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ABSTRACT

This is the second part of a three-part paper on feedfor-
ward controllers for laboratory HVAC control systems. The
developmenr of a controller for temperature during the cooling
sequence is studied. Internal heat generation in the laboratory
space is the primary disturbing force thar acrivates this
sequence. Additional cooling is provided 10 offset increased
load by supplying addirional air into the space. The supply flow

rate is increased by first opening the general exhaust damper

to increase the total laboratory exhaust flow rare. The labo-
ratory pressure constraint is met first, and ihis is followed by
the control on remperature. The combined feedforward-feed-
back approach is found to outperform the conventional jeed-
back controller.

INTRODUCTION

In Part I (Ahmed et al. 1998a) of this paper on feedfor-
ward controllers, the unique aspects of a laboratory HVAC
systemn. are highlighted and the opportunity of achieving
energy savings with the variable-air-volume (VAV) system is
presented. A combined feedforward and feedback control
approach is proposed as an alternative solution to the present
approach of feedback conwol, i.e., proportional-integral-
derivative (PID), for a laboratory HVAC control system. The
combined approach uses a general regression neural network
(GRNN) to identify the parameter of the component charac-
teristics and control. The combined approach shows good
results in terms of providing stable and accurate pressure
control over a wide operating range and with different damper
characteristics. This paper explores the applicability of the
combined aporoach for temperature conwol during cooling
sequences commenly found in a laboratory.

John W. Mitchell, Ph.D., P.E.

Sanford A. Klein, Ph.D.
Fellow ASHRAE

The cooling sequence is described first. The implemen-
tation of a combined approach for cooling is discussed next.
The details of the simulation of the temperature control
sequence are then presented. followed by a comparison of the
results and the conclusions.

SEQUENCE FOR TEMPERATURE
CONTROL—COOLING

Internal heat generation is the primary disturbing force
that activates a need for cooling. The generation rate can
increase manyvfold rapidly due to activities and equipment in
alaboratory. When the internal generation suddenly increases,

the room temperature rises rapidly. The only cooling source

available is the supply airstream, which is usually at 55°F
(12.77°C), and, thus, the supply flow must be increased.
Increasing the lab exhaust flow will upset the lab space pres-
sure. In order to circumvent this problem, another source of
the exhaust (i.e., general exhaust) is opened to allow an
increased supply flow. By arificially increasing the total lab
exhaust, both room temperature and the pressure set points are
maintained. Figure 1 shows the cooling sequence schemati-
cally.

IMPLEMENTATION OF ACOMBINED CONTROLLER
FOR COOLING

The implementation scheme for the combined controller
is similar to what is discussed for the pressure control
sequence in Part I (Ahmed er al. 1998a). Two separate
combined feedforward and feedback controllers are used for
cooling. One is for the supply flow loop and the other one is

* for the general exhaust flow. Each controller uses the GRNN
to identify the damper characteristics and then produce the
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Figure 1 Temperature control—cooling sequence.

feedforward block output for the given set points, which are
determined based on the method described in the last section.
Itisexpected that by using individual combined controllers for
supply and general exhaust flow loops, the implementation
process will be much simpler since the GRNN will need to
identify and update the individual damper characteristics
using only a small set of data. The implementation scheme is
shown in Figure 2. ‘ ' ’
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Figure 2 Implementation of combined controller for
temperature control—cooling.

SIMULATICON AMD RESULTS

Temperature Control: Cocling Sequenca

Based on the observed results obtained from the pressure
control study, the following changes were made for lempera-
ture control sequence.

1. Only three damper curves were considered: linear; nonlin-
ear (WW,=0.5) with an authority of 0.01, and a linear damper
with an authority of 0.01. Along with the linear damper. the
two extreme damper characteristics (shown in Figure 6,
Part I) were judged to be sufficient enough to test the vari-
ous control loops.

I

Only proportional-integral (PI) and combined feedforward
and fesdback (FFPI) conwol loops are considered. The
response of the feedforward (FF) conwol loop was very
predictable in terms of having a slight offset from set points
and still providing stability.

The change in the internal load is the main cause or disturb-
ing function for cooling. Figure 3 shows two internal load
curves used in the simulation. In the first case, the generation is
increased fivefold from its initial value of 85.50 Btwmin to
427.50 Buw/min (90 kJ/min to 450 kJ/min); in the second case,
the internal load is decreased from a higher value to a lower
value. The fivefold change in internal heat generation rate
within seconds is not uncommon in lab environments
(Newman 1989).

The flow set points of the general exhaust and, conse-
quently, of the supply are détermined using steady-state
energy, mass, and infiltration equations. The energy equation
contains a room load term that is calculated based on the room
air temperature and the supply flow rate at a preceding time
interval. The details of supply flow rate determination and the
prediction of room load are discussed in the next section.

Once the set points are known, the FFPI control loop
employs the combination of feedforward and feedback
approaches to reach the set point. In contrast, the PI control
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Rate of heat generation (Btu/min)

0 10 20 30 40 50 60 70 80
TIME (minutes)

Figure 3 Disturbance in the rate of heat generation for
cooling sequence.
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the flow s2¢ points {or we r:’r;:sar:-;i:’. 205 siL iificant devia-
tion from the room condidons will propagate rapidly via the
input for predicied load. The schemau«.s of both FFPI and PI
control loops as used in simulation are shown in Figure 4.

Due to the presence of two coupled control loops, the
operation of the control sequence is complicated compared to
the pressure control that uses a single loop. The tuning of two
PI control loops also becomes complicated. In the industry,
another PID is employed to determine the set point; this
further complicates the tuning process. To avoid such compli-
cations, it was decided to use the model-based set points for
the PI loops, as well for the simulation. The PI and FFPI are
then compared on the same basis of controlling the dampers.

For the temperature control loops. the simulation sample
time is selected to be ten seconds. This is much longer than the
one-tenth of a second considered for the pressure control loops
since the room thermal time constant is found to be about four
minutes instead of one-third of a second as for the flow loop.
The room temperature response under an open loop test when
the supply flow rate at 55°F (12.77°C) is increased to maxi-
mum is shown in Figure 5. The room thermal time constant is
determined from the open loop response in a similar way as
described in Part I (Ahmed et al. 1998a) for determining
supply flow time constant.

A sample time of ten seconds means that 24 samples are
made within one time constant, which should be more than
adequate for a digital controller. Any smaller sample time
poses the problem of storing a massive amount of data neces-
sary for simulation considering the entire simulation period
for temperature control, which extends to more than an hour.

Chimne in

. . Model based

scwoints predictor
Gen. exhans
FFPI control loop

N %amud
Change in
fume hood exhaitst Suzoly flaw

Medsl based seroont
-3 sctpoints pm:imr >%"—“ ?1 r‘”%l}

Gett, cthmest i
flow serpoast "

PI conwol loop

Figure 4 Schematics of conitrol loops for temperature
conirol—cooling sequence.
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failed to converge. In order rore solve ahCh prob ems, the time
derivative of pressure was ignored and the transient energy

and mass balance equations (i.e.. Equations 7 and 11) are
rewritten as
V[ _l_'idr:&iy_;_‘padl;ad_}_ﬂ (1)
TtdzJ RT, " RT,; RT
Py Py Py
d ¥ . .
——%cp+—5-‘1’-?—5—cp-—k§cp+qgen+qrr= 0 @)

The assumption of ignoring the pressure derivative term
is justified since, in reality, the fast pressure control loops will
always achieve the set point even before the next room
temperature is sampled because the room thermal loop is so
slow. To ensure that the pressure control loops will act much
faster than the room thermal response, the ratio between the
sample time and time constant in the exponential term. b in the
solution for damper command signal (Equations 14 and 15 of
Part I) is chosen to be 3.30. As a result. the damper command
signal in the next sample time will be almost equal to the
damper command set point, ry,. The expression for damper
command signal is repeated below.

r..=br

ac ac (r=t,) "

(l“b) p(;..;) (3)

where

=)
TﬂCf

b=e : )

MODEL-BASED SET POINT DETERMINATION

In the cooling sequence, both supply and general exhaust
flow set points nead to be determined. A common approach in
a feedback controller is to use another PID algorithm that acts
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Figure 5 Open loop response of room temperature due
1o ceeling.




Lpiniizisirestvesn dhe room iemperature set point and the
acwual value. The PID output is the general exhaust flow set
ooint. The supply flow set point is then calculated assuming a
fixed differential with respect 1o the general exhaust flow ser
point. Addition of another PID loop further complicates the
tuning process. With reference to Figure 4, if a PID loop is
used instead of amodel-based predictor, a total of Seven tuning
parameters need to be evaluated for the two PIand the one PID
coupled loops. The performance of coupled loops also suffers
when the operating condition shifts from the tuned condition,
a common feature of a laboratory control system. On the other
hand, amodel-based setpoint predictor will require less tuning
and performance will not be dependent on the operating condi-
tions.

The flow set points for general exhaust and, consequently,
for supply flow are determined using steady-state energy,
mass, and infiltration equations. The steady-state mass and
infiltration equations are described for pressure control
sequence in Part I and repeated below. .

The conservation of mass of air in the laboratory is given
by

o

dm . . .
S Mstma—m,. 5
Using the ideal gas law for the density and expressing
mass flow in terms of pressure, temperature, and volume flow
rate, Equation 1 becomes

dPV/RT) _ Pvy Pugley Py, ©
dr RT, " RT,; “RT"

Differentiating the first term by parts and canceling the
gas constant, R, on both sides results in

Y[léf_f.é_ = &&.}.P__“d‘;“d_ﬂ' (7)
R\Tdt q2dt| = RT,” RT,, “RT
The steady-state mass balance equation then becomes

Py Padag_PS, _ 0. (8)
RT,” RT,; “RT

The conservation of energy equation includes the energy
carried in and out by flows and heat flows.

%j = zhimi “heme * een ™ qir ®)
where / denotes all inflow, e denotes all outﬂow,(}g on 15 the
internal energy generation, and 4,, is the heat transfer through
the envelope.

Equation 9 can be further expanded in terms of mass and
specific internal energy as

du dm . . . .
mz—t-ﬁ-uz = zhimi—-hemz-i-qgm-j-q”, (10)

Taking derivatives of the iefi-nand sice 51 Egquat
assuming a constant room volume Vinmeducs :
equation for internal energy 1 = .l and exprassing mass o
rate in terms of pressure. temperature. volume flow rate. ans
enthalpy h = c,T. the following equation is obtained.

PV dT TVap pvar_

RT®dr " RT di & g =

. : (1D
irlsc Padbay Py, g .
RT,"? " RT,, P RT Pt gent

The steady-state form of the above energy equation then
becomes

P:V: Padvad Py

RT,? ™ RT,, = R7% *910aa = O (12)
where
Uioaa = dgen+ Gir-

The infiltration relation is

Vad,sp = Ki(AP,,)". (13)
The laboratory pressure differential, APSP, ’is defined as a
differential:

AP, =P, . sp=Pop- (14)

Besides room thermal load (sum of termségm andg,, in
Equation 11), there are nine variables in Equations 8 and 12
comprising the temperature, flow rate, and pressure of three
airstreams: supply, infiltration, and lab exhaust. The room set
points for temperature and pressure infiltration are known..
The volumetric flow rate of infiltrating air at the set point,
v, disp* is also known from Equations 13 and 14. Similarly, the
supply air pressure, P|sp» TOOM pressure, P|, » and tempera-
ture, T]SP, set points are given from design data. There are
three unknowns: lab supply airflow rate, x}s'sp; total lab
exhaust set point, ‘;e|:p; and supply air discharge temperature
set point, T\sp» The total lab exhaust is a sum of general
exhaust and exhaust from fume hoods and is given by

Veisp = Vinjsp * Vexisp - (15)

Ina VAV lab, the fume hood exhaust set point is a known
quantity for each position of the fume hood sash. Hence, by
determining the set point for total lab exhaust, the general
exhaust set point will be known.

~ In order to solve for either supply air discharge tempera-
ture or general exhaust set point, Equations 8, 12, 13, 14, and
I5 must be solved simultaneously. When the supply air
discharge temperature set point is to be determined, then the
general exhaust is usually a known quantity and vice versa.
The need for determining the desired supply air discharge

TO-98-5-2
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process <r aquipment operation, The rocm. dnder such situa-
tions. ne2ds more cooling. However. providing additional
cooling by just increasing the volumermic flow rate of 35°F
(12.77°C) supply air will upset the room pressure equilibrium.
As aresult. the general exhaust damper needs to be opered to
allow more supply air to satisfy the added cooling need. The
controller has to determine and control the general exhaust
flow rate and supply airflow rate in order to maintain the room
pressure and temperature set points. The supply air tempera-
ture at 35°F (12.77°C) remains fixed.

In Equation 12, the space thermal load, éloaa” needs to be
determined in order to obtain the set points. The total cooling
load can be determined by using Equation 16, which relates
the load to the total lab exhaust flow rate, room temperature,
and the supply flow rate at the preceding sample time, 7— 1. In
developing the control relations. the air density is assumed to
be constant and identical for supply, exhaust, and infiltration
air.

Q10ad)ss = Ve (1- P T o1y = Vs, (1= )P s = YagyspPCplaa

(16)

The total lab exhaust is expressed as a sum of general
exhaust and fume hood exhaust flows,

Ve = Vs oty * Vadpsp - a7)

In both Equations 16 and 17, ithas been found best to use
the infilration flow rate set point, v, instead of the actual
infiltration flow rate, v.4, to avoid an oscillation in the room
load prediction. The transients in AP introduce oscillations in
both the infiltration flow rate, v,4, and room temperature, 7.
As a result, the calculated room cooling load will oscillate.

The room temperature, 7, can be measured directly by
placing the temperature sensor in the room exhaust duct
instead of following the usual practice of using a wall room
thermostat. In most labs, the exhaust from the fume hoods and
the lab are ducted together and the common intersection
between the two exhaust streams provides a good location for
a duct temperature sensor. Due to the high ventilation require-
ment, the air in a laboratory space is well mixed and, therefore,
exhaust air temperature is a good representation of the room
temperature, 7. In certain situations, however, it is not feasible
to install a duct temperature sensor due to the fzar that the slec-
trical veliage supplied to the sensor may react with the volatile
fumes. Under those situations, the room wall thermostat
sensor can still be used and the room temperature can be esti-
mated by a simple relationship between the room thermostat
and using a temporary room air temperature sensor as below.
The development of this model and its validation are discussed
in detail by Ahmed (1996). The relation between the space
temperature and the thermostat reading is

TO-98-5-2
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* The thermostat calibradion consiant. C2,. can easily be
found during the commissioning process by locating a temper-
ature sensor in the exhaust duct temporarily or at a good loca-
tion within the room: changing the room temperature set point;
rending both thermostat temperature, T, and room air
temperature, 1. from a temporary location: and fitting the
trended data to Equation 18 to determine C2,. Once the ther-
mostat constant is calibrated. the temperature sensor can be
removed from the temporary location. As an alternative, the
sensor to measure the room air temperature can be located in
the general exhaust duct for the lab air only. The sensor in the
general exhaust ductcannot be used continucusly in lieu of the
thermostat because, often, the general exhaust damper may be
closed completely and the sensor will not be exposed to the
room airflow. On the other hand, by having a sensor in the
general exhaust. the calibration process can be automated to
update the value of the calibration constant, C2, by using the
trended sensor and the thermostat values in Equation 18.

RESULTS

Several cases are simulated and the results are discussed
in the following sections.

CASE C1: Linear Damper with an Authority of 1.0

In cases C1. C2, and C3. a sudden increase in the internal
heat generation rate is imposed as a disturbance. Referring to
Figure 3, it should be noted that at time ¢ =0, there is a sudden
disturbance in the load from 85.50 Btw/min (90 kI/min) to
427.50 Buw/min (450 kJ/min) at time ¢ = 25 minutes. Both PI
and FFPI control loops are tuned for the linear damper/actua-
tor characteristics. The supply and general exhaust character-
istics are assumed to be the same for both controls. The tuning
process was the same as explained earlier in discussing the
pressure control sequence (Part I). The general exhaust
damper flow loop was tuned first, followed by the supply flow
loop. The tuning of the FFPI loop was relatively straightfor-
ward and simple with very small gains compared to the PI
control loop, which was complex, time consuming, and had
large gains. Once tuned. the loop parameters are kept
unchanged for other cases. The gains are shown in Table 1.

Figure 6 illustrates the temperature response for both P1I
and FFPI control loops. Also included are the simulated and
predicted loads to indicate that the predicted load agrees
extremely well with the simulated load. The simulated load is
calculated by adding the known internal load term and the
calculated wall heat ransfer. A good load prediction is a
precondition of achieving good control.

Both the PI and FFPI performed well in terms of setpoint
tracking accuracy and response time. While the PI control
loop quickly setiles to the desired set point of 70°F (21.11°C),
the settling is gradual in the case of FFPL. However, the FF part
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Control P, LS. P, LS,
Sequence |Control Equipment|(Control Signal/Error)|(Control Signal/Error)| (Control Signal/Error)|(Control Signal/Error)
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Figure 6 Dynamic response of room temperature and Figure 7 Dynamic response for room temperature and

predicted load for control sequence CI.

of the loop brings the room temperature within 0.5°F
(0.278°C) quickly, leaving only a small residual to be slowly
handled by the PI component of the combination loop.

Case C2: Linear Damper with an Authority of 0.01

In this case, the nonlinear damper characteristics are
assumed for both supply and general exhaust damper. As
shown in Figure 7, the result for PI control shows poor perfor-
mance as the room temperature continues to fall when the
initial load is imposed, and then the room temperature oscil-
lates due to a sudden increase in the load. As also shown in
Figure 7, the FFPI control loop showed good control and held
the temperature within a narrow range of 1°F (0.56°C). The
predicted load matched the simulated load very well. For PI
control, the predicted load is intentionally not shown as it has
significant cycling. Instead, a plot of the cycling supply flow
rate is of more practical value since such cycling contributes
to noise and equipment failure, an often observed effect of
poor HVAC control (Blazier 1993; Cerami 1996). Such plot-
ting is included for the next case.

[=)]

predicted load for control sequence C2.

Case C3: Nonlinear Damper with W;= 0.5 and an
Authority of 0.5

As shown in Figure 8, in this case the PI control responds
well to the initial load but shows poor control when the load
is suddenly increased by fivefold. The FFPI control manages
to control well throughout the simulation period. The supply
flow rate plots for both control loops are shoWn in Figure 9,
which indicates that the supply flow cytles between the maxi-
mum and minimum flows. These flow oscillations would be
unacceptable and demonstrate the failure of the PI control
loop. In contrast, the supply flow response for the FFPI loop
is stable and tracks the desired set point well. Even with
cycling of the supply flow loop, the temperature in the space
oscillates in a narrow range of 1°F (0.56°C) (Figure 8).
Although this small oscillation in space temperature might be
hard to notice, the cycling will drastically shorten the life of
the actuator.

TO-88-5-2
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Figure 10 Dvnamic response of room temperature and
predicted load for control sequence C4.
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Cases C4, C5, and C6: Temperature Control—
Cooling for Decrease in Room Load

4 In cases C4. C5, and C6 (Figures 10 through 12), internal

-load is suddenly decreased by fivefold from an initial steady
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Figure 12 Dynamic response of room temperature
control sequence C6.

value. These cases are just the opposite of cases C1, C2, and
C3. The results are similar but are the reverse in the response
when compared to cases C1, C2, and C3.

In case C4, for a linear damper with an authority of 1.0,
both PI and FFPI control loops work very well. For a linear
damper with an authority of 0.01 (case 2), the PI control
performance deteriorates considerably. For the last case 6, for
a nonlinear damper with an authority of 0.01, an instability
again 'is observed at the high load and flow condition.
However, when the load is decreased, the PI seems to provide
good control. For all cases, the FFPI provides accurate and
stable control. “

SUMMARY

Cooling control is complicated due to the presence of dual
coupled loops for the supply and general exhaust flows. The
controllability of the general exhaust loop was very dependent
on an accurate load prediction. The steady-state method of
load prediction works well. It is feasible to implement the load
prediction method in a real controller because it is simpls.
Since the load prediction method does not require any addi-
tional sensors or hardware, the proposed scheme may become
cost-effective. )

Similar to the pressure control sequence results, the FFPI

control loop works well under a wide range of operating .

conditions, even subject to sudden extreme disturbances up to
a fivefold increase in internal load generation. Compared to
the PI control loop, the FFPI provides an excellent control.

FF = = feedforward

FFPI = combined feedforsard and feedback
GRNN = general regression neural nerwork
HVAC = heating. ventilating. and air conditioning

h = enthalpy, Bu/lbm (kJ/kg)
I, = integral gain constant in PID conwoller
K, = envelope leakage constant

Lab = laboratory

m = mass, Ibm (kg)

m = raie of mass flow, Ibm/sec (kg/s)

n = flow exponent

P = pressure, inches of water (kPa)

AP = pressure differential, inches of water (kPa)
PI = proportional-integral

PID = proportional-integral-derivative

P = proportional gain constant in PID controller

Qger = the rate of generation of internal heat, Btu/min (W)
d1pq¢ = Toom thermal load, Btw/min (W)

q, = rate of heat wansfer by conduction, Btu/min (W)
r = normalized actuator position (0-1)

s = command actuator position

R = gas constant, Biwlbm-R (kJ/kg-K)

S, = sample time, seconds

¢ = time

T = temperature, °F (°C)

U = total internal energy, Biw/lbm (kI/kg)
\ = volume, i (m3) :

VAV = variable air volume

v = volumetric flow rate, f3/min (m>/min)
W; = nonlinear valve/damper parameter
wc. = inches of water column gauge

w.g. = inches of water column gauge

Greek Symbols

P = density, Ibm/f (kg/m°)

T = time constant, seconds

Subscripts

a = air

ad = adjacent space

e = exhaust

ex = general exhaust

Jh = fume hood

gen = generation

i =in

o = out

D = constant pressure
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s = supply

sp = set point

st = thermostat

t—1t, . = sample ime equal to current sample time ¢ preceded
by dead time 1,

v ¢ = constant volume
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