Lawrence Berkeley National Laboratory
Recent Work

Title

USE OF A GENERAL CONTROL SIMULATION PROGRAM TO EVALUATE HVAC CONTROL
STABILITY

Permalink

https://escholarship.org/uc/item/2gm743bd

Authors

Zhang, X.
Warren, M.L.

Publication Date
1987-08-01

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/2gm743bc
https://escholarship.org
http://www.cdlib.org/

] A

LBL-23179

UNIVERSITY OF CALIFORNIA

E Lawrence Berkeley Laboratory
-

APPLIED SCIENCE
DIVISION ) RECEIVE

To be presented at the ASHRAE 1988 Winter
Meeting, Dallas, TX, January 18-23, 1988

Use of a General Control Simulation Program
to Evaluate HVAC Control Stability

X. Zhang and M.L. Warren

August 1987

v T T

(=
.. -TWO-WEEK LOAN CORY......

This is a Library Circulating Copy
which ‘may be borrowed for two weeks. -

1
#

T s ¥

APPLIED SCIENCE
DIVISION

Prepared for the U.S. Department of Energy under Contract DE-AC03-76SFQ00098

E—

o

bllTe SaT



DISCLAIMER

This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
California, nor any of their employees, makes any warranty, express or implied, or
assumes any legal responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of California.



Use of a General Control Simulation Program

to Evaluate HVAC Control Stability

Xinbang Zhang and Mashuri L. Warren

Lawrence Berkeley Laboratory
University of California
Berkeley, California 94720

August 1987

LBL-23179



Use of a General Control Simulation Program

to Evaluate HVAC Control Stability*

Xinbang Zha.ngT and Mashuri L. Warren

ABSTRACT

A general process engineering simulation program for a microcompﬁter is used to
evaluate the response of a cooling system to changes in load, set point, and controller tun-
ing parameters to better understand the control stability _of a supply air cooling system
used in the Mobile Windows Thermal Test (MoWIiTT) Facility. A detailed system model
is built out of standard components and is used to plot the steady state performance
under diﬁ'érent operating conditions. The response of the cooling coil output depends
strongly on the transport delays. For a system with a linear control valve, the process
gain of the cooling coil increases rapidly as the valve flow fraction decreases. A system
which is stable at mid-range is shown to become marginally unstable at the low end of the
control range. The application of both an equal percentage valve and reheat are shown to

improve the control response of the system under low cooling load conditions.

INTRODUCTION

The Mobile Windows Thermal Test (MoWIiTT) Facility [1,2] has been developed at
LBL specifically to measure the dynamic net energy performance of windows under realis-
tic field conditions. The principle of operation is that the thermal fuxes through the win-
dow system can be carefully mea's.ured. Each test cell is a carefully calibrated hotbox.

The thermal loses through the envelope are largely eliminated by surrounding the test cell

*This work was supported by the Assistant Secretary for Conservation and Renewable Energy,
Office of Solar Heat Technologies, Solar Buildings Technology Division of the U.S. Department of
Energy under Contract No. DE-AC03-76SF00098.

ina.bang Zhang is staff researcher, Eastern Scientific Instrument Factory, Chinese Academy of
Space Technology, PO Box 2708, Beijing, People’s Republic of China; Mashuri L. Warren is staff
scientist, Building Energy Systems Program, Applied Science Division, Lawrence Berkeley
Laboratory, Berkeley, CA
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by a guard air plenum that is maintained at very close to the interior temperature condi-

tions.

A separate heating and cooling system supplies or removes heat to maintain a con-
stant interior temperature. By measuring the heat added or extracted from the test cell,
and measuring the heat flux through the floor, ceiling, and walls (which should be small) a
direct measure of the net thermal flux by the window system can be obtained. Crucial to
the operation of the test facility is the requirement that the cooling and heating system
respond to changes in thermal loading of the test cell and maintain a constant interior
temperature. This work was undertaken to better understand the control stability and
tuning of a supply air cooling system used in the Mobile Windows Thermal Test

(MoWITT) Facility to maintain the constant interior temperature of the test cell.

Powerful general purpose simulation tools are now becoming available for micro-
computers. TUTSIM,TMT a program for engineering design and optimization by simula-
tion of continuous dynamic systems was developed by Twente University of Technology
in The Netherlands. It is used to model the complex discharge air and room temperature
control system. A detailed system model is built out of standard components and the
steady state performance is plotted under different operating conditions. The time con-
stants for system response to a step change in input are observed. The feedback control of
the system is then modeled and stability of the system for various control parameters can
be verified. Different approaches to control of the system including the application of an
equal percentage valve and reheat are modeled to show the improvement in the control

response under low cooling load conditions.

SYSTEM MODEL

A discharge air temperature cooling system has been modeled as shown in Figure 1.

The cooling system consists of a three-way valve, bypass, pipe and pump, a fan coil unit

t TUTSIM™ is a registered trademark of Applied i in the USA and Canada

LBL-23179 . enix:TUT/zhang87.825



-3-

heat exchanger, and a return pipe. Chilled water is provided at temperature 9w3 and flow
rate FW to the three way valve and bypass. The pump maintains a constant flow rate, fw,
in the fan coil unit. The fraction of the flow mixed by the three-way valve, x, controls the
coil supply water temperature 0w1. Because there is a significant length of pipe there is be
a time delay between the temperature at the valve and bypass outlet, leb, and the tem-
perature delivered to the fan coil unit, Bw . The control diagram for this system is

la

shown in Figure 2. Each functional block of the control diagram is discussed below.

Controller

The transfer function for the controller, G . l(s), relates the controller output sig-
coniro

nal, V(s), to the temperature difference between the room and the set point.

Vis)=G  (s)- [es(s)—am(s)]

control
where V(s) is the controller output to the valve actuator, 4 (s) is the set point tempera-
= S
ture, and @ (s) is the room air temperature. We shall assume the controller output varies
m

from 0O to 10.

Valve Actuator

The flow fraction of the three-way valve, x, depends on the valve characteristics and
the actuator. We shall examine the performance of a linear and an equal percentage

valve. G Lt in Figure 2 represents the relationship between flow fraction and valve
actuator

actuator input. For a linear mixing valve the fraction of flow through the valve, x, is a

linear function of the actuator input,

x =G (V)=10-(V/V) (1a)

actuator
where V is the controller output signal, and V is the controller output for maximum
[o]

valve opening. If controller output signal is too large or is negative, the valve will
encounter the hard non-linearity in the valve action as the valve becomes fully open or

closed. Unless specifically stated otherwise our analysis will apply to a system with a

LBL-23179 enix: TUT /zhang87.825



-4-

linear valve. For an equal percentage valve the fraction of flow through the valve, x, is a

power function of the actuator input,
3.3
x=G (V) = 1.0~(V/V°) (1b)

actuator
The effect of the equal percentage valve will be discussed later.

Valve and Bypass

Assuming that FW < f , the linear three-way mixing valve and bypass has an output
w

given by
f 9 =F x0 +(f —F x)8- | or
~w  wlb w w3 w w w2b
0wlb = (Fw/fw)xgw:i + [1_(Fw/fw)x] 9w2b (2)
where, f , F are water mass flow rates and § ,8 0 are water temperatures as
w w wlb  w2b w3

shown in Figure 1. G ve in Figure 2 represents response of the output flow of the three-
YVai

way valve and bypass as given by equation (2). The chilled water return temperature ¢ .

w

is given by

F 4§ =F (1—x)8 +F x8 | or
w  wiq w w3 w w2b

OM = (1—x)0wa + x0w2b . (3)
Pipe Transport

There is a time delay, 7. , required for the fluid flow, fw, to move a distance, L _
pipe pipe

through a pipe of area, A given by
pipe

= - (4 f).
Tpipe prpipe (Apipe/ w)

If the two way valve.is used to modulate the flow through the cooling coil then the tran-
sport delay time, 7 will increase as the flow rate decreases. The transfer functions for
pipe :
the pipe delay is given by
9 pipe

(6)=G . (s)=e , (4)

pipel pipe2
where 7 is the delay time. The flow rate for the test facility is about 2 gal/minute (7.6
pipe

kg/min), of 50% glycol in a 1.9 em (0.75 inch) diameter pipe. This corresponds to a fluid

LBL-23179 enix:TUT/zhang87.825
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velocity of about 0.5 m/s. If the pipe length is 5 m, then the transport delay would be

7. =10s.
pipe

Water-side Cooling Coil

The steady state performance of the fan coil system is modeled using a simple

effectiveness model for a counter flow heat exchanger.

8 —46
wl w2
€ = (5)
-0
wl al

Following Borresen (3|, we simulate cooling coil dynamics with a single time constant,

T ..
coil

0w2 = ((loew)‘owla + €w.gal) ‘ 1/(1+5Tcoil) ! (6)

where, . is inlet air temperature and 7 .l is time constant of the heat exchanger. Since
a col

the flow rate, f , is assumed constant, the time constant, 7 |
w [de)

is the time for the mass of
1 _

the coil to respond to a step input to water temperature.

Air-side Cooling Coil

The air temperature of the room is being controlled by the application of cooling by
the air side of the fan coil unit. In general, there can be both heating and cooling. When
air passes through the heat exchanger, it is cooled by water. The heat flow rate from air

to water is

=F (C)(0

coil a  a al

=0 )e 1/(14st_), (7)

il
where F is the air mass flow and C is the air heat capacity. The air side effectiveness,
a a

€ , is given by the standard heat exchanger equation [4].
a

—C,(1-M)

—C (1-M)
03.1 - owl 1 —(M)e

where C is the ratio of heat transfer effectiveness of the coil, A ‘U to the heat transfer
[o] o o]
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on the air side, F -C |
a a

C =AU /FC
[o] [o] [o] a a
and M is the ratio of mass flow capacitance,
M=C /C =F-C/t -C.
min max a a w w
The heat capacity of the 50% glycol heat transfer fluid is CW = 3.5 kJ/kg-C (0.84
Btu/lbm-F).
In the modeled system, the mass flow rates, fw and Fa, are constants so that the air

side effectiveness, € is a constant. The water- and air-side effectivenesses are related by
a .

the ratio of mass flow capacitance,

€ =Me€ .
a

w

G . in Figure 2 represents the response to water temperatures, ¢ 1’ and the room tem-
col wia

perature, 8 , of the outlet water temperature of the cooling coil, 9w2 , as given by equa-
m a

tion (6), and of the heat flow to the air, Q 5 given by equation (7).
col

Room Thermal Model

The thermal test cell consists of a room 2.4 m by 3.1 m by 2.4 meters, with a win-
dow in one wall. A cooling coil provides a net heat removal to maintain constant interior
temperature. In this work no attempt has been made to identify the specific parameters
of the test cell. Rather, estimates have been made to establish the magnitude of different
parameters and their impact on control stability. The room has a volume of 17.8 m® and
an assumed infiltration rate of 0.75 air changes per hour. The effective heat loss from
infiltration is U = 3.7 W/C. The thermal mass of the room is assumed to be

infiltration

about the air mass in the room; C =C *M =5 kJ/C. For a south facing window
r a r

oom oom

at 40 degrees North Latitude in January, the solar gain through the 1.1 m by 1.1 m win-

dow has a maximum of about 400 watts. The effective conduction of the window, U ‘ is
con

about 3.9 W/C for single glazing, about 2.7 W/C for double clear glazing, and about 1.6

W/C for low-emissivity coated double glazing. Because of the constant temperature

LBL-23179 enix:TUT/zhang87.825



-7

guard volume surrounding the test room, the conduction through the remaining volume is

assumed to be negligible.

A simple model (3] is used to describe the temperature of the room in terms of the
room transfer function, heat conduction, heat gain through the window, and heat extrac-

tion by the cooling coil. The room transfer function is given by

G (s)=1/C s,

room room
where C is the room heat capacity.
room .

The heat flow from outside through the window to the inside by conduction is given

by

5)=G (s) [a

o

cond cond (S) - 9m(5)] (8)

where 8 (s) is the outside temperature, and 8 (s) is the room air temperature. The
o m

transfer function of the window heat conduction is given by

G S) = Ucond/(l-*-srcond)

where U d combines the effect of window conduction and infiltration.
con:

cond(

For this analysis we have assumed that the total conduction, U = 8 W/C and
con
that the room thermal massis C = 5 kJ/C. The time constant for the room to come
room

to equilibrium with the outdoor temperature is

r =R -C =C JU  =625s.
room Cond room room’ Cond

Solar gains through the window is represented by Qwin(s), the heat low from outside

to inside in the form of radiation.

G in Figure 2 represents the transfer function for the measurement of the room
sensor

temperature, § . We simply assume G (s) =1.
m sensor

From Figure 2, we know that the output of the system, the room air temperature

8 (s), is a complicated function of the chilled water supply temperature, t9w3(s), the out-
m

door temperature, § (s), the set point temperature, 4 (s), and the solar gain through the
o 3
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window, QWi (s). The system is high order, nonlinear, multiple input, and difficult to

n
analyze. We shall now develop a TUTSIM model of the system. There are hard non-

linearities in the action of the control valves when they reach the fully open or closed

position.

TUTSIM MODEL

The simulation model is developed by a series of functional blocks with the inputs,
outputs, and initial conditions specified, which are then integrated with time to calculate
the response of the system. The program has blocks representing summation (SUM) ,
multiply (MUL), constant (CON), gain (GAI), limit (LIM), delay (DEL), first order (FIO),
or Euler integration (EUL) blocks(6].

The discharge air temperature open loop control system can be modeled as shown in
Figure 3. Each functional element is represented by a group of blocks with constants and
initial conditions specified. The simulation runs on a personal computer and plots its
results to the screen. A simple model can be developed to predict the steady state perfor-
mance. With non-zero delays and time constants, the response of the system to different
disturbances and control and process gains can be observed. The parameters used in the
model simulation are shown in Table 1. The program operates in the time domain and

generates the time response of the system to programmed forcing functions.

STEADY STATE RESPONSE

From equations 2, 4, 6, 7, 8, and 9 for the valve and bypass, pipe, cooling coil, and
room we can calculate the steady state output of the chilled water to the coil and the
cooling delivered to the space at a constant space temperature as a function of the valve

actuator input, V . We can also determine the steady state room temperature.

The coil cooling output depends on the temperature and flow rate of the chilled
water entering the coil and the temperature and flow rate of the air entering the coil. The:

heat transfer is limited on the air side. As the air flow rate decreases, the air-side

LBL-23179 enix:TUT/zhang87.825



Table 1.

Parameters Used for the Simulation

Water flow f 0.13 kg/s
to cooling coil " (2.7 gal/min)
Water flow F 0.10 kg/s
from chiller v (2 gal/min)
Flow ratio F /f 0.75
w w
Air flow rate F 0.05 kg/s
Glycol density p 1000 kg/m3
w
Glycol and water heat capacity Cw 3.5 kJ/kg-C
(0.84 Btu/lbm-F)
Water heat capacity water " 4.186 kJ/kg-C
Air heat capacity Ca 1.01 kJ/kg-C
Air-side coil effectiveness € 0.9
Water-side coil effectiveness €, 0.1
Chilled water supply g s 7C
temperature v ‘
Pipe length pipe 5m
Pipe transport delay _ 10s
pipe
Coil time constant ) 15s
coil
Room Capacitance 5kJ/C
.I'OOID
Room Infiltration infiltration 3.7W/C
Window Conductance UWI.11 3.9 W/C
| Room Conductance 8.0 W/C
cond
Room Set point 05 20 C
Outside temperature 00 25,35 C
Solar Gain Qw, 400,150 W
1n

effectiveness increases giving closer approach to the inlet water temperature, but the
waterside effectiveness decreases and the total cooling output is reduced. Table 2. shows
the the air- and water-side effectivenesses, € and € and the maximum cooling output as
a function of ‘air flow rate, Fa. For the analysis we shall assume that the air flow rate is
Fa. = 0.05 kg/s. Because the air flow has been greatly reduced compared to the water

flow rate, the air-side effectiveness is large and the water side eflectiveness is small. In the

LLBL-23179 enix: TUT/zhang87.825
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test facility the air flow was adjusted in an attempt to reduce the cooling coil output.

Once a suitable condition was reached it was kept constant thereafter.

Table 2. Air- and Water- Side Effectiveness

F € € Qmax

kg/s w

{004 | 0.94 0.08 | 490 W
0.05 | 0.90 0.100 | 590 W

006 | 0.85 0.11 670 W

Chilled Water Response

The steady state chilled water output temperature, 9wlb, is shown in Figure 4 as a
function of actuator signal, V, assuming that the room is at a temperature of Bm =20C,
and the chilled water supply temperature, 9w3, = 7 C. The output is shown for two
different control valves: a linear valve and an equal percentage valve. The lower curve
shows that the cooling output from a coil controlled by a linear valve changes rapidly at

small actuator position. The upper curve shows the equal percentage valve which has its

maximum slope at the middle of the control range.

Cooling Coil Output

The steady state cooling coil output depends on the temperature of the entering

water and air and the coil effectiveness and is given by

Qcoil =eF C (0m_ owla) (9)

The cooling coil output to the room depends on the actuator signal V varies from 0 to
about 500 W of cooling. For the linear control valve, to obtain a variation from 100 W
to 400 W the control valve will go between 0.03 and 0.20. The gain of the control valve

(the slope of the curve) becomes quite large at small flow fractions. An equal percentage
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valve would go from 0.33 to 0.63 to cover this éame range in output. The maximum gain
(slope) occurs in the middle of the range. For a system designed to cover a wide range in
cooling loads, the equal percentage valve gives greater control capability. We shall first
analyze the system in detail using a linear control valve. At the end we shall return to the

equal percentage valve.

Steady State Room Temperature

The steady state room temperature is a balance between the cooling delivered by the
coil, Qco“, the solar gain through the window, Qwin, and the conductive heat gain, Qcond.
As the solar gain and outdoor temperature increase the room temperature at a constant
valve position increases. In practice, the control system adjusts the control valve to
maintain the room temperature at a set point, 03 = 20 C. To maintain a temperature of
20 C when the solar gain is small, 150 W, the linear control valve is almost completely

closed, V = 0.05 V , while the equal percentage valve under the same conditions is at
[o]

mid-range, V =043V , giving better control.
[}

STEP RESPONSE

To examine the time behavior of the system we examine the response of the supply
water temperature to a step change in the valve flow fraction, x, the response of room air
temperature to a change in supply water temperature, and finally the combined response
of both systems. These responses will be examined by isolating portions of the TUTSIM

simulation, applying a step change, and observing the results.

Chilled Water Temperature

The chilled water temperature depends on the supply and return flow rates and tem-
peratures, the room air temperature, the transport delays in piping, the time constant
response of the cooling coil, and the flow fraction of the three way mixing valve. Figure 5

shows the time response of the coil supply water temperature to a step in the valve flow
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4

fraction in the case where the time constant for the cooling coil is 7 G\ = 0. At t =0s the
COl

i
flow fraction changes from 0.1 to 0.2 or 0.6. There is a 10 s delay before this change
appears at the inlet to the cooling coil. There is an additional 10 s delay before the cooler
water returns from the coil to the mixing valve. There is another 10 s delay before the
new chilled water reaches the coil inlet. Thus the chilled water changes by incremental

steps of 20 seconds duration as the slug of fluid circulates. When the thermal mass of the

cooling coil, 7 § = 15 s, is included in the analysis the steps are smoothed out.
col

For a linear control valve the effective time response depends on the fraction of
valve flow. Borresen (5] has analyzed the problem and found that the effective time con-
stant for a cooling coil in a three way valve configuration is given by Ta= 2-K-Tpipe where

K, =—1/hn{(1~_)(1—q)]
where q = (Fw/fw)~x . For e, =01, the effective time constant is T =198 for x =0.2
and 28 s for x = 0.6, respectively. This is in general agreement with the observed decay

times from Figure 5 of 82 s and 27 s respectively.

Room Air Temperature

When the coil inlet water temperature changes suddenly, the response of the room
air temperature is dominated by the time constant of the room air. The coil response is
very short. Figure 6. shows the response of the room temperature, 0m as the coil inlet
water temperature Gwla changes from 19 C to 8 C. The time constant can determined
from the maximum slope of Figure 6 is about 95 s. The cooling coil outlet is a function of
the room temperature as given by equation (9). The room temperature is driven toward

equilibrium as given by

C =Q +Q

room coil * Qwin = €aFaCa'(0 = )+U (0 -0 )+Q

cond wla al cond © o al win

The time constant to reach equilibrium is then given by
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room
r I= =93 s
(€F C+U_)

a cond
which is close to the time constant observed in Figure 6.

Combined Response

The combined response of the valve mixing, transport delays, coil response, and
room response when the valve flow fraction, x, goes from 0.1 to 0.2 is shown in Figure 7.
The slow response of the cooling coil inlet water conditions at small x, T = 82 s, com-
bines with the response of room temperature to changes in coil water temperature, T !

om

=90 s, to give a long decay time, 7 = 320 s.

CONTROL SIMULATION

The control block diagram drawing including' the controller and feedback is shown

in Figure 2. The controller compares the measured variable,' the room temperature, 4 |,

m

with the set point or reference temperature, 6 , and provides an output voltage, V(s), to
s

the valve actuator. G represents the control block which compares the observed
co

ntrol

room temperature § with the set point temperature, § and generates a control signal,
m s

V(s). G . (s) is controller transfer function. The control output is given by
contro

Vi) =G_  (s)(8(s)—0 (s))

control s

Proportional Control

When proportional feedback control is used, G . l(s) = Kp, where Kp is the propor-
conLro:
tional gain. If the K = 10/C, then the actuator valve signal would change by 10 units for
p

every degree change from the set point temperature. Since the range of the control actua-

toris V from 0 to 10, V. =10, the throttling range of the controller is given by
range .

TR=V_ /K =10/10/C)=1C

The response of the system with a linear control valve under high solar gain, 400 W,
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to change in zone temperature set point is shown in Figure 8. The system is stable and
the initial swing in room temperature is damped within a few cycles. Because of the
rather long response of the room air temperature, as shown previousiy in Figure 7, the
period of the oscillations is about 200 s. Because proportional control is used there is an
offset from the set point in the final room temperature of about 0.2 C. If the solar gain is
reduced to 150 W the system is close to marginal stability, as shown in Figure 9. As the
control valve cycles from closed to about 20% open, the coil inlet temperature and room
temperature also cycle with a period of about 140 seconds. The system will not settle
down. At small valve openings the gain of the cooling coil system is quite‘ large, that is
the change in coil output for a small change in valve output, the slope of Figure 5, is
large. Qualitatively this type of oscillation has been observed in the -MoWiTT facility

during initial operation and is quite unacceptable for detailed calorimetric experiments.

Proportional plus Integral (PI) Control

The control response can be made more stable by reducing the control gain, K to
P

perhaps 3/C. This increases the throttling range of the controller to TR = 3.3 C. This
increases stability, but it also gives rise to an increased control offset required to maintain
the control signal. The control offset can be eliminated by the use of proportional plus

integral (PI) control.

When proportional plus integral feedback control is used, the transfer function for

the controller is given by

T-s
1
where K is the proportional gain and T is the integral time constant. The integral term
p 1

accumulates a signal that slowly resets the control set point to eliminate offset.

When the control gain has been reduced to K =3 /C, on the system with a linear
P

control valve under low solar gain, 150 W, the response to an upset is stable. The
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integral term effectively eliminates the offset. Because of the smaller control gain the con-
trol valve cycles does not go through such large swings and the system settles down, as
shown in Figure 10. Again the smaller gain reduces the swings in the valve flow fraction

giving more stable operation.

IMPROVED CONTROL OPTIONS

To demonstrate the usefulness of control simulation we have evaluated two
modifications to the system that can make the system easier to control. The main prob-
lem with the linear valve system is that the process gain of the cooling coil is very large
at small valve openings. Application»of an equal percentage valve or introduction of resis-
tive heating at small valve flow fractions can greatly improve the control stability and

controllability.

Equal Percentage Valve

The coiling coil inlet water temperature, le, as a function of actuator signal, V, has
been shown previously in Figure 4, for the linear and equal percentage valve. The equal
percentage valve is designed to give a uniform increase in cooling output for a given
change in valve actuator signal, V. Unlike the linear valve, at small openings the rate of
change of cooling output for change in :;ctuator signal decreases. When an equal percen-
tage valve is used, a system which is stable in the middle of the control range will remain
stable at each end of the range. The proportional control response of a system with a
control gain Kp = 10/C, and a solar gain of 150 W, is shown in Figure 11. This system
with a linear valve was shown to be unstable in Figure 9. As the actuator signal, V,
increases the valve flow fraction, x, increases slowly. Because the proportional gain is
large the final control offset is only 0.3 C. Addition of integral gain would remove this
offset. The test facility was built using electrically operated linear control valves and

changing valves at this time would interfere with ongoing experiments.
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Reheat

Electric resistance heating can easily be controlled in a linear manner. If heating is
introduced into-a system with a linear cooling valve when the cooling load is reduced, the
cooling coil output will stay larger. In addition if the room temperature is too low, the
heater can drive the room temperature upward much faster than heat gain from conduc-

tion. The heater input is modeled as

Q =(3-V)*I00W;0<V <3.

heat -

The heater does not come on until the control signal falls below 3. This has the effect of
greatly reducing the slope of the cooling coil output for small values of the control signal
V. Reheat is commonly used in HVAC to establish good temperature control and has

been successfully applied in the MoWiTT facility.

The response of a system with electric reheat is shown in Figure 12. The heater,

Q

gy COMES ON initially and drives the room temperature, § upward. As the tempera-
ea m

ture rises the heat input decreases and steady state is quickly reached. This is the same
system that is shown to be unstable in Figure 9 with a linear control valve. If the actua-
tor signal is above 3, the heater is off, but there are significant solar gains to drive the

room temperature.

CONCLUSIONS

Computer simulation is a powerful tool to solve control engineering systems. A gen-
eral control simulation program, developed for control engineering analysis on a micro-
computer, has been used to simulate the control of discharge air temperature of a cooling
system consisting of a valve, pipe and a heat exchanger with multiple time constants and
interacting components. The analysis has been applied to better understand the control
stability and tuning of a supply air cooling system used in the Mobile Windows Thermal

Test (MoWITT) Facility.

Microcomputer simulation is a powerful tool for modeling complex discharge air and

LBL-23179 enix:TUT/zhang87.825
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room temperature control systems. A detailed system model can be built out of standard
components and can be used to plot the steady state performance under different operat-
ing conditions. The time constants for system response to a step change in input can be
observed. The response of the cooling coil output depends sfrongly on the transport
delays in agreement with Borresen. The response of the room temperature to changes in

coil inlet temperature depends on the room decay time.

The feedback control of the system has been modeled and stability of the system to
various control parameters has been investigated. The model predicts a control offset for
proportional control and increasing instability as the control gain is increased. Applica-
tion of integral gain is shown to remove the control offset. For a system with a linear
control valve, the process gain of the cooling coil increases rapidly as the valve flow frac-
tion decreases. A system which is stable at mid-range can go unstable at the low end of
the control range. These qualitative results assist in understanding the control of the
facility.

Different modifications to system control have been modeled. The application of
both an equal percentage valve and reheat are shown to improve the control response of
the system under low cooling load conditions. The qualitative results presented here are
based on estimates of syst;em parameters. Future work should include identification of

system parameters and comparison with measured system behavior.
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Figure 11. Proportional control with an equal percentage valve showing stable
response to upset of room temperature, 0 , coil input temperature, Owla, and
valve flow fraction, x, as a function of time. K.p =10/C, len =150 W, 00 = 25
C, and 0s =20C.
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Figure 12. Proportional-Integral control of a system with reheat showing stable
response to upset of room temperature, § , coil input temperature, 0“8, and
valve flow fraction, x, as a function of time. Kp = 10/C, T‘ = 100 s, len = 150
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