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Introduction

Background

In 1990 the U.S. Army Corps of Engineers published a heating, ventilating, and air-
conditioning (HVAC) control systems guide specification (CEGS-15950), and in 1991
a HVAC control systems technical manual (TM 5-815-3) was issued. These
documents describe and provide definitive requirements for Corps HVAC control
systems and hardware. The technical requirements spelled out in CEGS-15950 and
TM 5-815-3 are based on needs identified by extensive field experience and follow-up
research. Many of the fundamental requirements are based on the text of the Air
Force Engineering Technical Letter (ETL) 83-1, which identifies serious operation
and maintenance (O&M) deficiencies that have been experienced with HVAC control
systems. This document is a continuation of the Corps efforts to improve HVAC
control system O&M.

CEGS-15950 requires the contractor who installs the HVAC control system to
provide O&M manuals with each HVAC control system. Out of necessity, to mini-
mize costs, the CEGS-15950 requirements for the contractor-supplied O&M manuals
are minimal. This report focuses on O&M activities and details and is intended to
complement the contractor-provided O&M manuals.

At the discretion of the contractor, he/she may choose to use portions of this
document as part of the contractor-provided training. CEGS-15950 defines the
requirements of this training. The contractor-provided training requirements also
are described in Chapter 2. ‘

The definitive, standard requirements of CEGS-15950 and TM 5-815-3 make it
possible to use this document as a tool in operating and maintaining the Corps
standard control systems, regardless of the control system contractor and hardware
supplier.
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Objective

The objective of this report is to provide a field-usable training and reference
manual for HVAC O&M personnel.

Approach

This report is based on in-lab investigations and extensive field experience with the
Corps standard HVAC control systems at Fort Hood, Texas, and other installations.
Most of the information in this report was obtained while performing system
retrofits and assisting other Corps personnel in performing system retrofits. Some
of the material is excerpts from CEGS-15950 and TM 5-815-3 and Corps of
Engineers Proponent Sponsored Engineer Corps Training (PROSPECT) courses
“HVAC Control Systems Design” (Course 340) and “HVAC Control System Quality
Verification” (Course 382).

Scope

CEGS-15950 and TM 5-815-3 provide the technical requirements for O&M proce-
dures.

Mode of Technology Transfer

The experiences and information obtained during the development of this report
have impacted CEGS-15950 and TM 5-815-3. Technical modifications and
clarifications have been incorporated into CEGS-15950 and TM 5-815-3. In addi-
tion, a number of modifications and enhancements have been made to PROSPECT
courses 340 and 382. Most importantly, a future PROSPECT course intended for
O&M staff is in the planning stages as a result of this work. An instructional
videotape also is being considered.
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Metric Conversion Factors

U.S. standard units of measure are used throughout this report. A table of metric
conversion factors is presented below.

tin. = 254 mm
1ft = 0.305m
1sqft = 0.093m?
1cuft = 0.028m°
1mi = 1.61km
1lb = 0.453kg
1gal = 3.78L
1psi = 6.89kPa
1um = 1x10%m
°F = (°C x1.8) +32




12

Downloaded from http://www.everyspec.com

USACERL TR 96/73

Training and Technical Assistance

Contractors who install standard HVAC control systems are required, in accordance
with CEGS-15950, to provide local O&M training for the systems they install. Some
mechanics, however, may require training beyond what the contractor is obligated
to provide (such as fundamental control theory and principles, for example).

The contractor-provided training course is required to be conducted at the project
site for operating staff members designated by the contracting officer. Prior to train-
ing, the contractor is required to submit an outline for the course, with a proposed
time schedule. The training period should be for a total of 32 hours (or an otherwise
specified time period) and is to be conducted within 30 days after successful comple-
tion of the system performance verification test.

One training manual is to be furnished for each trainee; two additional copies are
to be placed in archival storage at the project site. The manuals are to include the
agenda, the defined objectives for each lesson, and a detailed description of the sub-
ject matter for each lesson. Two copies of audiovisual materials shall be delivered
for archival storage at the project site, either as a part of the printed training
manuals or on the same media as that used during the training session.

The training course is required to cover all of the material contained in the con-
tractor supplied O&M manual, the layout and location of each HVAC control panel,
the layout of one of each type of unitary equipment and the locations of each, the
location of each system-control device external to the panels, the location of the com-
pressed-air station, preventive maintenance, troubleshooting, diagnostics, calibra-
tion, adjustment, commissioning, tuning, and repair procedures. Typical systems
and similar systems may be treated as a group, with instruction on the physical
layout of one such system. The results of the Performance Verification Test (PVT)
and the calibration, adjustment, and commissioning report shall be presented as
benchmarks of HVAC control-system performance by which to measure future
system operational effectiveness.

Another potential source of control system training is from those who have attended
one or both of the HVAC control system PROSPECT courses (Course 340 and Course
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382). vIndividuals who attend these courses receive 1 week of intensive instruction
on the standard HVAC control systems.

Motivated individuals may choose to pursue some form of self-study. Some controls
vendors have video tapes; although these tapes are not specific to the Corps stan-
dard controls, they are useful in providing fundamental instruction on HVAC
controls. A number of publications are available that provide fundamental instruc-
tion on HVAC controls (see References). Much also can be learned from studying
contractor submittals and vendor data. Specification sheets, operation manuals, and
installation manuals contain a wealth of information.

A more rigorous, but rewarding, approach to HVAC control system training is formal
courses. A course in basic electricity and electronics will help to provide an in-depth
understanding of the electrical and electronic interfaces in the standard control
panel and devices. Several sources, including at least the University of Wisconsin
and ASHRAE, provide short courses (up to 1 week in duration) in HVAC systems
and controls.

Technical assistance in field support of HVAC controls is available from the Center
for Public Works (CPW) and Savannah District—the Technical Center of Expertise
(TCX) for HVAC Controls.” Local sources of assistance include the contractor who
installed the control system, or assistance may be sought from those who have
attended one or both of the HVAC Control System PROSPECT courses. In addition
to receiving intensive instruction on the standard HVAC control systems,
individuals who attended these courses received hands-on instruction. Locally,
individuals from your field area office may have attended the quality verification
course (Course 382).

*us. Army Engineering District, Savannah, P.O. Box 889, Savannah, GA 31402-0889; tel. 912-652-5386.
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Controlled processes usually have a setpoint, which is the desired value of the
process variable. In the kerosene stove example, the room temperature is the pro-
cess variable which one desires to control. Other process variables commonly
controlled by HVAC systems, in addition to temperature, are pressure, flow, and
humidity. Various disturbances such as changes in setpoint, supply, demand, and/or
environment may cause a process variable to deviate from its setpoint. To counter-
act the effects of these disturbances, the system must measure any changes in the
process variable caused by the disturbances. This is the job of the sensor. Sensors
are devices used within HVAC systems to measure process variables. In the
kerosene stove example, the input, or disturbance, is an undesirable temperature,
and the sensor is the person in the room who receives the input.

A controller receives the process variable signal from a sensor, compares it to the set-
point, and provides an output to counteract the effects of any disturbances. In many
instances, the sensor may be a part of the controller, as in the kerosene stove example.
When a controller is informed of a disturbance, its output signal directs a controlled
device to take corrective action. In other words, a controller changes its output as
required by changes in its input to maintain a process variable at its setpoint.

A controlled device reacts to signals received from a controller to correct the value
of a process variable. A controlled device may be a valve, damper, electric relay, or
a motor driving a pump or a fan. In the kerosene stove example, the stove is the
controlled device.

Open Loop Control

When a control loop senses a process variable, makes a control decision, and sends
an output signal to a control device without input information related to the results
of its control action, the control loop is said to be an open loop. An open loop control
system does not have a direct link between the value of the process variable and the
controller. In other words, it provides no feedback to the controller of results of its
control actions. If, in our example, the stove had a fixed cycle of on and off times
regardless of the temperature in the room, this would be an open loop control
system. The stove would continue its fixed pattern of on/off cycling in spite of the
temperature in the room because of this lack of feedback of results to the controller.

Figure 2 illustrates an open control loop in which the heat supplied by a radiator
depends on the outside air temperature. The outdoor air temperature transmitter
measures the outside temperature and provides this input to the temperature
controller. The controller makes a decision to increase the heat flow to the space
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Figure 2. Open loop control.

when the outdoor temperature decreases, and vice versa. The controller then sends
an output signal to open or close the valve accordingly.

Open loop control systems are uncommon in HVAC applications but may be used for
time-dependent operations such as starting and stopping of fans. Also, they may be
used to adjust the setpoint of a controller based on an independent variable such as
outdoor air temperature. More common to HVAC applications are closed loop control
systems.

Closed Loop Control

When a controller changes its output decision based on updated input information,
it is said to be operating in a closed loop. Most of the control loops in HVAC systems
are closed loops. Using the kerosene stove example, closed loop control might be
more appropriate. After the person in the room turns on the stove, the room begins
to warm up and keeps getting warmer until it is uncomfortable, and the person
turns the heat down. If it gets too cold again, the person turns the heat back up.
This process would continue as the person attempts to maintain a comfortable
temperature, or setpoint.

In closed loop control, feedback is provided to a controller. The controller is
informed of changes in the process variable, and it changes its output based on
updated input information. Under actual operating conditions, outside forces
constantly act on the various parts of a system to upset the balance. This sets the
loop cycle in operation to reestablish balance. A closed loop system is one in which
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all parts have an effect on the next step in the loop and are affected by the action of
the previous step. In other words, a closed loop control system is an error-sensitive,
self-correcting system.

Figure 3 illustrates a closed loop control. Air enters the duct and is heated by the
heating coil (H/C). The air temperature (process variable) is measured by a tem-
perature-sensing element, and this value is sent by the temperature transmitter to
the temperature controller. The controller compares it to the setpoint and, based on
the difference between the process variable and the setpoint, sends a signal to the
valve to increase or decrease the flow through the coil valve which, in turn, increases
or decreases the air temperature. The new air temperature is measured by the
temperature-sensing element, and this process continues as the system attempts to
control the temperature at or near the setpoint.

Open loops and closed loops may be used in combination in some HVAC control
system applications. Several closed loops also may be used in combination.

Block Diagrams

A control loop may be represented in the form of a block diagram. Figure 4 shows
a setpoint being compared to the feedback signal from a process variable. This
difference is fed into a controller, which sends a control signal to a controlled device.

INPUT: :
DESIRED INDOOR DECISION OUTPUT | ig%ﬂ INDOOR
AIR_ TEMPERATURE
(SETPONT) (CONTROLLER) (VALVE ACTION) AIR TEMPERATURE
~ |FEEDBACK MEASUREMENT
(TRANSMITTER) (SENSOR) [
RGN [ ‘-
S TEMPERATURE -SENSING
ELEMENT
]
]
AR FLOW —=)  [RAEZ g ) :
L—» HWR H
1
NO
HWS
coL vaLve 7
-—@---— ------------------- J
TEMPERATURE
CONTROLLER

Figure 3. Closed loop control.
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SIGNAL - =1 G = VARIABLE
(SET POINT) - & & 2 (AIR TEMP)
SENSOR
(FEEDBACK)
H,

Figure 4. Block diagram of control loop.

In this instance, the controlled device might be a valve that controls the amount of
steam flow through a coil. The amount of steam flow would be the input to the next
block, which represents a process plant. From the process plant block would come
a process variable, which would be a temperature. The process variable would be
sensed by the sensing element and fed to the controller as feedback, completing the
loop.

Each component of Figure 4 can be represented by a transfer function, which is an
idealized mathematical representation of the relationship between the input and
output variables of the component. Ideally, a transfer function can be sufficiently de-
tailed to describe both the dynamic and steady-state characteristics of a device. The
dynamics of a component can be represented in the time domain by a differential
equation.

‘The gain of a transfer function is the amount by which the output of the component
will change for a given change of input under steady-state conditions (gain = output/
input). If an element is linear, its gain remains constant. However, many control
system components are nonlinear and have varying gains, depending on the operat-
ing conditions.

Controllers

Traditionally, HVAC control has been performed by analog devices. A common
analog HVAC device is a pneumatic receiver/controller. The principle behind
pneumatic controllers is that a sensor sends to a controller a pneumatic signal with
pressure proportional to the value of a measured process variable. The controller
compares this pneumatic signal from the sensor to the desired value of air pressure
and outputs a control signal based on this comparison. The pneumatic receiver/
controller receives and acts on data continuously.
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Recently, digital controllers have entered the HVAC control arena. A digital con-
troller receives an electric analog signal from a sensor, converts it to a number, then
internally performs mathematical operations on this number. The result of the
mathematical operation is used to position a controlled device. Typically, before the
output is sent to the controlled device, it is converted to an analog electronic signal.
A digital controller samples (reads) the input data signal then performs its calcula-
tions prior to sending the output signal to the controlled device. If the sampling
interval (time lapse between readings) for the digital controller is short, no degrada-
tion in control performance will be seen due to the sampling, and the controller acts
much the same as a continuous controller.

Control Modes

The mode of control is the manner by which a control system makes corrections in
response to a disturbance; it generally is a function of the particular controller. The
proper matching of the control mode to the process determines the overall perfor-
mance of the control system. To satisfy the need for various kinds of control re-
sponse, several types of control modes may be used and include on-off action, multi-
position, floating, and modulating control modes.

On-Off Action

On-off (or two-position) control provides only two positions: either full-on or full-off,
There are no intermediate positions. When the process variable deviates a predeter-
mined amount from the setpoint, the controller directs the controlled device to move
to either of its extreme positions. This mode of control is the simplest available;
however, this mode has disadvantages. On-off control may allow the process vari-
able to vary over a wide range instead of maintaining a nearly steady condition. If
this range becomes too narrow, the controlled device will wear itself out by con-
tinually switching on and off. An example of two-position control is a unit heater
control in which a thermostat turns on a heater when the space temperature drops
to 65 °F and turns it off when the space temperature rises to 67 °F. The thermostat
is said to have a differential of 2 °F and a setpoint of 65 °F. This example is
illustrated in Figure 5.

"Figure 5 illustrates the action of an on-off controller in response to a process
variable as it drifts above and below the control differential. In Figure 5, the on-off

- control mode often results in a slight undershoot below the lower end of the differen-
tial and a slight overshoot above the upper end of the differential. As the tempera-
ture in the room drops, the space temperature thermostat signals the heater to turn
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Figure 5. On-off control.

on. There is a time lapse before the heater actually begins to raise the space tem-
perature. Meanwhile, the space temperature drops further, causing an undershoot
below the lower end of the differential. Similarly, as the heater raises the space
temperature to the shutoff point, the on-off controller will shut off the heater. After
the heater shuts off, it may continue radiating heat to the room, causing a slight
overshoot on the high end of the differential.

Multiposition Control

Multiposition control, as illustrated in Figure 6, is an extension of on-off control to
two or more stages. When the range between full-on to full-off is too wide to achieve
the operation desired, multiple stages with smaller ranges can be used. Each stage
has only two positions (on or off), but the system has as many positions as there are

COOLING 1
STAGES |
CYCLED ;3
| 2 G
Qe
OE
Q2§v<
&
| |
75 80

SPACE TEMPERATURE-DEGREES.F

Figure 6. Example of multiposition control.
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stages, resulting in a step-like operation. The greater the number of stages or steps,
the smoother will be the system’s operation. As the load increases, more stages are
turned on.

Floating Control

Although this control mode is not used in standard systems, it is discussed here for
completeness. In floating control, the controller produces one of three possible out-
puts: full-forward, zero (i.e., stop), or full-reverse. The logic for selecting its output
is based on the value of the process variable and is illustrated in Figure 7. While the
process variable is within the neutral zone between the upper and lower setpoints
of the controller, the controller produces a zero output (off) and the controlled device
maintains a constant setting. When the process variable drifts above the high set-
point, the controller produces a full-forward output that causes the setting of the
controlled device to change at a constant rate until the process variable reenters the
neutral zone. Ultimately, the process variable reenters the neutral zone, the con-
troller’s output goes to zero, and the controlled device maintains a constant setting.
No change in the controller’s output or the setting of the controlled device will occur
until the process variable again drifts out of the neutral zone. This mode is called
floating because no control action occurs while the process variable is “floating”
between the two setpoints. For good operation, this type of control requires a rapid
response of the process variable to changes in the setting of the controlled device;
otherwise, the process variable will oscillate wildly and not settle out between the
setpoints.

FORWARD FWD

CONTROLLER l/‘ TIME

OUTPUT

POSITION OF |
FINAL CONTROL ! I i 1 i TIME
ELEMENT

I _47 47 _ﬁ —— —  UPPER SETPOINT

CONTROLLED TIME

VARIABLE
S — _ e — —_— — LOWER SETPOINT

Figure 7. Floating control.
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A variation of floating control produces a modulating forward or reverse output
signal rather than the full-forward or full-reverse response to the process variable
whenever it drifts outside of the neutral zone.

Modulating Control

Modulating control is the type most commonly used in HVAC systems because it
allows the most precise control. With modulating control, the controller’s output can
vary infinitely over the span of its output range. Unlike floating control, the modu-
lating controller may respond to any small changes in the process variable, regard-
less of the actual value of the process variable, because it has no neutral zone.
There are three control modes frequently encountered in modulating control. These
are proportional control, proportional-integral control, and proportional-integral-
derivative control.

Proportional Control. Proportional control is the simplest of the three modulating
control modes. This control mode is used in most pneumatic and many older elec-
tronic HVAC control systems. A proportional controller produces a continuous
linear output based on the deviation of the process variable from the controller set-
point. This deviation is called the error signal. The controller modulates its output
signal in proportion to the error signal.

The sensitivity of a proportional controller to the error signal is called proportional
gain. In some HVAC control applications, proportional control may function quite
well with a high sensitivity (or high proportional gain) adjustment. A high
proportional gain adjustment results in a narrow range of the process variable over
which the controller’s output ranges from zero output to maximum output. A gain
setting that is too high causes the process variable to continuously overshoot and
undershoot the setpoint, much like the on-off action controller. In other control
applications, stable control may not be achievable with a high gain adjustment. A
low gain adjustment results in a wide range of the process variable over which the
controller changes its output from zero output to full output, but control is usually
more stable. Proportional band is a related but more commonly used term than pro-
portional gain. Proportional band will be defined and discussed later in this report.

Figure 8 illustrates the response of a typical heating system using proportional
control. Figure 8 shows the proportional relationship between the controller output
and the deviation of the discharge air temperature from setpoint. The coil inlet air
temperature provides a load to the system; Figure 8 shows how the system adjusts
to this load. When the heating load changes as the result of a change in the coil
inlet air temperature, the controller changes its output proportionally to adjust the
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discharge air temperature of the coil. An initial increase in the outdoor air tem-
perature causes an increase in the discharge air temperature above the setpoint.
The controller senses a change and adjusts by opening the cooling valve a propor-
tional amount. In this example, the proportional gain of the controller has been
adjusted to operate the valve between 3 pounds per square inch gage (psig) (fully
closed valve) and 15 psig (fully open valve) over the discharge air temperature span
from 40 to 50 °F, respectively, with a discharge air temperature setpoint of 45 °F.
The proportional gain of the controller is:

15 - 3 (psi <o
G- 2 _4(§EF) - 1.2 psi/F [Eq1]
This example shows that, for every degree change in discharge temperature, the
controller output will change by 1.2 psi. Figure 8 shows an increase in controller
output to 15 psig when the discharge air temperature reaches 50 °F. At this point,
the controller can make no further adjustments to changes in the discharge air tem-
perature because the controller is already at its maximum output and the cooling
valve is fully open. This example illustrates a situation in which the cooling coil
lacks sufficient capacity to maintain the process variable within the span of the
controller for the given load conditions. The controller will resume valve modulation
when the air discharge temperature falls back within the span of the controller.

A significant problem with proportional control is related to the fact that it controls
by providing an output that is proportional to the system error rather than actually
attempting to eliminate the error altogether. Figure 8 shows that, in general, the
setpoint is not maintained exactly. There are only two points on Figure 8 at which
the discharge air temperature is actually at setpoint. These two points correspond
to identical load conditions (an inlet air temperature of 60 °F). For all other load
conditions, the discharge air temperature is either above or below setpoint.

The inability of the proportional control mode to maintain the process variable at or
near setpoint results in what is commonly referred to as steady state error or offset
due to load. This phenomenon is seen as a persistent deviation between the setpoint
and process variable at all but one load condition. For a given load, the proportional
controller’s response results in a system output in proportion to the system error.
The system’s output and the load ultimately reach equilibrium. Unfortunately, at
equilibrium the process variable will typically not be at setpoint because the
system’s output is exactly equal to the load on the system with the process variable
still differing from the setpoint. As long as the load remains constant, the offset also
will remain constant. Should the load change, the offset also will change, but it will
not be eliminated except at the particular load condition that balances with the
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system’s output corresponding to a zero error. The existence of this persistent offset
adversely affects system accuracy, comfort, and energy consumption.

Upon inspecting Figure 8, one might wonder why the controller is producing a
nonzero output when the system error is zero (i.e., the process variable is at the
setpoint). The algorithm for the percent output (OUT) of a proportional controller
consists of two components, as seen in Equation 2, and is dependent not only on the
error signal but also on the value of the manual reset (MR), the sensor span (SS),
and the proportional band (PB). The form of the proportional-only algorithm is:

100° x Error

OUT (%) = MR +
SSxPB

[Eq 2]

In Equation 2, MR is the output of the controller (measured in percentage of full
output) when the process variable and the setpoint are equal (i.e., the system error
is zero). As its name implies, the MR term can be adjusted by the operator to
eliminate offset. By increasing or decreasing the manual reset adjustment, the
controller output will increase or decrease respectively.

In Equation 2, SS is the range over which a given sensor measures and transmits
the value of the process variable. Sensor spans for various sensing devices are
specified in CEGS-15950. According to CEGS-15950, the required temperature
range for a device used to measure and transmit the temperature of the discharge
air from a heating coil is 40 to 140 °F, which yields a sensor span of 100 °F.

PB is directly related to the ratio of the range of the process variable over which the
controller’s output changes from its minimum to maximum values and the SS. PB
is referred to as the proportional band mode constant (per CEGS-15950 and TM 5-
815-3) and is defined mathematically in Equation 3. It is multiplied by 100 so it
may be measured in units of percentage. This also is explained in TM 5-815-3.

_ APV 100 Eas
SS [Eq 3]

PB
In Equation 3, APV is the range of the process variable over which the controller is
to span its full range of output. The factor of 100 is included in Equation 3 so PB
also will have units of percent. PB can be thought of as the percentage of a particu-
lar SS within which the controller’s output is proportional to the sensor’s input. For
a direct-acting controller, for example, the controller produces its minimum output
for sensor inputs at the lower end of the PB and its maximum output for sensor
inputs at the upper end of the PB. For a large (or wide) PB, a rather large change
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in the sensed value of the process variable is required to affect a full span change in
the output of the controller. Likewise, a small (or narrow) PB requires a relatively
small change in the sensed value of the process variable to cause a full scale change
in the controller’s output. A wide PB setting results in a control algorithm that is
less responsive to process variable changes than a narrow PB setting.

As noted here, the algorithm for a controller must be either direct- or reverse-acting.
A direct-acting control algorithm produces an increase in output as the process
variable increases, and a reverse-acting algorithm shows an increase in output as
the process variable decreases. Therefore, error in Equation 2 is defined as

Error (Direct-acting) = PV - SP [Eq 4]
Error (Reverse-acting) = SP - PV [Eq 5]
where:
PV = process variable measured by the sensor SP = setpoint.

In some heating applications a controller operating in the proportional-only mode
is required. An example of a direct-acting, proportional-mode controller application
is a heating coil discharge air temperature controller. The flow of hot water to the
coil is controlled by a normally open valve. As the discharge air temperature
increases, the output of the controller also will increase, thus forcing the valve to
close. The sensor span for this process, as suggested here, would be from 40 to
140 °F for a total span of 100 °F.

Figure 9A illustrates the input/output relationship for a direct-acting heating coil
controller, assuming the controller to be configured for an MR value of 50 percent,
a setpoint of 90 °F (at the midpoint of the process variable temperature range), and
a PB setting of 100 percent (i.e., the range of the process variable over which the
controller spans its full output range is also 40 to 140 °F). When the process
variable equals the setpoint, 90 °F, the output from the controller is 50 percent as
the definition of MR states. The direct action of the controller can be seen by looking
at the output of the controller when the process variable is above or below the
setpoint. As the process variable drops below the setpoint, the system error becomes
negative and the output drops proportionally. At a process variable of 40 °F, the
controller output is zero percent. Likewise, as the process variable rises above the
setpoint, a positive system error results and the controller output increases above
50 percent.
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Figure 9. Manual reset, direct- and reverse-acting control modes.

In Figure 9B the MR value is set at zero percent and the PB, setpoint, and direct
action of the controller remain the same as in Figure 9A. With the process variable
at setpoint, the output of the controller is zero percent, which again reflects the
definition of MR. The direct action of the controller and the effect of an MR value
of zero percent can be seen by looking at the process variable. Until the process
variable reaches a value above the setpoint, the output of the controller remains at
zero percent because the controller cannot give an output below zero percent.
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A reverse-acting, proportional-only controller might be employed in an application
that controls space relative humidity. The humidity is manipulated by a normally
closed valve. As the process variable (space relative humidity) increases, the output
decreases, thus causing the valve to close. The process variable ranges from 0 to 100
percent relative humidity. The input/output relationship for a reverse-acting con-
troller is illustrated by Figures 9C and 9D. In Figure 9C the setpoint is assigned a
value of 50 percent relative humidity, the PB remains at 100 percent, and the MR
is set at 50 percent. When the process variable equals the setpoint of 50 percent, the
output of the controller is at 50 percent, the MR value. As the process variable
increases, the output decreases. The output is below 50 percent when the process
variable is above the setpoint, and the output is above 50 percent when the process
variable is below the setpoint of the controller. In Figure 9D, the MR value is set at
zero percent and all the other parameters in Figure 9C remain the same. Figure 9D
illustrates that, because the output of the controller is at zero percent at the setpoint
and the controller is reverse-acting, as the process variable increases above the
setpoint, the output does not change because the controller has already reached its
minimum output value of zero percent.

In a practical heating coil control system, the results obtained with the control
parameters used in Figure 9A would probably be unsatisfactory because the con-
troller’s sensitivity to changes in the system error is extremely low. In other words,
the PB is extremely wide so a large change in system error is required to cause the
controller to produce a significant change in its output. As a result, the process vari-
able will likely experience wide excursions from the setpoint. One way to correct
this is to decrease (or narrow) the PB. This is accomplished by decreasing the span
of temperature over which the process variable must vary to produce a full-scale
change in the controller’s output.

Figure 10A is identical to Figure 9A in that MR = 50 percent, setpoint = 90 °F, and
SS = 100 °F. The PB for the system shown in Figure 10A is seen as the ratio (in
percent) of the width of the process’ proportional bandwidth to the SS and is equal
to:

(140° - 40°) x 100
140° - 40°

PB -

=100 percent [Eq 6]

In Figure 10B, all parameters are the same except that the PB is decreased. The PB
is recalculated to be:

(100° - 80°) x 100
140° - 40°

PB -

=20 percent [Eq 7]
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Figure 10. Examples of wide versus narrow proportional band.

The proportional bandwidth in Figure 10B is much narrower than in Figure 9A. As
a result, a system operating with this PB setting will give much more responsive
and, probably, more satisfactory control because it will attempt to maintain the
process variable within a much narrower temperature range about the setpoint. In
addition, the offset due to load will be greatly reduced with a narrower PB setting.

One might be tempted to think that, if narrowing the PB setting a certain amount
produced tighter and more responsive control, then narrowing it even more should
be even more desirable. In fact, one might wonder if it might be possible to elimi-
nate offset entirely by making the PB sufficiently narrow. Unfortunately, one would
find that there is a practical limit to the amount the PB can be reduced. If the PB
is set at too narrow a value, the system will become so sensitive to minute changes
that the controller will cycle wildly between its maximum and minimum output
levels. The controlled device will exhibit the same behavior. The system will be
effectively out of control. Ideally, one should try to set the PB at a value that
maintains the process variable within a reasonably narrow region about the setpoint

and experiences a minimum amount of oscillation about the setpoint. A certain
amount of offset due to load is an inevitable fact of life. As long as the proportional
controller is controlling in a stable fashion at some control point near the setpoint
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and the PB setting is optimal, the controller has achieved the most precise control,
at varying load conditions, of which it is capable.

Proportional-integral Control. Many control applications require a controller that
can eliminate offset due to load and can maintain the process variable very close to
setpoint. The method used to adjust the controller output to eliminate offset is
called integral mode. Integral mode adds an additional gain component directly to
the controller output. The effect of this term is that the controller will continue to
adjust its output as long as any error persists, and the control offset ultimately will
be eliminated. The aigorithm for the percentage output of a proportional-integral
(PI) controller is shown in Equation 8.

1002 (Error + AT x SErrors

OUT (%) = MR +
SSxPB IC

] [Eq 8]

In this equation, MR, SS, PB, and Error are defined as they were in Equation 2.
YErrors stands for a summation of the system error. The error is summed (or
added) at a time increment defined by AT, which is the time interval between con-
secutive measurements of the system error. This value is factory preset within the
controller. IC represents the integral mode constant, the factor which is user adjust-
able to determine the controller’s response to an accumulation of system error over
time. The units of IC in Equation 8 are seconds per repeat. It can be seen in
Equation 8 that, by increasing IC, the gain of the controller decreases. Likewise, by
decreasing IC, the controller gain increases. A slight variation of Equation 8 is
shown in Equation 9. In this equation, IC appears in the numerator and a factor of
60 appears in the denominator. For this PI algorithm, the unit of the integral mode
constant is repeats per minute. This form of the algorithm is less typical than that
shown in Equation 8. Note that in Equation 9 an increase in IC increases the gain
of the controller, and a decrease in IC decreases the gain of the controller. This is
the only difference between the two algorithms, otherwise they are functionally the

same.

100?

OUT (%) = MR + AT % IC x 2Errors
SSxPB

60

[Error + ] [Eq 9]

Starting with ZErrors = 0, the PI controller calculates the error signal at frequent,
regular time increments (AT) and maintains a running sum of these errors. It then
divides this sum by the time elapsed since the beginning of the error summation.
This procedure results in an instantaneous averaged error that the controller uses
to provide the integral mode’s contribution to the total output. After a given amount
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of time (as determined by the integral mode constant’s setting), the XErrors term
and the elapsed time are reset to zero and the process is repeated.

The integrating function of a PI controller is illustrated in Figure 11. The horizontal
axis shows time in seconds, the vertical axis shows the controller OUT. The con-
troller output is shown for three different values of the integral mode constant. It
is important to realize that the illustration shows OUT under the condition that the
setpoint is fixed and the process variable is not changing, in other words, the
controller error signal is constant.

The starting point of the integration (at time = 0) is with OUT at 10 percent; this
value of OUT is due to the proportional part of the PI algorithm. For example, if we
assume that the range of the process variable (sensor span) is 0 to 100 °F, the PB
setting is 100 percent, and there is an error of 10 °F, then OUT will be 10 percent
per Equation 8. The value of OUT due to the proportional part of the algorithm does
not change as a function of time; it is strictly dependent on the error. With the error
held constant, as in Figure 11, OUT due to the proportional part of the algorithm
will always be 10 percent. This value of OUT is defined as one “repeat.”

As integration begins (Figure 11), the rate of the integration (summation of the
errors) is a function of the I mode constant. With I equal to 60 seconds per repeat
(sec/rpt) the output from the controller, after 60 seconds, will repeat (or duplicate)
the output from the controller due to the proportional part of the algorithm.
Therefore after 60 seconds:

OUT =P +1=10% + 10% = 20% [Eq10]

Controller Output (OUT)

0 60 120 180
Time (Seconds)

Figure 11. Definition of integral mode constant.
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Because each repeat equals 10 percent, after 120 seconds the value of OUT is 30
percent. After 180 seconds, OUT is 40 percent, etc. In short, the output from the
controller due to the proportional-only part of the PI algorithm is repeated every
X-seconds, where X is the I-mode integration constant.

Under the same conditions, with the I-mode constant set at 120 sec/rpt, the output
from the controller will equal 15 percent after 60 seconds because it achieves only
half of a repeat (5 percent) during that interval. After 120 seconds, a full repeat is
achieved and the controller output equals 20 percent.

Note that the speed of the controller response is half as fast at an I-value of 120 than
it is at an I-value of 60. In terms of gain, the controller gain is larger at the lower
I-value.

A less common way of expressing the I-mode constant is in units of repeats per
minute (rpt/min). An I-mode constant setting of one repeat per minute is identical
to an I-mode constant setting of 60 seconds per repeat. Table 1 shows other equiva-
lencies. Note that, when the I-mode constant is in units of repeats per minute, the
larger the value of the I-mode constant, the larger the controller gain. This is in
contrast to units of seconds per repeat. With the integral mode added to propor-
tional control, the output signal from the controller is varied in proportion to both
the instantaneous system error and the length of time that any error persists. The
final control element continues to move in a direction to correct the error. It will
stop modulating only when the error signal becomes zero, at which time the process
variable is at the setpoint. Because of the combined action of both these control
modes, the controller can reduce the offset to zero, or nearly zero, and can establish
a steady state equilibrium of HVAC system control at a value very near setpoint.

An important feature of Equations 8 and 9 is the fact that both the proportional and
integral responses of the controller are affected by the PB setting. This parameter
is multiplied times both terms within the brackets of these equations. As a result,
it should be kept in mind that changes in the PB setting will affect more than just
the proportional response. It also should be pointed out that the MR term is insig-
nificant in PI control; some PI algorithms do not include it because it has little to no
impact on the performance of the algorithm.

Table 1. Integral mode constant unit equivalencies.  Figure 12 illustrates PI control. Figure

Seconds per repeat Repeats per minute 12 shows the same conditions as in Fig-
(sec/rpt) (rpt/min) . .

30 5 ure 8 to provide a comparison of the P-

60 1 mode output (solid lines) versus the PI-

120 1/2 mode output (dashed lines). Figure 12
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Figure 12. Proportional-integral control.

shows that PI control maintains the discharge air temperature at or near the set-
point even for a large, sustained load. The proportional part of this mode adjusts to
changes in the error signal, and the integral part adjusts to eliminate offset in the
system. However, when the controller exceeds its output range, the controller is
saturated and is unable to adjust further. In this case, even PI-mode control may
have an offset because, at this load condition, the system lacks sufficient capacity
to meet the load.

The rate of change of load imposed on a system also may affect how well the con-
troller will maintain the process at setpoint. Fortunately, most independent vari-
ables in HVAC applications, such as outside air temperature, change relatively
slowly. Because of these relatively low rates of change, most HVAC processes can
be controlled quite well with PI control.

Proportional-integral-derivative Control. Some processes require a controller that
can respond to a rapidly changing process variable. One answer to the control of
such a process is the addition of another control mode called derivative mode. When
this control mode is added to PI control, the combination is known as proportional-
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integral-derivative (PID) control. The D-mode adds another gain component to the
output signal. With PID control, the output from the controller is varied in propor-
tion to the rate at which the disturbance takes place. It is used to accelerate the
return of the process variable to the setpoint in a part of the process that is slow in
responding and to anticipate an overcorrection to the disturbance that will cause an
overshoot and start corrective action to prevent it. A rapid change in the error
signal will increase the absolute value of the derivative term. A small rate of change
will produce a small value in the deviation term. For constant error values, the
derivative mode has no effect..

The PI-mode is quite effective at controlling processes across the full range of system
loading as long as the load does not change too rapidly. However, the PI-mode alone
cannot adequately handle the unpredictable diversity of a rapidly changing process.
As an example, a domestic hot water system using a tankless heating convertor
might be controlled using a PI-mode controller. As long as the hot water demand
was relatively constant, the PI controller would maintain the water temperature
close to the setpoint. However, if after a period of low demand there were to be a
sudden surge in demand, the PI-mode controller would be unable to respond rapidly
enough to the change in demand, and the water outlet temperature would drop
noticeably. The addition of the derivative mode could help the controller maintain
setpoint during periods of rapidly changing demand in such applications. However,
because most HVAC systems have a relatively slow response to changes in controller
output, the use of derivative mode may tend to over control. Only when system
response is very rapid should PID-mode be considered.

The effect of adding I- and D-modes to the P-mode is illustrated in Figure 13, which
shows the results that would be expected with a step change in setpoint.

When using any combination of control modes (PI, PD, or PID), the relative
strengths of each mode must be adjusted to match the characteristics and responses
of the process being controlled. The proportional gain determines the sensitivity of
the proportional action. However, higher sensitivity may introduce instability into
the system. Integral and derivative controls are time dependent and help to remove
the offset and speed up the response. The integral part of the control is used to
reduce the steady state error to zero, and the derivative control is used to speed up
the action of the controller’s response. The optimum parameters for each control
mode vary for different systems. Therefore, a thorough understanding of controller

-functions is vital to understanding system operation.
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Figure 13. Proportional-integral-derivative control.
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4 Standard HVAC Control Systems and
Loops

Standard HVAC Control Systems

A control system is comprised of various control loops, assembled together to
perform functions necessary for maintaining desired environmental conditions in a
building or space. The standard control systems, defined in TM 5-815-3 and CEGS-
15950, consist of more than 20 different HVAC control systems, including air-side
controls, water-side controls, and packaged or unitary controls.

Standard Control Loops

The standard HVAC control loops described in this chapter consist of various control
devices arranged to perform specific tasks, such as to control a heating coil valve.
All control hardware is identified using symbology and identifiers based on Instru-
ment Society of America (ISA) symbols. A complete symbols list is in Appendix A.
A circle, also referred to as a bubble, is the most common symbol used in the control
drawings. As illustrated in Figure 14, a bubble with a horizontal line through it
represents a control device located inside a control panel (a panel-mounted device).
A bubble without a line through it represents a control device located external to a
control panel (a field-mounted device).

To uniquely identify each control device, a naming convention was established based
on ISA standards. The “unique identifier” for each device consists of two parts. The
upper field of the instrument symbol shows the function of the device, and the lower
field is used to show the system/device number. The upper field is limited to four
alpha characters and the lower field to four alphanumeric characters. This is
illustrated in Figure 15.

There are no ISA symbols or identifiers applicable to HVAC equipment components.
Therefore, symbols and unique identifiers were developed for HVAC equipment
elements. These are included in Appendix A of TM 5-815-3. The basic functional
shape chosen was a hexagon with a bisecting line as illustrated in Figure 16. The
upper half of the hexagonal symbol contains up to four alpha characters to describe
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Figure 16. Symbol for an HVAC equipment element.

the device’s function. The functional identifier used is derived from the name of the
device, such as “EF” for exhaust fan.

Preheat/Heating Coil Loop

Sometimes the required minimum quantity of outside air, when mixed with return
air, will produce a mixed air temperature that is too low for the HVAC system to
function properly. Preheating raises the temperature of outdoor air before introduc-
ing it into the rest of the HVAC system. Preheat coils generally are used to avoid
freeze-up of chilled water or hot water coils downstream of the mixed air plenum.
Preheat coils can use either hot water, hot glycol, or steam. The temperature of air
leaving the coil can be controlled by monitoring either the outdoor air temperature
or the discharge air temperature.

The standard outside air preheat coil temperature control loop is shown in
Figure 17. This modulating control loop can be used only with hot water or hot
glycol preheat units. The loop controls the temperature of the air leaving the

L
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Figure 17. Preheat coil temperature control loop.

preheat coil before the air mixes with return air. A variation of this control loop,
applicable to steam heating systems, can be found in TM-5-815-3.

As shown in Figure 17, temperature-sensing element and transmitter, TT, which is
located in the discharge air stream from the preheat coil, sends a temperature signal
to temperature controller TC. Controller TC, operating through transducer IP,
maintains the air temperature leaving the coil at the setpoint of the controller by
modulating valve VLV. The component labelled M in Figure 17 is the main air
supply to the IP, and the positive positioner for valve VLV is labeled PP.

The setpoint of the controller of this loop is the HVAC system designer’s calculation
of the coil discharge air temperature required to maintain the desired minimum
temperature in the mixed air plenum when the outside air temperature is at the
design condition. This setpoint assures an adequate minimum temperature enter-
ing the cooling coil of an HVAC system. Because the TC setpoint is normally in the
range of 40 to 55 °F, the valve is typically controlled only during the heating season
when the outside air temperature is below the TC setpoint. When the outside air
temperature is at or above the TC setpoint, VLV is closed. In this control loop, TC
is direct-acting (DIR). Valve VLV is normally open (NO) and fails in the fully open
position under the pressure of the valve actuator’s return spring on a loss of electric
signal, pneumatic signal, or PP air supply. This avoids freezing of the preheat coil
and other coils in the HVAC system if a control system failure occurs in cold
weather. The preheat coil control loop functions continuously, without regard to the
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operating condition of the rest of the HVAC system. This has the advantage of
maintaining a minimum temperature in the ductwork when the HVAC system
supply fan is off.

A heating coil in an HVAC system may be controlled using exactly the same control
loop if the desired leaving air temperature of the coil has a fixed setpoint. Typically,
however, the desired heating coil leaving air temperature is scheduled as a function
of the outside air temperature to improve space comfort conditions and reduce
system energy consumption.

Heating Coil Loop and Outside Air Setpoint Reset

Some standard systems contain a heating coil temperature control loop with the
desired coil discharge air temperature scheduled from the outside air temperature.
A typical temperature reset schedule, as illustrated in Figure 18, for the heating coil
leaving air temperature in a mild climate is 115 °F at 0 °F outside air temperature
and 90 °F at 60 °F outside air temperature. This loop is typically used to control
heating coils for multizone or dual-duct HVAC systems.

Figure 19 shows a temperature-sensing element and temperature transmitter TT
in the outside air intake of the HVAC system. The TT sends a signal to the process
variable input PV of controller TC (REV). Controller TC (REV) reverses its output
signal relative to the outside air temperature transmitter signal. Reversing the sig-
nal is necessary because there must be an inverse relationship between the outside

115
RESET
CONTROLLER
OUTPUT
(HEATING COIL
SETPOINT, °F)
90
|

0 60

PROCESS VARIABLE
(OUTSIDE AIR TEMPERATURE, °F)

Figure 18. Typical heating coil discharge air temperature reset schedule.
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Figure 19. Heating coil loop with outside air reset.

air temperature and the resulting setpoint of heating coil controller (i.e., as the
outside air temperature decreases, the heating coil controller setpoint must
increase). The reset controller TC (REV) scales its output according to its input to
provide the temperature schedule for the heating coil controller TC (DIR). Thus, the
temperature-sensing element and transmitter TT in the outside air duct signals TC
(REV) to lower the TC (DIR) setpoint according to a linear schedule as the outside
air temperature increases. The temperature-sensing element and transmitter TT
in the coil discharge air stream send a signal to process variable input PV of TC
(DIR). Controller TC (DIR) operates heating coil valve VLV through transducer IP
and positive positioner PP. The limits of the control point adjustment (CPA), or
remote setpoint input, of TC (DIR) must be set to prevent the temperature schedule
from exceeding the desired maximum and minimum temperature limits for the coil’s
discharge air temperature.

In this control loop, valve VLV is normally open (NO) and fails in the fully open
position under the pressure of the valve actuator’s return spring on a loss of electric
signal, pneumatic signal, or PP air supply. This avoids freezing of the heating coil
and other coils in the HVAC system if a control system failure occurs in cold

weather.
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Reset schedules may be used on heating coils to reset the discharge air temperature,
or they may be used in hydronic heating applications to reset the temperature of the
hot water. Four configuration parameters must be keyed into the single-loop digital
controller to establish a reset schedule. These are the setpoint, the PB, the maxi-
mum controller output signal, and the MR setting; they can be found on the equip-
ment schedule.”

As an example of the calculations necessary for determining the reset controller’s
configuration parameters, consider a typical design that is based on a 200 °F heat-
ing water temperature at an outside design temperature of 0 °F. This is design
point “a” in Figure 20. Assume that, at an outside temperature of +30 °F, a heating
water temperature of 165 °F can easily satisfy the load. This is design point “b.” In
addition, the design requires that the heating water temperature never exceeds
200 °F regardless of the outdoor temperature. The solid line shown in the reset
schedule of Figure 20 represents these conditions. Based on this information, the

configuration parameters for the reset controller can be calculated.

Note that design points “a” and “b” are used only to define the slope of the reset
schedule line. Point “a” need not correspond to the maximum hot water setpoint.
The flattened off portion of the reset schedule, corresponding to the maximum hot
water setpoint, is defined using a separate controller configuration parameter that
is described at the end of this section.
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0 HWb 165°F f-------- b :
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O HW2 e donmenenes ’
= ! !
— ; :
< | :
L | :
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0°F  30°F
OA1  OAa  OAb  OA2
OUTSIDE AIR TEMPERATURE

Figure 20. Example reset schedule. .

" The equipment schedule is provided with the contractor submitted O&M documentation.
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An important consideration in the following calculations is that CEGS-15950
requires a heating water temperature transmitter to have a span of 100 °F to
250 °F. The CPA input to the hot water temperature controller from the reset
controller must be scaled to this same range. Therefore, when the reset controller
output is 20 mA, the setpoint of the hot water temperature controller will be 250 °F;
and, when the output is 4 mA, the setpoint will be 100 °F. This span defines the
values of HW, and HW, in Figure 20.

Given the values of HW, and HW, (HW, = 250 °F and HW, = 100 °F), their
corresponding points on the reset schedule line, OA, and OA,, can be found if the
slope of the line is known. The slope of the line can be calculated from the two
design points, as follows:

HW, - HW, 200 - 165 _

Slope =
OA, - OA, 0-30

-1.17 [Eq 11]

OA,, corresponding to HW, can be calculated by again using the slope equation, the
calculated slope, and one of the design points on the reset schedule line:

HW, - HW,
Slope = m [Eq 12]
Rearranging Equation 12 gives:
OA, - H—Wél-ngmN—“ + OA, - 2%(:,_12% +0 = -427 °F [Eq 13]
Similarly, OA, can be calculated:
0A2=ﬂ%£'—%+ma=%};‘?—°+o=85.5°f= [Eq 14]

The PB setting (in percent) for the reset controller is the throttling range of the
process variable (OA, minus OA, in this example) divided by the sensor span of the
reset (OA) controller:

_ (OA, - OA)x100 _ (85,5 + 42.7) x 100

PB
OA Sensor Span (130 + 30)

- 80.1 % [Eq 15]
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The reset controller SP is the midpoint of the throttling range.

_ OA, - O,
2

+ OA, = §§§__2*__‘1?1 - 427 = 21.4 °F [Eq 16]

SP
The MR configuration parameter must be set to 50 percent (because the controller
setpoint is at the midpoint of the throttling range).

In the example, the setpoint is to be limited to 200 °F (Max SP). The maximum
output configuration parameter limits the setpoint of the temperature controller
that the reset controller is resetting. The “Max Output” is specified as a percentage
of the signal output where 0 percent corresponds to 4 mA and 100 percent
corresponds to 20 mA. The hot water controller recognizes a 4 mA CPA input as
100 °F (Lo Span) and a 20 mA CPA input as 250 °F (Hi Span). This is the span of
the hot water temperature controller (HW Span). Equation 17 calculates the reset
controller’s maximum output (Max Out). If the output of the reset controller is
limited to 67 percent of its maximum output (14.7 mA), the heating water setpoint
will never exceed 200 °F.

(Max SP - Lo Span)x100 _ (200 - 100) x100
HW Span 250 - 100

Max Out =

= 67% [Eq 17]

Software that will calculate these configuration parameters is available on a
diskette “HVAC Controls Calculations” from the TCX for HVAC Controls."

Cooling Coil Control Loop

The standard cooling coil temperature control loop is a constant-temperature control
loop and is shown in Figure 21. This loop operates similar to the standard preheat
coil temperature control loop.

As shown in Figure 21, temperature-sensing element and transmitter TT sends a
temperature signal to controller TC which modulates transducer IP. The pneumatic
signal from IP is connected to positive positioner PP, which operates cooling coil
valve VLV. The following conditions must exist for t