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1. SCOPE:
The recommendations of this SAE Aerospace Recommended Practice (ARP) for aircraft compartment
automatic temperature control systems are primarily intended to be applicable to occupied or
unoccupied compartments of civil and military aircraft.
1.1 Purpose:
The purpose of this ARP is to outline the design considerations and criteria for automatic
temperature control systems, for use as a guide in the aircraft industry. In most environmental
control systems (ECS), temperature control is accomplished by an ECS controller; several of the
control schemes discussed are based on these controllers. These recommendations are
representative of present engineering practices, and necessarily subject to revision from time to time
due to the rapid development of the industry.
2. REFERENCES:
2.1 SAE Publications:
Available from SAE, 400 Commonwealth Drive, Warrendale, PA 15096-0001.
21.1 ARP85 Air Conditioning Systems for Subsonic Airplanes
2.1.2 ARP147 Aircraft Air Conditioning Equipment Nomenclature
2.1.3 ARP292 Environmental Control Systems for Helicopters
21.4 ARP986 Guide for Qualification Testing of Aircraft Air Valves

2.1.5 AIR1168/6 Characteristics of Equipment Components, Equipment Cooling System Design, and
Temperature Control System Design

216 AIR1823 ECS Transient Analysis Computer Program (EASY)

2.1.7 SAE Paper 820867 A Hybrid Facility for Simulation, Development of ECS Microprocessor
Based Controls

2.2 ANSI Publications:

Available from American National Standards Institute, 11 West 42nd Street, New York, NY 10036-
8002,

2.2.1 ANSI MC85.1M-1981 Terminology for Automatic Control, American National Standard,
American Society of Mechanical Engineers
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2.3 Military Publications:

Available from DODSSP, Subscription Services Desk, Building 4D, 700 Robbins Avenue,
Philadelphia, PA 19111-5094.

2.3.1 MIL-E-18927  Environmental Control Systems, Aircraft, General Requirements
2.3.2 MIL-E-87145 Environmental Control, Airborne, General Design Specification
2.3.3 MIL-STD-810 Environmental Test Methods and Engineering Guidelines

2.4 FAA Publications:

Available from Federal Aviation Administration, 800 Independence Avenue SW, Washington, DC
20591.

2.4.1 Federal Aviation Regulations, Airworthiness Standards (Parts 23, 25, 27, and 29)

2.4.2 Federal Aviation Regulations, Part 121 Certification and Operations: Domestic, Flag and
Supplemental Air Carriers and Commercial Operators of Large Aircraft

2.5 Other Publications:
2.5.1 Joint Airworthiness Requirements (Parts 23, 25, 27, and 29)

2.5.2 Air Transport Association of America, Airline Industry Standard: World Airlines Technical
Operations Glossary (WATOG) - 8th Edition

2.5.3 Air Transport Association of America, Maintenance Steering Group (MSG-3)

2.5.4 ARINC 604, Guidance for Design and Use of Built In Test Equipment

2.5.5 RTCA/DO-160 Environmental Conditions and Test Procedures for Airbome Equipment

2.5.6 Federal Information Processing Standards (FIPS) PUB 101, Guideline for Life Cycle Validation,
Verification and Testing of Computer Software, National Institute of Standards and Technology

(NIST)

2.5.7 PB82-209172, A Survey of Software Validation, Verification and Testing Standards and Practices
at Selected Sites, National Institute of Standards and Technology (NIST)

2.5.8 NATO Standardization Agreements (STANAG)
2.6 Terminology:

The terminclogy of ARP147 should be used where applicable. Further terminology may be found in
ANSI MC85.1M-1981.
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2.7 Definitions:

The following definitions apply to the special items related to automatic temperature controls as used
in this document. In addition, the various control schemes are defined in Section 4.

ACCURACY: The degree to which the controlled temperature approaches the steady-state set point
value. It is usually expressed as +/- a given amount.

ANALOG SYSTEM: A continuous time system. A system where all signals can change continuously
with time.

ANTICIPATION: A means of sensing that some modification of controller action is necessary before
the main sensing element has specified such a need. This is usually accomplished by sensing the
rate of change of the controlled temperature, either directly or indirectly.

CLOSED LOOP CONTROL: A system where the control action is dependent on the output. The
controller acts on a process in such a way to correct an error detected by direct measurement.

CONTROL ACTION: The act of changing some variable (position, power, etc.) to effect a correction
of the controlled temperature.

CONTROL AMPLIFIER: The device which mixes the signals from the input and feedback devices,
detects an error if there is one, and causes a correction to be made.

CONTROL POINT: The actual value of the controlled temperature at which the system is controlling.

CONTROLLED DEVICE: The final element which is under the direct control of the control amplifier,
such as a valve, damper, programmer, or a resistance heater.

COOLING EFFECT: The ability of a fluid stream to carry away heat. For a given fluid, this is a
function of temperature and mass flow.

CORRECTIVE ACTION: Controller output which results in a change in controlled temperature in the
direction of the control point.

CRITICAL DAMPING: Exponential convergence to stable, steady-state operation. When two roots
of the system characteristic equation are real and identical, it is considered to have critical damping.

DEAD BAND: The complete range of values of the controlled temperature in which no corrective
action will be taken by the controller.
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2.7 (Continued):

DIFFERENTIAL: When applied to two position control action, it is the difference between the value of
the controlled temperature at which the controller operates to one position and that value of
controlled temperature at which it operates to the other position. When applied to a control with a
dead band, it is the difference between the value of the controlled temperature at which the controller
action in a given direction is started and the value at which it is stopped. The differential is not
necessarily the same on both sides of null.

DIGITAL SYSTEM: A system where inputs and outputs of the system are discrete data time
sequences.

DROOP: The difference between the control point and the set point due to some inherent control
characteristic. Also called offset or deviation.

ERROR: The difference between the reference or selected value and the actual or sensed value.

FEEDBACK: The property of a closed loop system which allows comparison of the output of a
system to the input (reference) to allow for a control action to take place.

HYBRID: A combination of two or more integrated circuits (ICs) in one package. A combination of an
analog and digital computer.

NEUTRAL ZONE: Same as dead band.
NULL: An error whose value is zero,; in this situation, there is no input to the controller.

OPEN LOOP CONTROL: A system where the control action is independent of the output. A
feedback control system which has been broken at some point in the signal path.

PROPORTIONAL BAND: The total amount of change in the controlled variable required for the
controller to move the controlled device through its complete stroke. That is, the amount that the
control point of the system can be changed by varying the controlled device over its entire range.
Also called throttling range.

PULSE BAND: That range of controlled variable over which the final control device is pulsed to take
corrective action.

PULSE MODULATION: A method of varying the rate of corrective action as a function of error by
moving the final control device in discrete steps. See also Pulse Band.

RESET: Another term for an integrating control function. Also used for any control characteristics
which eliminate droop in a system.

RESPONSE: A quantitative expression of the output as a function of the input under conditions
explicitly stated.
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2.7 (Continued):

RESPONSE TIME: A measure of the time required to complete some part or all of a required action.
The 63% point is commonly used: e.g., the time required for the cabin air temperature to reach 63%
of the total change which results from a step change in the supply air temperature; this is the typical
definition of the time constant.

SAMPLED DATA SYSTEMS: A system that does not continucusly update information, normally a
digital/discrete system. In general, a sampled data system includes a data hold device, inserted
directly following the system, to preclude high-frequency components inherent in the sampled signal
from disrupting the controlled parameter or controller operation.

SENSING ELEMENT: A transducer which measures the value of a variable by providing an output
that can be utilized by the controller.

SENSITIVITY: In a sensing element, the ratio of change in output to a specified change in input.

SET POINT: That value of the controlled parameter to which the selecting device is adjusted,
representing the desired value of controlled variable.

THRESHOLD: In a system or component, the smallest signal input capable of causing an output
signal having desired characteristics.

TRANSFER FUNCTION: The mathematical expression relating the output to the input of a control
system or component thereof,

3. CONTROL SCHEMES:

Various schemes are available for automatic control of temperature. Each scheme produces a
different kind of controller output in the presence of a given error. It is the purpose of this section to
briefly describe these various schemes or approaches to temperature control and to draw conclusions
concerning each scheme.

3.1  On/Off Control:

As its name implies, the final controlled device can assume only two output states as dictated by the
controller output being either on or off; also known as a "bang-bang" control. Typically this is an
analog controller.

The controller, for mechanical reasons, possesses a differential. For example, a bimetal actuated
thermostat with an electric output will usually require a temperature change of at least 1.5 °F (0.8 °C)
to move the contacts from open to closed or vice-versa.
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3.1 (Continued):

The controlled temperature will oscillate as the controller goes from on to off to on; and if the system
has little or no thermal capacitance, the amplitude will be equal to the differential of the controller.
The frequency depends on the differential and the time constant of the system. In a fast-responding
system, a deliberately large differential may be necessary to prevent undue wear on valves,
contactors or other elements in the control loop. If the system has thermal capacitance, e.g., an
electric heating element plus the material in which it is imbedded, the capacitance will continue to
emit heat to the controlled space and the temperature in the space will continue to rise even after the
controller has turned to "off".

This overshoot, when added to the amplitude caused by the differential, can produce objectionable
swings in the controlled temperature. Control elements such as variable rate integrators and
lead-lag networks can be used to minimize these overshoots.

3.2 Floating Control:
A control scheme in which the rate of change of signal to the actuator depends on the error.

3.2.1 Single Speed Floating Control: A reversible motor drives the final controlled device at a given
speed in one direction when the temperature at the sensing element is above the set point and
reverses when the temperature is below the set point. The motor remains stationary when the
sensed temperature is in the dead band of the controller. This will occur with no load change or
other disturbance to the system.

The speed of the motor {floating speed) relative to the time constants of the sensing element and
the system is an extremely important factor in the application of floating control. A high floating
speed coupled with a slow responding sensing element may result in overshoots and departures
from set point for unacceptable periods of time or sustained oscillation.

These considerations impose an upper limit on the floating speed. This in turn implies poor control
in the presence of rapid load changes.

3.2.2 Proportional Speed Floating Control: A variation of floating speed control is proportional speed
floating. Here the motor speed is proportional to the error. The speed is high for large errors and
low for small errors.

3.2.3 Pulse Width Modulation Control: A control scheme wherein the controller output is a series of
pulses of variable duration. The width of the "on" pulse is varied relative to the width of the "off"
pulse as some function of the error.

When the total effect on the final controlled device is observed over a period of time, it can be seen
that the actual effect is that of one of the control schemes already described. For example, in a
pulse width modulation system wherein the final controlled device is a motor driven valve, the
motor may be driven by pulses whose width is proportional to the error. Therefore, the average
speed of the motor is proportional to the error, which has already been defined as proportional
speed floating control.
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3.3 Proportional Control:

A control scheme in which the signal to the actuator is directly proportional to the difference between
the measured variable and its setpoint. In proportional control, there is a definite value of controller
output {and a definite position of the final controlled device) for every value of the error. The range of
error which causes full range of position of the controlled device is called proportional band or
throttling range. The proportional band is usually adjustable within the controller.

In the presence of a load change, the controlled device must change its position to accommodate the
new load. This results in droop (or offset); i.e., the controlled temperature must depart from the set
point in order to move the controlled device. Droop is a normal characteristic of proportional control.

The amount of droop can be decreased by decreasing the proportional band, but this decrease in
proportional band increases the tendency toward system instability (sustained oscillation of
controlled temperature).

3.4 Reset Control:

The characteristic of reset control is that the controller output (and position of final controlled device)
will be changed at a steady rate in the presence of a given error. It is sometimes called integral
control because its effect can be related to the integral of the error or the area under the curve of
error plotted against time.

Reset control is sometimes added to proportional control for the purpose of eliminating the droop
which would exist with proportional control alone. Reset control action continues to provide
correction as long as there is any error and reset action stops only when the error is zero.

A controller containing proportional plus reset control will have adjustments for proportional band and
reset rate. Reset rate is measured by the length of time it must persist to produce the same change
that the proportional control alone would produce immediately. A slow reset rate (in the presence of
a given error) would require a long time to produce the same change as that of the proportional
control alone. Conversely, a fast reset rate would require a short time to produce the same change
that proportional control alone would produce.

3.5 Rate Control;

The characteristic of rate control is that the controller output (and position of final controlled device)
is a function of rate of change of error. If an error is present, but not changing, rate control has no
effect whatsoever on controller cutput. Because it produces no effect in the presence of a steady
error, rate control is always used in combination with other forms of control action. Rate control is
also known as derivative control.

The advantage of adding rate control is that it permits the use of a narrow proportional band without
inducing instability.
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36

3.7

3.8

3.9

3.10

Feedforward Control:

A control technique in which an anticipating correction signal is applied to input changes before the
output is affected.

Cascade Control:

An automatic control system in which various control units are connected sequentially such that each
control unit regulates operation of the next control unit in line.

Adaptive Control.

A control method in which one or more system parameters are identified on-line and used to vary the
feedback control signhals in order to satisfy the control performance criteria or to improve dynamic
response of the closed-loop system.

Decoupling Control:

A control method which minimizes the control interactions among the control loops in a multi-input
and multi-output system. As a result, the compensated multi-input and multi-output system behaves
as if it is a family of independent, single-input and single-output control loops, each of which can be
tuned by conventional feedback control techniques.

Optimal Control;

Optimal control denotes the class of control laws which will minimize the selected performance
index. The index, which describes the system objectives to be achieved and the physical constraints
of the process, is a function of the ECS process control and input variables. A common system
objective is to minimize the ECS operating energy consumption, and is equivalent to minimizing
bleed air and ram air usage as well as ECS component horsepower and electrical power input.
Other possible objectives include the disturbance rejection ability of the controlled ECS against both
bleed air pressure variations and rapid changes in the ECS operating environment. ECS transient
response characteristics can also be used as an objective. Process variables may include
temperature, pressure and flow.

Physical constraints may include process input supply and control temperature, flow, and pressure
limits as well as individual component performance limitations, such as saturation. Examples of
performance indices include:;

Integral of the square of the error (ISE)

Integral of the absolute magnitude of the error (IAE)
Integral of the time multiplied by absolute error (ITAE)
Integral of the time multiplied by the squared error (ITSE)
Settling time

Overshoot magnitude

~paoTy
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3.10 (Continued):

Many complex mathematical techniques are available to compute the optimal control laws. These
include linear and nonlinear programming, stochastic programming based on the theory of
probability, gradient optimization and optimal control theory. Extensive numerical computation is
required to generate the solution for a specific problem. The most commonly known solution is the
optimal regulator. It is derived using a branch of optimal control theory in which the ECS to be
controlled is described by linear differential equations and the performance index to be minimized is
the integral of a quadratic function of the ECS variables and control inputs (a generalized ISE for the
multi-input and multi-output system). It is also known as the linear quadratic regulator (LQR).

4. DYNAMIC ANALYSIS:

Aircraft compartment temperature control system designs should be subjected to a thorough dynamic
analysis to evaluate system stability and transient response characteristics. This is accomplished by
using a mathematical model that defines the gains and dynamics of each significant element of the
system. A detailed discussion of equipment gain, compartment gain, and a typical compartment
transfer function is included in the temperature control system design section of AIR1168/6.

Dynamic analysis is usually accomplished using both graphical methods and computer simulations.
4.1 Graphical Methods:

Since temperature control systems, for the most part, involve the cascading of simple leads and lags,
the direct graphical method of accomplishing gain multiplication is possible through the use of
classical control theory such as Bode diagrams. A Bode diagram is a specialized plot that relates
how the amplitude and phase response of a network {or of a system that the network simulates)
varies with the frequency of excitation. Graphical methods such as Bode diagrams, root locus,
Nichols, and Nyquist plots can be found in texts on classical control theory.

4.2 Computer Simulation:

Analog computer simulation has been replaced by pure digital simulation and hybrid analog/digital
simulation due to advancements in high speed digital computers. Also the increased use of
microprocessor-based temperature control systems has favored digital simulation. Pure digital
computer simulation provides a practical desigh and analysis tool using a high speed digital
computer. Specialty hybrid computers allow real-time simulation capability as well as provisions for
software verification. For complex temperature control systems, it is recommended that digital
computer simulation be utilized during the initial design phase, followed by real-time simulation using
a hybrid computer.
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