space temperature measured by sensor T1 at
a preselected setpoint. Sequencer S allows sequencing
the two valve actuators from a single controller. Low-
limit sensor T2 assumes control when the discharge
air temperature drops to the control range of the low
limit setpoint. A minimum discharge air temperature

is maintained regardless of space temperature.

Controller C2 provides PI mixed air temperature control
with economizer operation. When the outdoor temperature
measured by sensor T4 is below the setting of the
economizer startpoint setting, the controller provides
proportional control of the dampers to maintain mixed
air temperature measured by sensor T3 at the selected
setpoint. When the outdoor air temperature is above the
economizer startpoint setting, the controller closes the
outdoor air dampers to a preset minimum.

EXHAUST \ RETURN |:|
T

AIR AIR

< <

— G,
N U
» Y » U U

T3 |__| SUPPLY T2 I__I

‘ FAN

\%A

7/

¢ HOT CHILLED
WATER WATER

C3086

Fig. 22. Typical Application with Electronic Controllers.
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INTRODUCTION

This section discusses the types of microprocessor-basehctions. A stand-alone controller can take several forms. The
controllers used in commercial buildings. These controllersimplest generally controls only one control loop while larger
measure signals from sensors, perform control routines irersions can control from eight to 40 control loops. As the
software programs, and take corrective action in the form &fystems get larger, they generally incorporate more
output signals to actuators. Since the programs are in digitalogramming features and functions. This section covers the
form, the controllers perform what is knowndigect digital controller as a stand-alone unit. Refer to the Building
control (DDC). Microprocessor-based controllers can be usedanagement System Fundamentals section for additional
as stand-alone controllers or they can be used as controllémgormation on use of the controller in networked and building
incorporated into a building management system utilizing emanagement systems.
personal computer (PC) as a host to provide additional

DEFINITIONS

Analog-to-digital (A/D) converter: The part of a micropro- Microprocessor-based controller:A device consisting of a
cessor-based controller that changes an analog input microprocessor unit, digital input and output connec-
signal to a digital value for use by the microprocessor tions, A/D and D/A converters, a power supply, and
in executing software programs. Analog input values software to perform direct digital control and energy
typically come from temperature, pressure, humidity, management routines in a HVAC system.
or other types of sensors or transducers.

Operating software: The main operating system and programs
that schedule and control the execution of all other
programs in a microprocessor-based controller. This
includes routines for input/output (I/0) scanning,
A/D and D/A conversion, scheduling of application
programs, and access and display of control program
variables.

Application software: Programs that provide functions such
as direct digital control, energy management, lighting
control, event initiated operations, and other alarm
and monitoring routines.

Configurable controller: A controller with a set of selectable
programs with adjustable parameters but without the
ability to modify the programs. System-level controller: A microprocessor-based controller

that controls centrally located HVAC equipment such

Digital-to-analog (D/A) converter: The part of a micropro- as variable air volume (VAV) supply units, built-up

Direct digital control: A control loop in which a digital

cessor-based controller that changes digital values
from a software program to analog output signals
for use in the control system. The analog signals are
typically used to position actuators or actuate trans-
ducers and relays.

controller periodically updates a process as a function
of a set of measured control variables and a given set
of control algorithms.

ENGINEERING MANUAL OF AUTOMATIC CONTROL 133

air handlers, and central chiller and boiler plants. These
controllers typically have a library of control programs,
may control more than one mechanical system from a
single controller, and may contain an integral operating
terminal.

Zone-level controller: A microprocessor-based controller that

controls distributed or unitary HVAC equipment such
as VAV terminal units, fan coil units, and heat pumps.
These controllers typically have relatively few con-
nected I/O devices, standard control sequences, and
are dedicated to specific applications.
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BACKGROUND

COMPUTER BASED CONTROL A more detailed definition is provided in the ASHRAE 1995
HVAC Applications Handbook. “A digital controller can be

Computer based control systems have been available asecﬂli‘er single- or multi-loc_)p. Interface hardwar.e allows the digital
alternative to conventional pneumatic and electronic systen’fé’mpu'[er to process signals from various input devices, such
since the mid 1960s. Early installations required a centr s the electronic temperature, humidity, and pressure sensors

mainframe or minicomputer as the digital processing unit. The esprltl)ed In ]Ehﬁ seciuon on Sensors. .Basled Ondthe(;j'g't'zﬁd
were expensive, and application was limited to larger building quivalents of the voltage or current signals produced by the

Reliability was also an issue since loss of the central comput@pms’ the pontrol software calculates the required state of the
meant loss of the entire control system. Advances jqutput devices, such as valve and damper actuators and fan

microtechnology, particularly in large scale integration (LSl)’starters. The output devices are then moved to the calculated

provided answers to both the cost and reliability issue osition via interface hardware, which converts the digital signal
Introduction of microprocessors, i.e., a computer on a Chij)rom the computer to the analog voltage or current required to

and high-density memories reduced costs and package S%sition the actuator or energize a relay.”
dramatically and increased application flexibility (Fig. 1).

Microprocessor programs include all the arithmetic, logic, and. . : . . s
igital computation. The microprocessor unit (MPU) in the

control elements of larger computers, thus providing computin I des th X heref h diaital
power at a cost/performance ratio suitable for application ontroller provides t € _computatlon._T erefore, the term digita
n DDC refers to digital processing of data and not that

individual air handlers, heat pumps, VAV terminal units, or the

entire equipment room. Microprocessor-based controllers allowvAC sensor inputs or control outputs from the controller are

digital control to be distributed at the zone level, equilomerﬂecessarilyin digital format. Nearly all sensor inputs are analog
room level, or they can control an entire building. and most output devices are also analog. In order to accept

signals from these 1/O devices, A/D and D/A converters are
included in the microprocessor-based controller. Figure 2

éln each of these definitions the key element for DDC is

LSI * MICROPROCESSOR LOW COST DISTRIBUTED . .
TECHNOLOGY [+ HIGH DENSITY - PER | OISTRBUTED shows several inputs and outputs. The microprocessor usually
FUNCTION .
MEVORY —  performs several control functions.
Fig. 1. Evolution of Distributed Digital Control. INPUT CONTROL QUTPUT
i AD MICROPROCESSOR DA = ANALOG
DIRECT DIGITAL CONTROL = | = converren [T |comrrer| = ourpurs
ANALOG —_— —_—
SENSORS
Inherent in microprocessor-based controllers is the ability to
perform direct digital control. DDC is used in place of VALUE | 7\ oN ” ” ” VALUE [N\
conventional pneumatic or electronic local control loops. There OFF
are several industry accepted definitions of DDC. DDC can be TIME ARy TIME
defined as “a control loop in which a digital controller OF VALUES .
periodically updates a process as a function of a set of measured
control variables and a given set of control algorithms”. Fig. 2. Analog Functions of a Digital Controller.

Digital control offers many advantages. Some of the morgequences to be applied at a lower cost than with non-digital
important advantages are discussed in the following. controls; however, simple applications might be less costly
with non-digital controls.

LOWER COST PER FUNCTION

In general, microprocessor and memory costs keep comir@PPUCAT'ON FLEXIBILITY
down while inherent functionality keeps going up. Compared
to earlier systems, physical size of the controller is also Since microprocessor-based controllers are software based,
reduced while the number of discrete functions is increase#pplication flexibility is an inherent feature. A wide variety of
Digital control, using a microcomputer-based controller HVAC functions can be programmed and, in addition, the
allows more sophisticated and energy efficient contro¢ontroller can perform energy management, indoor air quality
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(IAQ), and/or building management functions. Changes iPRECISE AND ACCURATE CONTROL
control sequences can easily be accommodated through

software whether dictated by system performance or by changesroportional control has the inherent problem of offset. The

in the owner’s use of the facility. wider the throttling range is set for control stability, the greater
the offset. With the microprocessor-based controller, the offset

COORDINATED MULTIFUNCTION can easily be corrected by the simple addition of integral action.

CAPABILITY For even more accurate control over a wide range of external

conditions, adaptive control algorithms, available in some

Although basic environmental control and energymicroprocessor-based controllers, can be employed. With
management operate as independent programs, it is best to hagaptive control, system performance automatically adjusts as
them incorporated as an integrated program in order to provig@nditions vary. The need for manual fine tuning for seasonal
more efficient control sequences. For examp|e' Sensing tﬁ@anges is eliminated. These items are discussed in the Control
temperatures of several zones to determine the average demdri#ldamentals section.
or the zone with the greatest demand for cooling, will provide
improved efficiency and control over merely sampling aRELIABILITY
representative zone for a chiller reset program. An added feature
is that the sensors providing zone comfort control can serve aDigital controllers should be conservatively designed and
dual function at no added cost. These benefits require controllshould incorporate self-checking features so they notify the
to-controller communications which is discussed in the Buildingpperator immediately if anything goes wrong. Input and output
Management System Fundamentals section. circuits should be filtered and protected from extraneous signals

to assure reliable information to the processor.

CONTROLLER CONFIGURATION

The basic elements of a microprocessor-based (or micro-
processor) controller (Fig. 3) include:

— The microprocessor

— A program memory P;&fggy >  MICROPROCESSOR |- ‘ﬁgﬁ’g;‘&

— A working memory v

— A clock or tlmlng devices COMMUNICATIONSJ BINARY -

— A means of getting data in and out of the system PORT A E
In addition, a communications port is not only a desirable feature SIGNAL B E} SENSORS
but a requirement for program tuning or interfacing with a e ARP| | MULTIPLEXER | 2| raNSDUCERS
central computer or building management system.

OUTPUT [ | TRANSDUCERS
L. . . . . > | ACTUATORS
Timing for microprocessor operation is provided by a battery-

backed clock. The clock operates in the microsecond range caazt

controlling execution of program instructions. Fig. 3. Microprocessor Controller Configuration for

- . Automatic Control Applications.
Program memory holds the basic instruction set for controller PP

operation as well as for the application programs. Memory size

. R All input signals, whether analog or digital, undergo
and type vary depending on the application and whether tIE%nditioning (Fig. 3) to eliminate the adverse affects of contact

gonftrolle[r;sd(_:ont&gered adedma;gd pubrlpose c;r glianeral purpl(l?%eunce, induced voltage, or electrical transients. Time delay
evice. Ledicaled purpose configurable controflers norma ¥ircuits, electronic filters, and optical coupling are commonly

have star;{dgxlj programs an%lare fgrmslshed with rs;%slnu%ed for this purpose. Analog inputs must also be linearized,
memory ( ) or programmable read only memory ( % aled, and converted to digital values prior to entering the

Egir\]/%a;lpcuur;gsr‘r? ﬁgn?g:ir;'n?jﬁ;g s&col?gtrjnvc\)/iﬁtf?e% \;?tré?;)ll)l icroprocessor unit. Resistance sensor inputs can also be
prog Pp gompensated for leadwire resistance. For additional information

memories such as electrically erasable, programmable, reggout electronic sensors see the Electronic Control
only memory (EEPROM) or flash memory. Memories used t® \ndamentals section

hold the program for a controller must be nonvolatile, that is,
they retain the program data during power outages.
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Performance and reliability of temperature controlrange of outputs adequately covers normal control and display
applications can be enhanced by using a single 12-bit A/Eanges for most HVAC control applications. D/A converters
converter for all controller multiplexed inputs, and simplegenerally range from 6 to 10 bits.
two-wire high resistance RTDs as inputs.

The output multiplexer (Fig. 3) provides the reverse operation

A/D converters for DDC applications normally range from 8rom the input multiplexer. It takes a serial string of output
to 12 bits depending on the application. An 8-bit A/D convertevalues from the D/A converter and routes them to the terminals
provides a resolution of one count in 256. A 12-bit A/D conconnected to a transducer or a valve or damper actuator.
verter provides a resolution of one count in 4096. If the A/D
converter is set up to provide a binary coded decimal (BCD) The communication port (Fig. 3) allows interconnection of
output, a 12-bit converter can provide values from 0 to 999, €ntrollers to each other, to a master controller, to a central
t0 99.9, or 0 to 9.99 depending on the decimal placement. Thismputer, or to local or portable terminals.

TYPES OF CONTROLLERS

Microprocessor-based controllers operate at two levels i8YSTEM-LEVEL CONTROLLER
commercial buildings: the zone level and the system level. See

Figure 4. System-level controllers are more flexible than zone-level
1AQ CONTROL controllers in application and have more capacity. Typically,
— AIR HANDLER TEMPERATURE system-level controllers are applied to systems in equipment
CONTROL rooms including VAV central supply systems, built-up air
S — — AIR HANDLER PRESSURE i )
systEmLEveL 1 T CONTROL handlers, and central chiller and boiler plants. Control sequences
CONTROLLERS 1 L — CENTRAL PLANT vary and usually contain customized programs written to handle
AND ZONE CHILLER/BOILER CONTROL e . . A
CONTROLLER — ENERGY MANAGEMENT the specific application requirements.
MANAGERS FUNCTIONS
= BUILDING MANAGEMENT . .
FUNCTIONS The number of inputs and outputs required for a system-level
ONE COMIORT CONTROL controller is usually not predictable. The apphcat_lon of the
ZONE-LEVEL _D — ZONE ENERGY MANAGEMENT controller must allow both the number and mix of inputs and
CONTROLLERS — LABORATORY AIRFLOW H H H
‘D T ooACE PRESSURIZATION outputs to be variable. Several different packaging approaches
— EXHAUST FAN/RELIEF DAMPER have been used:

CONTROL — Fixed /O configuration.

— Universal I/O configuration.

Fig. 4. Zone- and System-Level Controllers. — Card cage with plug-in function boards.
— Master/slave I/O modules.

C2418

ZONE-LEVEL CONTROLLERS ) ] )
Universal I/O allows software to define the function of each
Zone-level controllers typically control HVAC terminal S€t of terminals.

units that supply heating and cooling energy to occupied , .
spaces and other areas in the building. They can controlZ0ne- and system-level controllers should be equipped with

VAV terminal units, fan coil units, unit ventilators, heat & communications port. This allows dynamic data, setpoints,
pumps, space pressurization equipment, laboratory funfhd parameters to be passed between a local operator terminal,
hoods, and any other zone control or terminal unit devicé central building management system, and/or other controllers.
Design of a zone-level controller is usually dictated b)Pata passed.to othe_r controllers allows sensor values to be
the specific requirements of the application. For exampleshared and interaction between zone-level programs and
the controller for a VAV box is frequently packaged withSystem-level programs to be coordln:_:lted. For example, night
an integral damper actuator and has only the I/0 capacififtPack and morning warmup can be implemented at the zone-
necessary to meet this specific application. On the othd§Vel controller based on operational mode information received
hand, a zone-level controller for a packaged heatindfom the system-level controller.

cooling unit might have the controller packaged in the

thermostat housing (referred to as a smart thermostat or

smart controller). Zone level control functions may also

be accomplished with bus-connected intelligent sensors

and actuators.
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CONTROLLER SOFTWARE

Although microprocessor-based controller hardware governBIRECT DIGITAL CONTROL SOFTWARE
to some extent, how a controller is applied, software determines
the functionality. Controller software falls basically into two DDC software can be defined as a set of standard DDC
categories: operators and/or high-level language statements assembled to
1. Operating software which controls the basic operatioaccomplish a specific control action. Key elements in most
of the controller. direct digital control programs are the PID and the enhanced
2. Application software which addresses the unique contrdPID and ANPID algorithms. For further information, refer
requirements of specific applications. to the Control Fundamentals section.

While the P, PI, PID, EPID, and ANPID operators provide
the basic control action, there are many other operators that

Operating software is normally stored in nonvolatile memorgnhance and extend the control program. Some other typical
such as ROM or PROM and is often referred to as firmwar®perators are shown in Table 1. These operators are computer
Operating software includes the operating system (OS) arftements that denote specific DDC operations to be performed
routines for task scheduling, /O scanning, priority interrupi” the controller. Math, time/calendar, and other calculation
processing, A/D and D/A conversion, and access and displ&gutines (such as calculating an enthalpy value from inputs of

OPERATING SOFTWARE

of control program variables such as setpoints, temperatut@mperature and humidity) are also required.
values, parameters, and data file information. Tasks are

scheduled sequentially and interlaced with 1/0O scanning and

Table 1. Typical DDC Operators.

other routine tasks in such a way as to make operation app

Fal Operator

Description

almost simultaneous. However, an external event such as
alarm or a request to execute and energy management progr

Sequence
Hm,

can require that normal operations be suspended until the higlher

Allows several controller outputs to be
sequenced, each one operating over a full
output range.

priority task is serviced. These requests are processed by prio

interrupt software. The interrupt causes the current operation

to cease, and all data held in registers and accumulators pertin

Iﬁ'eversing

ent

Allows the control output to be reversed to
accommodate the action of a control valve
or damper actuator.

to the interrupted programs is temporarily stored in memory

& > ) Ratio Translates an analog output on one scale
Once the interrupt request is processed, all data is returned to to a proportional analog output on a
the proper registers, and the program resumes where it left gff. different scale.
Multiple levels or prioritized interrupts are provided. The effecfanalog Allows a digital output to change when an

of these interrupts is transparent to the application that theontrolled

controller is controlling.

digital output

analog input reaches an assigned value.
Also has an assignable dead band feature.

APPLICATION SOFTWARE

Application software includes direct digital control, energy

management, lighting control, and event initiated programs plt

other alarm and monitoring software typically classified a
building management functions. The system allows applicatio
programs to be used individually or in combination. Fo

Digital
controlled
analog output

Functionally similar to a signal switching
relay. One state of the digital input selects
one analog input as its analog output; the
other state selects a second analog input
as the analog output.

ﬁnalog
Pcontrolled
lAnalog output

Similar to the digital controlled analog
output except that the value and direction of
the analog input value selects one of the
two analog signals for output.

example, the same hardware and operating software can be u
for a new or existing building control by using different

S@Simum

input

Selects the highest of several analog input
values as the analog output.

programs to match the application. An existing building, fo
example, might require energy management software to

Minimum input
he

Selects the lowest of several analog input
values as the analog output.

added to the existing control system. A new building, howev

. . . . L Delay Provides a programmable time delay
might require a combination of direct digital control and energy between execution of sections of
management software. program code.

Ramp Converts fast analog step value changes

into a gradual change.
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The use of preprogrammed operators saves time when writi@ptimum Stop

control sequences and makes understanding of the control

sequence the equivalent of reading a pneumatic control diagram.The optimum stop program (Fig. 6) uses stored energy to

Programming schemes often allow program operators to IWmandle the building load to the end of the occupancy period.

selected, positioned, and connected graphically. The alternatiBased on the zone temperatures that have the greatest heating

to using preprogrammed operators is to write an equivaleand greatest cooling loads, and the measured heating and

control program using the programming language furnishecooling drift rates, the program adjusts equipment stop time to

for the controller. allow stored energy to maintain the comfort level to the end
of the occupancy period. This program adapts itself to

ENERGY MANAGEMENT SOFTWARE changing conditions.

. . LEAD TIME
Microprocessor-based controllers can combine control and OF SHUTDOWN
energy management functions in the controller to allow sensor AHU ON A
and data file sharing and program coordination. Energy /_OPTIMUMSTOP
. . PERIOD
management functions can be developed via the above DDC -
operators, math functions, and time clock values, or they can . . .
. AHU OFF T T T
be separate program subroutines. 200 P o0 M sooPM 600 PM
. |
A summary of energy management programs possible for L o O ey
integration into microprocessor-based controllers follows: I
PZ e
Optimum Start SUMMER I
| NORMAL
/_CONTROL

Based on measurements of indoor and outdoor temperature
and a historical multiplier adjusted by startup data from the
previous day, the optimum start program (Fig. 5) calculates a
lead time to turn on heating or cooling equipment at the
optimum time to bring temperatures to proper level at the time
of occupancy. To achieve these results the constant volume AHU
optimum start program delays AHU start as long as possible,
while the VAV optimum start program often runs the VAV AHU

inBbor
TEMPERATURE (°C)

23

22

21

3:00 PM

COMFORT
LIMITS

WINTER

)

| RANGE

5:00 PM

4:00 PM 6:00 PM

TIME
C4312

Fig. 6. Optimum Stop.

at reduced capacity. Unless required by IAQ, outdoor air

dampers and ventilation fans should be inactive durind'ight Cycle

preoccupancy warmup periods. For weekend shutdown periods,

the program automatically adjusts to provide loheed times. ~ The night cycle program (Fig. 7) maintains a low temperature

This program adapts itself to seasonal and building changdihit (heating season) or high temperature limit (cooling season)
during unoccupied periods by cycling the air handling unit while

the outdoor air damper is closed. Digital control systems often

AHU ON . . .
reduce fan capacity of VAV AHU systems to accomplish this
and reduce energy usage.

AHU OFF —} | } }

6:00 AM | 8:00 AM 10:00 AM 12:00 NOON AHU ON
OPTIMUM
/ OPTIMUM
ADAPTIVELY * STOP —» l«— START
ADJUSTED | NORMAL PERIOD PERIOD
LEAD TIME I occupancy AHU OFF
[5) I | 4:30 PQ/I 5:00 PM 12:00 MIDNIGHT 8:00 AM
< 27 == 1 /
w
«S __\_'N COOLING ~ UNOCCUPIED PERIOD
8 2 | : COMFORT O
g <
% & 21 | LEVEL ,Ig:J 22
- s _/: HEATING fol=)
i ol
= 18 | % é 18
1 1 1 = uw
1 1 1 o
6:00 AM 8:00 AM 10:00 AM 12:00 NOON z 16
TIME a } }

casit 5:00 PM 12:00 MIDNIGHT 8:00 AM

M15137

Fig. 5. Optimum Start. _ )
Fig. 7. Night Cycle.
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Night Purge Load Reset

The night purge program uses cool, night outdoor air to The load reset program (Fig. 9) assures that only the minimum
precool the building before the mechanical cooling is turnedmount of heating or cooling energy is used to satisfy load
on. Digital control systems often reduce fan capacity of VAWequirements. Samples of zone demands are taken and the zone
AHU systems during Night Purge to reduce energy usage:ith the greatest load is used to reset the temperature of the
Outdoor temperature, outdoor RH or dewpoint, and spadeating or cooling source.
temperature are analyzed. One hundred percent outdoor air is

. . . S UPPER UPPER
admitted under the following typical conditions: BOUNDARY 40 BOUNDARY 15
1. Outdoor air above a summer-winter changeover point, L& 5332
such as 1C. ks 855
og@ e
2. Outdoor temperature below space temperature by a sgv §§
age . . . T
specified RH or determined differential. = ou
3. Outdoor air dewpoint less than°06 LOWER LOWER
.. . BOUNDARY 15 BOUNDARY 10
4. Space temperature above some minimum for night purge FULL NO NO FULL
SUCh as 2(2(: HEATING HEATING COOLING COOLING
’ ZONE WITH GREATEST ZONE WITH GREATEST
DEMAND FOR HEATING DEMAND FOR COOLING
Enthalpy HEATING LOAD RESET COOLING LOAD RESET

C4315

The enthalpy program (Fig. 8) selects the air source that
requires the least total heat (enthalpy) removal to reach the
design cooling temperature. The selected air source is either o . —
the return air with a selectable minimum amount of outdoor air Load reset used with digital controllers is the application that

or a mixture of outdoor and return air as determined by locApost sets digital control apart from pneumatic and traditional

control from discharge-air or space temperature measureme, erOI‘ The application uses VAV box loadings to determine

Measurements of return-air enthalpy and return-air dry bul \V AHU requirements for air static pressure and temperature,

are compared to outdoor air conditions and used as criteria Pes reheat valve loadings to determine hot water plz_int
the air source selection. A variation of this, although noteguirements for temperature and pressure, and uses chilled

recommended, is comparing the outside air enthalpy 1o Water valve positions to determine chilled water plant

constant (such as 63.96 kilojoules per kilogram of dry air) sinc:ee?ﬁ'rements for te_mpera'E[ure an pressure. Thtesek?djusltlr{]/i\r}ts

the controlled return air enthalpy is rather stable. 0 the various requirements reduce energy costs when ai v
dampers are less than 70 percent open and AHU design

A conditions (for example, I8 at 0.5 kPa static pressure) are

not required.

Fig. 9. Typical Load Reset Schedules.

OAh > RAh
Without knowledge of the actual instantaneous demands of

the loads that load reset controls, systems must run at the
theoretical worst-case setpoints for temperature and pressure.

SELECT SELECT SELECT ) . .
MINIMUM MINIMUM LOCAL As with most powerful application programs, load reset
oA oA CONTRO requires a great depth of knowledge of the HVAC and control
process. The problem is that if load demands indicate that a
A OPTIONAL CONSIDERATIONS higher chilled water temperature would be appropriate and the
LEGEND: temperature increase is made, all loads are upset because of
OAh = OUTDOOR AIR ENTHALPY the chilled water temperature change. The loads must adjust
RAh= RETURN AIR ENTHALPY and stabilize before another load reset adjustment is made.
OA = OUTDOOR AR Monitoring and tuning is required to assure high performance

OADB = OUTDOOR AIR DRY BULB

control and loop stability. Three parameters determine the
RADB = RETURN AIR DRY BULB

performance and stability of the system: the magnitude of the

incremental corrections, the time interval between correction,

Fig. 8. Enthalpy Decision Ladder. and the magnitude of the hysteresis between raising and
lowering the temperature.

C2439

ENGINEERING MANUAL OF AUTOMATIC CONTROL 139



MICROPROCESSOR-BASED/DDC FUNDAMENTALS

Sun, weather, and occupancy (building utilization) dictate The events of the first scenario occur within seconds because
load reset demands. The sun and weather effects are relativiebth loops (leaving water temperature controlling the chiller
slow and occur as the sun and seasons change. Occupalmad and discharge air temperature controlling chilled water
changes are abrupt and occur over brief periods of time.  flow) are close coupled and fast. Because the two loops oppose

each other (a chilled water temperature rise causes discharge

If a chiller plant with 6.8C design chilled water temperature air temperature to rise which demands more chilled water flow),
is controlled to increase chilled water temperature any time al few minutes must be allowed for system stabilization. The
control valves are less than 80 percent open. Two air handlirgilled water temperature control loop should be fast and keep
units with different control sequences are compared. the chilled water near the new setpoint while the AHU

1. Control valves are on a VAV AHU chilled water coil andtemperature loops slowly adjust to the new temperature.

are part of a 1% discharge air temperature control loop.

The load reset sequence events are: Hysteresis is a critical load reset parameter. Water temperature
a. The most demanding AHU valve closes to belowis raised if all valves are less than 80 percent open but, is not
80 percent open. lowered until one valve is greater than 95 percent open. This
b. The load reset program raises the chilled water 15 percent dead band allows lengthy periods of stability between
temperature setpoint. load reset increases and decreases. Properly tuned load reset
c. The chiller unloads to maintain the raised programs do not reverse the commands more than once or twice
setpoint. a day.
d. As the chilled water temperature increases, the
discharge air temperature increases. Scenario 1 initial parameters could be; command chilled
e. The discharge air temperature controls open thewater temperature increments of 0.2 kelvins, a load reset
AHU valves to maintain the discharge air program execution interval of 4.0 minutes, a decrement
temperature setpoint. threshold of 80 percent, (most demanding valve percent open),
f. The most demanding AHU valve opens to greatean increment threshold of 95 percent (most demanding valve
than 80 percent but less than 95 percent. percent open), a start-up chilled water temperature setpoint of
g. The other AHU valves open increasing the chiller7°C, a maximum chilled water temperature setpoint of°10).5
load. and a minimum chilled water temperature setpoint of@®.5

h. The two temperature loops stabilize in time. The The load reset chilled water temperature program may include
chiller loop is usually set for a fast response and an AUTO-MANUAL software selector and a manual chilled
the discharge air loop is set for a slow response. water temperature setpoint for use in the manual mode.

2. Control valves are on single zone AHU chilled water coil, Unlike scenario 1, the events within scenario 2 occur over

controlled from space temperature at 2&€.5 several minutes (not seconds) because when the chilled water
a. The most demanding AHU valve closes to belowtemperature setpoint is raised, it takes several minutes for the
80 percent open. water temerature rise and the resulting air temperature increase

b. The load reset program raises the chilled water to be fully sensed by the space temperature sensor.
temperature setpoint.

c. The chiller unloads to maintain the raised Scenario 2 parameters could be the same as scenario 1 with
setpoint. the exception of the execution interval which should be about

d. As the chilled water temperature increases, the 15 minutes.
discharge air temperature increases.

e. The space temperature control opens the valves All parameters should be clearly presented and easily
to maintain the space temperature setpoint. This commandable. Figure 10 is an example of dynamic data display
response takes several minutes in space for scenario 1.
temperature control.

f. The most demanding AHU valve opens to greater
than 80 percent but less than 95 percent.

g. The other AHU valves open increasing the chiller
load.

h. The two temperature loops stabilize in time. The
chiller loop is usually set for a fast response and
the discharge air loop is set for a slow response.
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CHILLED WATER TEMPERATURE SETPOINT CONTROL

MANUAL SETPOINT
AUTO-MANUAL SELECTOR

CURRENT VALUE
CURRENT LEAVING WATER TEMPERATURE CHILLED WATER
VALVES
CURRENT CHILLER LOAD (% AMPS) AHU %

OPEN

AUTOMATIC MODE SEQUENCE OF CONTROL

~
w

#

1

2

ANYTIME ANY AHU CHW VALVE IS > % OPEN, THE CHW 3
TEMPERATURE SETPOINT WILL BE DECREMENTED DEGREES, 4
5

6

7

8

9

BUT TO NO LESS THAN [ 1(®DEGREES.

ANYTIME ALL AHU CHW VALVES ARE < % OPEN, THE
CHW TEMPERATURE SETPOINT WILL BE INCREMENTED
DEGREES, BUT TO NO GREATER THAN DEGREES.

~ N ~H = = N

10
THIS PROGRAM EXECUTES EVERY MINUTES. 11 o
12 74
\_ J
M15138
Fig. 10. Dynamic Data Display Example
Load reset works best when the number of monitored loads TOTAL COMFORT RANGE
are between 2 and 30. If any monitored load is undersized or A\ N
stays in full cooling for any reason, reset will not occur. See HEATING ZERO ENERGY COOLING
the Air Handling Systems Control Applications section and the REGION BAND REGION

7\ 7\ 7\

Chiller, Boiler, and Distribution System Control Applications /

section for other load reset examples. |
FULL
ON =

Zero Energy Band

|

The zero energy band (Fig. 11) program provides a dead |
band where neither heating nor cooling energy is used. This |
I

I

;

1

limits energy use by allowing the space temperature to float
between minimum and maximum values. It also controls theF
mixed-air dampers to use available outdoor air if suitable for orr —
cooling. On multizone fan systems with simultaneous heating

and cooling load capability, zone load reset controls the hot

and cold deck temperature setpoints.

VENTILATION

HEATING ONLY COOLING

e

[ 1
I T
23 24 255

TYPICAL SPACE TEMPERATURE RANGE (°C)

C4314

Fig. 11. Zero Energy Band.
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Distributed Power Demand BUILDING MANAGEMENT SOFTWARE

The distributed power demand program (Fig. 12) is only Microprocessor-based controllers are used extensively as
applicable to microprocessor controllers with intercommunidata gathering panels (DGP) for building management
cations capability. The demand program is resident in a singéystems. Since a microprocessor-based controller is already in
controller which monitors the electrical demand and transmitglace to provide DDAAQ, and EMS functions, many sensors
the required load shed or restore messages to other controllersaoil data files can be shared with building management system
the communications bus or within the network. Each individuglBMS) functions. The distribution of many BMS functions into
controller has prioritized load shed tables so that when a messamgatrollers throughout the premises increases the overall system
to shed a specific number of kilowatts is received it can respomdliability. The following BMS software is normally included
by shedding its share of the load. The basic demand programthe controller.
normally utilizes a sliding window demand algorithm and has
provision for sequencing so that the same loads are not alwajkarm lockout: Permits designated alarm points to be locked

shed first when a peak occurs. out from reporting process depending on the status
of another point, e.g., discharge temperature alarm
It should be noted that there is interaction between the power can be locked out when fan is off and during initial
demand program, duty cycle program, time schedule programs, startup periods.

and optimum start and stop pro;grams. Therefore, a priority
structure program is necessary to prevent control contentionslarm monitoring: Scans all analog and digital points and
tests for alarm status. Sets of high and low limits for

e AVERAGE analog inputs are stored in the controller.
AVERAGE | J

DEMAND

/ DEMAND
I

DEMAND Communications module: Controls transmissions between
| LmiT controllers and between controllers and a central
computer based on an established bus protocol.

| Global points: Allows designated points to share their data
I with other bus connected devices.
l

POWER (KW OR MW)

Run time: Accumulates equipment on or off time and trans-

INTERVAL INTERVAL INTERVAL INTERVAL mits totals periodically to the central system. On-off
! 2 3 4 cycle counting can also be accumulated as a mainte-
I TIME > nance indicator. Alarm annunciation occurs if run time
Ca429 or cycle count limits are exceeded.
Fig. 12. Typical Power Curve Over Four Time and event programs:nitiates a predetermined series of
Successive Demand Intervals. control actions based on an alarm condition, a point

status change, time of day, or elapsed time. Points acted
upon can be resident in any controller.

CONTROLLER PROGRAMMING

GENERAL system controller level, a problem oriented language or a subset
of a high-level language can be used to define control loops

The term programming as it pertains to microprocesso?‘-nd sequences.

based controllers relates primarily to setting up the controller i
for the given application. Zone-level controllers require The means of entering a program can vary from a keypad

initialization, selection of control algorithms and parameteré"}nd readouts on the controller to an operator terminal in a large

definition of control sequences, and establishing reference d&eptrally t_)asgd qomputer configuration. Soph|§tlcat|on o_f the
bases. For zone-level controllers, the programming effort cghtry device is directly related to how well defined and fixed

be as simple as selecting the applicable control sequence frmﬁ control application is compared to the degree of customization
a library of programs resident in a configurable controller Ed end-user modifications required. If considerable customization

highly customized applications, usually encountered at el modification is required, data entry could require a centrally
based computer or a portable PC.
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terminals are dedicated to a control relay or specific type of
actuator. The need for data files is minimized. The processor

Programming of microcomputer-based controllers can béIWayS knows what to look for as it scans those pOintS, and it
subdivided into four discrete categories: knows how to process the data.

1. Configuration programming.

2. System initialization programming.

3. Data file programming.

4. Custom control programming.

PROGRAMMING CATEGORIES

System-level controllers are variable-function and are more
universal in application. These controllers must be able to
perform a wide variety of control sequences with a broad range
of sensor input types and control output signals. System-level

Some controllers require all four levels of program entry whil&€ontrollers require more extensive data file programming. For

other controllers, used for standardized applications, requifg€ controller to properly process input data, for example, it
fewer levels. must know if the point type is analog or digital. If the point is

analog, the controller must know the sensor type, the range,
whether or not the input value is linear, whether or not alarm
limits are assigned, what the high and low alarm limit values

Configuration programming consists of Se'ecting Whicl’ﬁre if limits are aSSigned, and if there is a lockout pOint. See
preprogrammed control sequence to use. It requires the selectigiPle 2. If the point is digital, the controller must know its
of hardware and/or software packages to match the applicatifrmal state (open or closed), whether the given state is an
requirements_ Configuration programming can be as Simp'e égirm state or merely a status Condition, and whether or not the
selecting a specific controller model that matches the speciff@ndition triggers an event-initiated program.
application requirements, or it can require keyboard selection
of the proper software options in a more complex controller. Table 2. Typical Data File for Analog Input.

Universal type controllers, typically applied as zone-leve| pgint Address
controllers for VAV or other terminal units, are usually
preprogrammed with several control sequences resident [in
memory. In these cases, configuration programming requirgSensor
selecting the proper control sequence to match the applicatipRhysical terminal assigned 16

through device strapping or keyboard code entry. Use code Cold deck dry bulb

Engineering unit °C

CONFIGURATION PROGRAMMING

User Address

Regular or calculation
Platinum (-20 to 40°C)

Point type

SYSTEM INITIALIZATION PROGRAMMING

Decimal places for display XXX.X
System initialization programming consists of entering High limit 21.0
appropriate startup values using a keypad or a keyboard. Starfugw limit 4.0

data parameters include setpoint, throttling range, gain, reqg

“Alarm lockout point

Point address

time, time of day, occupancy time, and night setbac
temperature. These data are equivalent to the settings o
mechanical control system, but there are usually more iterfé'afm priority
because of the added functionality of the digital control system.

I%loint descriptor Cold deck temperature

Critical

DATA FILE PROGRAMMING CUSTOM CONTROL PROGRAMMING

Data file programming may or may not be required depending Custom control programming is the most involved
on whether the controller is a fixed-function or variable-functiorprogramming category. Custom control programming requires
device. Zone-level controllers are typically fixed function sincea step-by-step procedure that closely resembles standard
the applications and control sequences are generalbpmputer progimming. A macro view of the basic tasks is
standardized. In these controllers, the input terminals aghown in Figure 13.
dedicated to a specific sensor type and range, and the output
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Partition Into Control Loops

START

ANALYZE
CONTROL

APPLICATION

REQUIREMENTS

The next step is to partition the entire process into individual
control loops. The Control Fundamentals section defines a
control loop as a process in which a controller compares the
measured value of a controlled variable to a desired value or
setpoint. The resulting output of the controller goes to an
actuator that causes a control agent to lessen the deviation
between actual and desired values (Fig. 14). Control loops can
be complex when limit control is needed or when several
actuators are controlled in sequence to maintain the controlled
variable. At this step a flow chart should be drawn showing all
relationships influencing the controlled variable between the
controller and actuators.

STEP 1

SYSTEM
DRAWINGS AND
SEQUENCES OF
OPERATION

PARTITION
INTO CONTROL
LOOPS

STEP 2
CONTROLLER

CONTROL ERROR
™| ALGORITHM
DISTURBANCE
* \ (LOAD CHANGE)
DETERMINE CORRECTIVE FINAL
INPUTS AND SIGNAL _ | coNTROL
STEP 3 OUTPUTS SETPOINT DIA ELEMENT
FOR EACH LOOP )
(ACTUATOR)
|—> PROCESS
MANIPULATED
FEEDBACK VARIABLE

DESIGN,
WRITE, AND COMPILE
PROGRAM

STEP 4 SENSING |-
ELEMENT CONTROLLED

VARIABLE

C2441

Fig. 14. Simple Control Loop.
RUN DEBUG
AND
SIMULATION
PROGRAMS

STEPS A typical central fan system may require several control loops
including various combinations of:
— Discharge-air temperature control
— Mixed-air temperature control
— Hot-deck temperature control
— Cold-deck temperature control
— Humidity or dewpoint control
— 1AQ control
— Ventilation control
— Supply fan static pressure control
— Return fan airflow control

INSTALL
PROGRAM
AND
ASSOCIATED

STEP 6 DATA FILES

C2440

Fig. 13. Custom Control Program Development.
Determine Inputs and Outputs
Analyze Control Application
The next step in custom control programming is to determine

The systems analysis step in writing a custom control préke inputs and outputs associated with each control loop. This
grams requires that the control engineer thoroughly understaastablishes the data file associated with the program.
the process controlled. The output of the systems analysis is
normally a system drawing and a concise and clearly stated
sequence of operation.
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Design, Write, and Compile Program other control blocks. Although this process requires little or no

knowledge of programming, it does require in-depth knowledge
The actual process of designing and writing the control loopf the control blocks and the specific HVAC process.

programs can be a very complex or a relatively straightforward

procedure, depending on the language processing software

provided for the controller. The microprocessor-based controllé?€bug, Install, Enter Data Files, and Test

understands instructions only at the most elementary language

level, i.e., strings of 1s and Os or machine code. Because ofRegardless of the custom control program used, each program

this, language processing software is often required. Thgust be debugged to assure proper operation. When programs

software translates the instructions of a control program writted® Written on a host machine, special debug and simulation

in an easier-to-use high-level language into actual machif¥ograms are frequently employed prior to installing the

code. The terms compiler, assembler, object oriented, §fogram in the controller. Debug programs test for syntax

interpreter are used to describe types of language processfi@guage) and procedural errors. Simulation programs allow

software packages. The assembler is normally associated wifiputs and outputs to be simulated and a static test of the

a lower level assembly language while the compiler, objedfogram to be run. After debug and error correction, the program

Oriented, or interpreter is norma”y associated with a h|ghénd associated data files are loaded into the controller and a

level language. Most system level controllers today ar&!ll system check is made under normal operating conditions

programmed using an object oriented (graphical) language. 0 assure proper operation.

Object-oriented languages are custom software packag8sme systems allow graphically constructed programs to be
tailored to the requirements of a specific vendor’s controllemonitored live in their actual executing environment with inputs,
Control sequences are built by selecting preprogrammed contalitputs, and intermediate signal values updating continuously.
blocks, for example the PID algorithm, and linking them with

TYPICAL APPLICATIONS

ZONE-LEVEL CONTROLLER settings to satisfy space temperatures. On a call for less cooling,
the damper modulates toward minimum. On a call for more

Zone-level controllers can be applied to a variety of types ofooling, the damper modulates toward maximum. The airflow

HVAC unitary equipment. Several control sequences can beontrol maintains the airflow at whatever level the thermostat

resident in a single zone-level controller to meet variouslemands and holds the volume constant at that level until a

application requirements. The appropriate control sequence iew level is called for. The minimum airflow setting assures

selected and set up through either a PC for the system or througgntinuous ventilation during light loads. The maximum setting

a portable operator's terminal. The following two exampledimits fan loading, excessive use of cool air, and/or noise during

discuss typical control sequences for one type of zone-levéleavy loads.

controller used specifically for VAV air terminal units. For

further information on control of terminal units, refer to the

Individual Room Control Applications section. As stated in EXAMPLE 2. VAV COOLING WITH

the introduction, the following applications are for stand- SEQUENCED ELECTRIC REHEAT

alone controllers. See the Building Management System

Fundamentals section for network applications. In a VAV cooling air terminal unit application with sequenced

electric reheat, an adjustable deadband is provided between the

cooling and the reheat cycle. During cooling the control mode
EXAMPLE 1.VAV COOLING ONLY is constant discharge temperature, variable volume. On a call

for less cooling, the damper modulates toward minimum flow.

In a pressure independent VAV cooling only air terminal unitThe damper remains at minimum cooling through a deadband.
application the zone-level controller controls the primary airflowOn a call for reheat, the damper goes from minimum flow to
independent of varying supply air pressures. The airfloweheat flow to ensure proper air distribution and prevent
setpoint of the controller is reset by the thermostat to vargxcessively high discharge temperatures and to protect the
airflow between field programmable minimum and maximumreheat elements. In this sequence, duct heaters are cycled and
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staged by a PI algorithm with software heat anticipation. See 4. Develop a detailed flowchart of the control sequence

Figure 15. During reheat, the control mode changes to constant  using either DDC operators or a programming logic flow

volume, variable discharge temperature. diagram. Programs written totally in a high-level language
use the logic flow diagram.

5. Write the program using either DDC operators (Table 1)

s
S wax CONSTANT VOLUME, or high-level language statements.
g FLOW —]VARIABLE DISCHARGE TEMPERATURE
-
/_/% .
§ iRl An example of this approach follows for control of a hot
& DISCHARGE water converter:
<§( yﬂgw . TEMPERATURE,
E VARIABLE .
+— DEADBAND —»|  VOLUME Step —Develop flow schematic of the process to be controlled
coLp i i HOT (Fig. 16).
HEATING COOLING
SETPOINT SETPOINT
i i STEAM
1 SPACE LOAD 1 C2686
i H H HOT WATER SUPPLY
Fig. 15. Control Sequence fpr VAV Cooling with —d STEAMTO
Sequenced Electric Reheat. _@ HOT WATER
CONVERTER
HOT WATER RETURN |
SYSTEM-LEVEL CONTROLLER M15035

System-level controllers are variable-function devices applied F19- 16- Schematic of Steam to Hot Water Converter.
to a wide variety of mechanical systems. These controllers can
accommodate multi-loop custom control sequences and have ) . .
control integrated with energy management and buiIdin&tep 2—.Ident|fy required sensors,.actuato_rs, and ope_rau_onql data
management functions. The examples that follow cover direct ~ (Fi9- 17). Refer to the Chiller, Boiler, and Distribution
digital control functions for a system-level controller. Integrated ~ SYStem Control Applications section for a symbol legend.
building management functions are covered in the Building

Management System Fundamentals section. OUTSIDE OUTSIDE | HOT WATER
AR AIR SETPOINT SETPOINT

Where the examples indicate that user entered values a@' » F— Lo Lse (DLe |
furnished (e.g., setpoint), or that key parameters or DDC [0 K@ | [ k&
operator outputs will have display capability, this represents HOT WATER RESET
sound software design practice and applies whether or not the SCHEDULE
controller is tied into a central building management system.
Data is entered or displayed in non-BMS applications by a SP
portable operator’s terminal or by a keypad when display is N ouT
integral with the controller. PP

oren

A five-step approach can be used to define DDC programs.

1. Develop a system flow schematic as a visual PUMP-ON G ¢) ! STEAM
representation of the process to be controlled. The SETPOINT g || VALVE
schematic may be provided as a part of the plans and . T A TER
specifications for the job. If not, a schematic must be WATER CONVERTER
created for the system. RETURN Ly

2. Add actuators, valves, sensors, setpoints, and operational HOT WATER M15130

PUMP

data required for control and operation.

3. Write a detailed sequence of operation describing theFig. 17. Schematic lllustrating Sensors, Actuators, and

:)ec:;arfltgnshlp between inputs, outputs, and operational dataOperationaI Data for Steam to Hot Water Converter.
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If the DDC system is provided with a BMS having a color
monitor, a graphic may be required to be displayed with live,
displayable and commandable points (12 total). If a BMS is
not provided, the points may be required to be displayed on a
text terminal (fixed or portable) at the system level controller.

START

O.A.
TEMP
EQUAL TO OR
BELOW
11°C

NO YES

Step 3—Write a detailed sequence of operation for the process.

The hot water pump starts anytime the outside air temperaturg
drops to 11C, subject to a software on-off-auto function.

When hot water pumping is proven by a current sensing relay, — N° ToRN START ZONTROY
converter controls are energized. Hot water temperature setpoint OFF PUMP oYSTEM |
varies linearly from 50C to 77C as the outside air temperature NO YES
varies from 18C to -20C. The converter steam valve is
modulated to maintain a converter leaving water temperature cLose ENERGIZE
according to a varying reset schedule. VALVE i

The steam valve closes anytime hot water pumping is not

proven and anytime the valve actuator loses motive power. QNTROL
MAINTAINS
Step 4—Develop the detailed flowchart. SCLEBULE

Step 5— Write the program.

See the Air Handling System Control Applications section g Mis120
and the Chiller, Boiler, and Distribution System Control
Applications section for other examples of Microprocessor- Fig. 18. Flowchart Example.

Based/DDC systems.
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INTRODUCTION

This section provides basic information on Indoor Air QualityMeasures taken to offset increasing energy costs since the 1970s,
(IAQ) and suggested control solutions. The causes and effedtsreasing use of synthetic materials in building construction
of several contaminants are discussed. These contaminaat®d maintenance, compressed construction schedules, and
provide reason for concern about IAQ. Also included areeduction in operational maintenance resulting from competitive
recommended or required approaches to IAQ compliance apgessures have made |IAQ a major problem for the building
general approaches to preventing and controlling IAQ problemdesigner, operator, and owner.

In addition, typical graphic displays are included illustrating

the usefulness of an operator interface to allow pinpointing and A correctly designed control system properly applied to a

correcting any problems that might cause degradation of IAQvell designed HVAC system can ensure optimal IAQ, which in

Displays, requiring acknowledgment, can also be provided toirn will ensure occupant comfort and improved employee

alert the operator that periodic maintenance of I1AQ is requiregroductivity. A poorly designed, installed, or maintained control
system can reduce IAQ below acceptable levels, resulting in

The issue of indoor air quality (IAQ) has moved from virtualreduced productivity, increased employee health costs and
non-existence to a major concern over the last twenty yeafsuilding maintenance costs, and major legal costs.

DEFINITIONS

To control 1AQ it is necessary to understand the termBiocontaminant; Contaminants which are either life forms

commonly in use by the various agencies involved in industry (molds of the genera aspergillis) or are derived from

and government which relate to the many disciplines involved. living things such as rodent droppings.

Aerosol: Liquid droplets or solid particles, suspended in air, thaBuilding-related illness: A diagnosable illness with identifiable
are fine enough (0.01 to 100 micrometers) to remain symptoms whose cause can be directly attributed to
dispersed for a period of time. airborne pollutants within the building (e.qg.,

Legionnaires disease, hypersensitivity pneumonitis).

Air cleaner: A device that actively removes impurities from the

air. Includes particle filters, gas phase filters andCarcinogen: An agent suspected or known to cause cancer.

electronic devices.

Commissioning:

Air quality standard: A government-mandated regulation which

specifies the maximum contaminant concentration « Building: The process of designing, achieving, verifying,

beyond which health risks are considered to be and documenting the performance of a building to meet

unacceptable. the operational needs of the building within the capabilities
of the design and to meet the design documentation and
the owners functional criteria, including training of
operating personnel.

Allergen: A substance that can trigger immune responses resulting
in an allergic reaction; also known as antigen.

Bacteria: One celled organisms which are members of the protista,

a biological classification. HVAC System:The process of documenting and verifying

the performance of HVAC systems so that systems operate
Bakeout: A technique for reducing emissions of new construction  in conformity with the design intent.

in which thebuilding temperature is raised (usually to
at least 32C) for several days to enhance emissions o€ontaminant: An unwanted constituent that may or may not be

volatile compounds from new materials, while running associated with adverse health or comfort effects. See
the ventilation system at full capacity to exhaust the Pollutant.
emissions.

Decay rate:The rate at which the concentration of a compound
Bioaerosols:Airborne microbial contaminants, including viruses, diminishes.

bacteria, fungi, algae, and protozoa. The term also refers
to the reproductive units, metabolites, and particulat®ilution: The reduction of airborne concentration of contaminants

material associated with these microorganisms. through an increase in outdoor air supplied to the space.

Dioctyl phthalate: An oily liquid used in testing filters.
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Dose:The amount of a given agehat actually reachdke site Micro-organisms: Life forms too small to be seen with the
in thebody where itauses an effect. unaided eye.

Electrostatic air cleaner: A device that has an electrical chargeMitigation: A procedure or strategy aimed at reducing or

to trap particles traveling in the airstream. eliminating an indoor air problem, through source
control, ventilation control, exposure reduction, and air
Emission: The release of airborne contaminants from a source. cleaning.

Emission rate: A measure of the quantity of a chemical releaseultiple Chemical Sensitivities (MCS): A medical condition
into the air from a given quantity of a source during a affecting several organs in which a person reports
given amount of time. sensitivity to very low doses of a variety of chemicals

after an identifiable chemical exposure to one chemical.

Emission standard:Either a voluntary guideline or a government
regulation that specifies the maximum rate at which &ational Ambient Air Quality Standard (NAAQS): The U.S.

contaminant can be released from a source; also called outdoor air quality standards designed to protect public
source emission standard. health. Pollutants covered by the NAAQS include ozone,
sulfur dioxide, nitrogen dioxide, lead, respirable
Environmental Tobacco Smoke (ETS)Combustion emissions particulates, and carbon monoxide.

(composed of over 3800 identifiable contaminants,
including 43 known or suspected carcinogens) releasddccupied Zone:The area in a room or building in which most

either by burning tobacco or exhausted tobacco smoke. human activity takes place, considered by ASHRAE to
be between 75 and 1830 millimeters from the floor and
Flushout: A preoccupancy preventive procedure which involves 600 millimeters from walls or fixed equipment.

running a ventilation system on its highest settings to
remove the airborne emissions from newly installedOff gassing:The release of gases, such as organic vapors, from a
furnishings and carpeting. See Bakeout building material after the manufacturing process is
complete.
Formaldehyde (HCHO): An odorous Volatile Organic
CompoundVOC) that contains oxygen in addition to Particulates: Small airborne particles found in the indoor

carbon and hydrogen which is usually in the form of a environment that include fibrous material, solid-state
colorless gas at room temperature. semivolatile organic compounds such as Polycyclic
Aromatic Hydrocarbons (PAHS), trace metal, and
Fungi: Unicellular or multicellular eukaryotic organisms biological materials.
embracing a large group of microflangluding molds,
mildews, yeasts, mushrooms, rusts, and smuts. Permissible Exposure Limit (PEL): Air contaminant standards
set by OSHA.

HEPA filter: A classification of high-efficiency particulate air
filters. 4-phenylcyclohexene(4-PC)An odoriferous compound that is
a by-product of the manufacture of styrenebutadiene.
Hypersensitivity disease:A type of disease characterized by
allergic responses to antigens. Pollutant: A contaminant that is known to cause illness; often
used synonymously with contaminant.
Indoor Air Quality (IAQ): The characteristics of the indoor
climate of a building, including the gaseous compositionPollutant pathway: Route of entry of an airborne contaminant

temperature, relative humidity, and airborne contaminant from a source location into the occupant breathing zone
levels. through architectural or mechanical connections (e.g.
through cracks in walls, vents, HVAC system ducts, and

Legionnaires diseaseOne of two important diseases (the other open windows.

being Pontiac fever) that are caused by legionella
pneomophila bacteria. The disease is a severRadon: A colorless, odorless, radioactive gas emitted during the

multisystemic illness that can affect not only the lungs disintegration of radium. Radon can be a serious indoor
but also the gastrointestinal tract, central nervous system, air contaminant in building areas which are in contact
and kidneys. with or are penetrated by gases emitted from radium

containing bedrock or building stones.

Materials Safety Data sheets (MSDSsYOSHA required
documents supplied by manufacturers of potentiallj\Respirable Suspended Particles (RSP)nhalable particulate
hazardous products. MSDSs contain information matter; particles less than 10 micrometer in diameter.
regarding potentially significant airborne contaminants,
precautions for inspection, health effects, odoiSick building: A building in which the IAQ is considered to be
description, volatility, expected contaminants from unacceptable to a majority of occupants.
combustion, reactivity, and procedures for spill cleanup.
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Sick Building Syndrome (SBS):A term used to refer to the Threshold: The contaminant dose or exposure level below
condition in which a majority of building occupants which there is no expected significant effect.
experience a variety of health and/or comfort effects
linked to time spentin a particular building, but whereTotal Volatile Organic Compounds (TVOCSs): A measure

no specific illiness or causative agent can be identified. representing the sum of all VOCs present in the air.
Symptoms often include headaches, eye irritation, and
respiratory irritation. Toxicity: The nature and degree of a given agent’s adverse

effects on living organisms.
Sink: A material with the property of absorbing a chemical or
pollutant with the potential of subsequent reemissionyolatile Organic Compound (VOC): One of a class of

sometimes called a sponge. chemical components that contain one or more carbon
atoms and are volatile at room temperature and normal

Source control: A preventive strategy for reducing airborne atmospheric pressure. In indoor air, VOCs are
contaminant levels through the removal of the material generated by such sources as tobacco smoke, building

or activity generating the pollutants. products, furnishings, cleaning materials, solvents,

polishes, cosmetics, deodorizers, and office supplies.
Stressor:Any biological, chemical physical psychological, or
social factor that contributes to a complaint.

ABBREVIATIONS
The following abbreviations are used throughout this section NO2 — Nitrogen Dioxide
in the text and drawings. NRC — Nuclear Regulatory Commission
_ . _ O3 — Ozone
AHU — Air Handling Unit OA — Outdoor Air
ASHRAE — American Society Of Heating, OSHA — Occupational Safety and Health Agency
Refrigerating and Air Conditioning 4-PC — 4-Phenylcyclohexene
Engmeers _ . PAH — Polycyclic Aromatic Hydrocarbons
ANSI — American National Standards Institute Pb — Lead
BOCA — Building Owners and Code PEL — Permissible Exposure Limit
Administrators PMV — Predicted Mean Vote
BMS — Building Management System ppb — Parts per billion
DNR — Department of Natural Resources ppm — Parts per million
C — Celsius . PHD — Public Health Department
CDC — Center for Disease Control RA — Return Air
CO — Carbon monoxide RH — Relative Humidity
COz2 — Carbon dioxide RSP — Respirable Suspended Particles
DOP — Dioctyl phthalate SBC — Southern Building Code
EA — Exhaust Air SA — Supply Air
ETS — Environmental Tobacco Smoke SO, — Sulfur Dioxide
HCHO — Formaldehyde . _ SBC — Southern Building Code Officials
HEPA — High Efficiency Particulate Filter SBS — Sick Building Syndrome
EPA — Environmental Pollution Agency SP — Supply Pressure
IAQ — Indoor Air Quality . STEL — Short Term Exposure Limit
IDLH — Immediately Dangerous to Life and SMACNA — Sheet Metal and Air Conditioning
Health Contractors National Association
L/s — Liters per second TLV — Threshold Limit Value
MA — MIXQd Alr _ o TSP — Total Suspended Particulates
MCS — Multiple Chemical Sensitivities TVOC — Total Volatile Organic Co