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In this paper, a neuro-adaptive Pl control strategy for a water-cooled centrifugal chiller system is developed, and its
control performance is examined. The system model consists of a flooded evaporator, a flooded condenser, a centrifu-
gal compressor, and an electronic expansion valve. The overall system consists of three control loops: a compressor
speed control loop, an inlet guide vane (IGV) control loop, and a condenser liquid level control loop. A neuro-adaptive
control strategy for compressor speed control was designed. The control performance of the chiller was tested

by carrying out simulation runs using an integrated building and HVAC (IB-HVAC) system model. The major details

of the IB-HVAC model are described in this paper. Results show that the neuro-adaptive controller can adapt to new
system dynamics of the IB-HVAC system and give good setpoint tracking responses under a wide range of operating
conditions. The results show that the neuro-adaptive controller performs better than the constant gain Pl controller

in terms of speed of response and setpoint tracking properties.

Keywords Centrifugal chiller, Compressor rotational speed, Neural network, Neuro-adaptive Pl control, Cooling

1 Introduction

Research conducted in the last decade shows that the
energy savings associated with the operation of HVAC&R
systems could be achieved mainly through two methods.
Firstly, by installing variable speed drives on fans, com-
pressors, and pumps and operating the system under
variable fluid flow conditions, the fluid pumping costs
could be reduced. Secondly, by implementing advanced
control strategies on HVAC&R systems, improved opera-
tional performance and higher energy efficiency can be
achieved. In this study, both objectives will be explored
through the design and simulation of a neuro-adaptive
control strategy for a variable-speed centrifugal chiller
system.
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In commercial buildings, the whole HVAC&R system
consists of several subsystems such as cooling towers,
chillers, air handling units, and environmental zones.
Among these subsystems, the chiller system utilizes a
considerable amount of energy to cool and dehumidify
the air in the year-round air conditioning of buildings.
To this end, there has been significant interest in improv-
ing the energy efficiency of chillers. In this study, a class
of chiller system referred to as centrifugal chiller sys-
tem is studied. The objective of this study is to develop
a neuro-adaptive chiller control strategy to control the
chilled water supply temperature against variable cooling
loads acting on the system. The control performance of
the chiller will be tested by conducting simulation runs
under a wide range of operating conditions using an inte-
grated building-HVAC system model.

With regard to control design and operation of
HVAC systems, a review of the literature shows that PI/
PID (proportional, integral, and derivative) controllers
are the most popular controllers in the HVAC indus-
try due to their simple structure and reliable control
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performance. In practice, the PI/PID controller gains
are set during the commissioning process. Normally,
these gains are not altered during the operation; as a
result, they do not perform well when the building load
changes. To mitigate this issue, tuning methods are
employed to update the controller gains. The Ziegler-
Nichols tuning method described in reference [1] is
widely used for tuning PI/PID controller gains. How-
ever, it was found that the PID controllers with con-
stant gains do not perform well in systems with high
non-linearity. To this end, several researchers found
that the control performance could be improved by
using self-tuning or adaptive PI/PID controllers. Both
neural network and fuzzy logic-based adaptive control-
lers have been developed which reduce the overshoot
and give good setpoint tracking performance.

Li and Zaheeruddin [2] developed a hybrid fuzzy
logic controller by using two Sugeno types of fuzzy
inference systems for a hot water district heating sys-
tem. It was observed that the controllers with self-
adaptive abilities provide a fast response and decrease
overshoot. Pal and Mudi [3] developed a fuzzy logic-
based self-tuning PI controller for supply air pressure
control loop in an air conditioning and refrigeration
system. Wu and Cai [4] developed an adaptive neuro-
fuzzy method for controlling the supply air pressure in
a HVAC system.

Zaheeruddin and Tudoroiu [5] developed a neuro-PID
controller for controlling the discharge air temperature in
air handling units (AHU). The simulation results showed
that the control responses were smooth even when a
large step change in the chilled water temperature was
imposed as a disturbance on the system. In another study
involving the applications of neural network controls,
Ning [6] developed a model-based prediction and neu-
ral network optimization method, to design an optimal
supervisory control algorithm for a two-zone VAV air
conditioning system.

Zeng and Hu et al. [7] presented an adaptive neuro-PID
controller for greenhouse climate control by using radial
basis function network. The results demonstrate that the
control strategy had strong robustness and good real-
time performance.

In another study, Rasmussen and Alleyne [8] studied
modeling and control of air conditioning and refrigera-
tion systems. The study included simulation and experi-
mental validation of the developed model of a vapor
compression system suitable for control design. They
proposed a gain-scheduled control approach to achieve
high performance over the entire operating range.

Oliveira et al. [9] developed a switching control strategy
for vapor compression refrigerators. Both compressor
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speed and electronic expansion valve position control
were investigated. The switching controller was shown
to track the reference setpoint rapidly while rejecting
imposed disturbances.

Sun and Wang [10] developed a control strategy for
sequencing of multiple centrifugal chiller systems. The
methodology uses online measurements and model
predictions to improve energy efficiency. Along the
same lines, Chang [11] proposed a method for maxi-
mizing the COP of the whole chiller plant, and the
number of chillers required to match the cooling load.

The above review indicates that centrifugal chiller
system operation in an integrated building and HVAC
(IB-HVAC) system environment is not examined in
detail. An IB-HVAC system is a network of four major
subsystems, including a cooling tower, a chiller sub-
system, air handling units, and the building. Each of
these subsystems has its own local control loops. When
the overall system operates in an IB-HVAC mode, the
subsystem control loops must be designed in such
a way that the effects of changes in cooling loads and
the resulting dynamic interaction between the control
loops are minimized. It is well known that the compres-
sor, in a building cooling system, consumes substan-
tial amount of energy, and as such, compressor control
remains a challenging control problem due to its com-
plex and nonlinear dynamics. To this end, it is impor-
tant to develop improved compressor control strategies
for efficient operation of chillers. Therefore, a major
objective of this paper is to develop a neuro-adaptive PI
(NAPI) control strategy for compressor speed control of
a centrifugal chiller system. The focus will be to design
a neural network-based adaptive controller which can
adapt to temporal changes in cooling loads acting on
the chiller system. The second objective of this study is
to evaluate the NAPI controller performance in an inte-
grated building and HVAC system simulation model.
The goal is to maintain the overall IB-HVAC system
operation smooth and stable as the NAPI compres-
sor controller adapts to changes in system dynamics
and control interactions over a wide range of operat-
ing conditions. The novelty of this approach is that only
the compressor controller gains are updated adaptively
while all the remaining control loops in the IB-HVAC
system work with their respective well-tuned constant
gain controllers. This simplifies the overall IB-HVAC
system control for practical application. The basis for
the NAPI control design is the set of data required for
online simulation and training of the neural networks.
For this purpose, the detailed centrifugal chiller model
developed in a previous study by Li [12] was used. Here,
a brief description of the chiller model is presented.
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2 Centrifugal chiller model
The main components of the centrifugal chiller system
(Fig. 1) consist of an evaporator, a condenser, a centrifu-
gal compressor, and an electronic expansion valve. These
components and flow direction of the fluids, including
the water and the refrigerant loops, are depicted in Fig. 1.
The overall chiller system includes three control loops:
(a) a compressor speed control loop, (b) an IGV control
loop, and (c) a condenser liquid level control loop. Both
compressor speed and IGV control are used to control
the capacity of centrifugal chiller. In the compressor
speed control mode, chilled water temperature is regu-
lated at its setpoint by modulating input power (manipu-
lated variable) to the compressor motor which changes
the compressor rotational speed in response to variable
cooling loads acting on the system. In IGV control mode,
the chilled water temperature is controlled by manipu-
lating the inlet guide vane position against variable
cooling loads acting on the chiller. During the occupied
periods, the compressor operates either in the compres-
sor speed control mode or the IGV control mode. In the
speed control mode, the IGV remains full-open, and the
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compressor speed is modulated to maintain the chilled
water supply temperature at its setpoint. As the required
capacity decreases, the compressor speed decreases.
When the compressor speed reaches its surge speed
limit, the IGV control mode is activated, and the com-
pressor speed is maintained at the surge speed.

The refrigerant liquid level in the condenser is con-
trolled by manipulating the EXV opening in response to
disturbances acting on the chiller system.

By applying the fundamental principles of mass,
momentum, and energy balances, sets of equations for
the component models and the overall chiller system
model were developed in a previous study, and the model
was validated with experimental data [12]. Here, a brief
description of the model equations is given.

2.1 Flooded evaporator model

A flooded evaporator was divided into a two-phase section
(TP) where the refrigerant is a mixture of liquid and vapor,
and a superheat section (SH) where the refrigerant is
superheated. Based on the energy and mass conservation
principle, the heat exchanges between the chilled water
and refrigerant are expressed by the following equations:

AT b
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T N, th,ev,tp,2 Tchw,sp,l + N, th,ev,tp,1 Tchw,sp,Z (4)

chw,sp =
N, th,ev,tp,2 +N, th,ev,tp,1
d Tre ev,out g
Cre,ev,sh T =N, th,ev,sh uev,shLM TDev,sh — Mypeey Cp,re,v(Tre,ev,out - Tre,tp,ev) (5)
L]
where m is the refrigerant vapor generation rate in the
re,ev

evaporator, kg/s, which is calculated from Eq. (6).

g Ntb,ev,tp,l Uev,tp,LMTDev,tp,l + Ntb,ev,tp,Z uev,tp,LMTDev,tp,Z ° (] 6

M reey = +xy (M e EXV +M re,motor) ()

hj:g,Pev

By assuming the density of the refrigerant vapor in
the SH section is equal to the saturated vapor density
at evaporation pressure as in Ning [6], a relationship
between the evaporation pressure and the mass of the
refrigerant inside the evaporator was established [12].

2.2 Flooded condenser model

The heat transfer between the refrigerant and the cooling
water inside the condenser was described by the follow-
ing dynamic equations:

2.3 Centrifugal compressor model

The percent volumetric flow © and the percent head
of the refrigerant through the compressor are mod-
eled using the method described in ASHRAE Hand-
book [13] for the case when the inlet guide vane is in
“wide-open-vane” position.

dT,, N s
chﬂ = Ntb,l,cUtb,sh,cLMTDsh,l,c — e mcwCW(Tcw,r - Tcw,l) (7)
dt Niotai,c
dT, sh 2N, b2c °
Cew ;WS = Ntb,Z,cutb,sh,cLM TDsh,Z,c - D2 m cwCW(Tcw,sh - Tcw,sp) (8)
t total,c
darT, 1t 2N, b,3,c ®
Cew =F = Ntb,?x,cutb,tp,cLMTDtp,C - 2o m CWCW(TCWJP - Tcw,sp) ©
dt total,c
dT. ' 2Nb4 .
Cow— = Nyp e Up,se,c LMTDse e — P2 1 eww(Tewse — Tew,sp) (10
dt total,c
chw,l
ch7 = Ntb,2,c utb,sh,cLMTDsh,Z,c + Ntb,3,c Uth,tp,cLMTDtp,c + Ntb,4-,c utb,sc,cLMTDsc,c_ (11)
2(Ntb,z,c + Ntb,S,c + NtbA,c) b
N mcwCW(Tcw,l - Tcw,sp)
total,c
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Q= p(Vy/a®) (13)
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where U, is the control input to the compressor speed
controller, which is used to control the chilled water sup-
ply temperature. In addition, the polytropic efficiency
(Korpela [14]), the polytropic compression work (Ben-
dapudi and Braun [15]) per unit mass of refrigerant, and
the motor efficiency (Wong and Wang [16]) were mod-
eled using the approach cited in the above references:

= hr
p = (—, Y —1 (15)
Pgisc Py In(Pgisc / Psuc)
Wp = -
’ (pre,disc Pre,suc ln[(Pdiscpre,suc)/(Psucpre,disc)] (16)
Nmotor = @1 + &2 (PLR) + a3(PLR)? (17)

From the above equations, the total electrical power
input to the compressor is computed from the following
equation.

L]
M ye.comWp

Pelec = (18)

NP Nmotor

2.4 Electronic expansion valve (EXV) model

The mass flow rate of refrigerant through EXV was mod-
eled as a function of opening area as described in Yu and
Chan [17].

M ye,exv = Upxy C4AEXV,max \/2(Pc — Pey) pre,cout
(19)
The enthalpy of the refrigerant entering the evaporator
is computed from:

Q motor
hre,ev,in = Py

+ hre,c,out (20)

Cf -m re,com

Based on operating experience, “cf” in Eq. (20) is nor-
mally set to 0.15. This implies that 15% of the refrigerant
is used to cool the compressor motor.

3 Neuro-adaptive Pl control strategy

The literature review indicates that most researchers
employed regression techniques to develop data-driven
chiller models. However, according to Zaheeruddin
et al. [5], the neural network models are more accurate
and robust, which makes them attractive candidates for
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the design of control strategies for highly nonlinear cen-
trifugal chiller systems. Therefore, in this study, a neuro-
adaptive PI (NAPI) controller will be developed for the
centrifugal chiller system. Furthermore, in the multi-
mode operation of chiller systems, energy savings are
mainly achieved during compressor speed control mode.
To this end, a NAPI controller is developed for speed
control of the chiller system. The IGV and EXV control
loops were operated with constant gain PI controllers.

3.1 Design of a neuro-adaptive Pl controller for centrifugal
chiller

In a previous study [12], it was demonstrated that the
COP of chillers is significantly affected by the partial load
ratio PLR, the chilled water supply temperature, and the
condenser cooling water supply temperature. The results
indicated that the chiller COP could be increased by
increasing the chilled water supply temperature T,
by decreasing the cooling water supply temperature
Tew,sp or by employing both options. Under partial cool-
ing load conditions such as when the zones are unoc-
cupied, energy savings could be achieved by increasing
the chilled water supply temperature without affecting
the thermal comfort conditions of the space. In other
words, by operating the chiller under compressor speed
control mode, it is possible to regulate the temperature
of chilled water and thus save energy in response to the
cooling loads acting on the system. Also, further energy
savings can be achieved by using optimal chilled water
supply temperature Ty, g, setpoints for control of chiller
systems.

Once the optimal chilled water supply temperature
setpoints are determined, it will be important to design
a good controller to track the optimal setpoints as accu-
rately as possible. In this regard, a neuro-adaptive PI
controller is a preferred option due to highly nonlin-
ear dynamics of the chiller system. Therefore, a neuro-
adaptive PI controller will be developed to modulate the
chiller speed for regulating the chilled water supply tem-
perature Tepy,5p-

The architecture of NAPI controller proposed in this
study is depicted in Fig. 2. In Fig. 2, the chiller system is
operated in a compressor speed control mode while the
IGV control remains in full-open position. A neural net-
work structure consisting of 3 layers, namely 3-2-1, was
used. By using the error back propagation algorithm and
the input—output data set generated through simulation
runs, the feed-forward neural network was trained. The
training was continued until the mean square root error
criterion is met. After the initial training, the neural net-
work was then linked to the centrifugal chiller plant
model, and simulations were conducted in an online



Li and Zaheeruddin Int. J. Air-Cond. Ref. (2024) 32:16

Page 6 of 20

error backpropagation

(il
e(k-2)}~
e(k-3
Tchw,sp(k)
-3 Pl Chiller — ¢~
Tows(k) ¥ (k) |Controller 1[Usom(k) | Plant |Le=(®),
[
_ e [P Vet
Controller 2

KlzT

Fig. 2 Neuro-adaptive Pl controller for the centrifugal chiller

adaptive control mode. The hidden layer outputs of the
neural network are the PI controller-1 gains k,1 and k;
shown in Fig. 2. The controller gains are continuously
updated to maintain the chilled water supply temperature
T, s close to a desired setpoint.

The gains k,» and k;p for the PI controller-2 were
obtained by using the Ziegler-Nichols tuning method [1].
Since the refrigerant liquid level setpoint is constant, the
gains k2 and k;» obtained from the initial tuning were
found to give good control performance. The control
input signal for the centrifugal compressor speed Uy,
is calculated based on the gain values k1 and k;;, and
likewise the EXV opening Ugxy is calculated based on
the gain values k, and k;», using the current error and
the accumulated error between the control variables and
their respective setpoints.

The weights and the bias of the hidden layer are
updated through the error back propagation method by
comparing the output of the chiller plant Ty, s, and the
output of the neural network T/, - . The gain values &y
and k;; were continuously updated during the online
operation. Also, the error between the chiller plant out-
put Typy, sp and the target value T:hw,sp are calculated, in
which, the current step error e(k) is the input for the PI
controller-1, and the past 3 step errors e(k — 1), e(k — 2),
e(k — 3) are the inputs for the neural network. From the
simulation runs, it was found that the neural network
converges faster when the past 3 step errors are fed as
inputs during online training.

TKp2

The main objective of the NAPI control strategy is to let
the neural network learn and adapt to the load changes
online and update the PI controller gains k, and k; for
compressor speed control. Thus, the centrifugal chiller
speed is controlled online to maintain the chilled water
supply temperature at its setpoint.

3.2 Neuro-adaptive Pl controller performance-simulation
results

In this simulation, a variable setpoint profile for the

chilled water supply temperature (target value for the

neural network T ) is assumed. The chilled water

chw,sp
supply temperature setpoint was set at 7% =44 °F for
=49 °F for the next 4000 s

chw,sp
the first 8000 s (2.2 h), Tc*hw,sp
(1.1 h), and T:hw,sp:44 °F for the last 6000 s (1.7 h) of
the simulation time horizon of 5 h as shown in Fig. 3h.
In the simulation runs, both the chilled water return
temperature Ty, (Fig. 3c) and the cooling water supply
temperature T¢y,sp (Fig. 3d) were maintained constant at
54 °F and 85°F, respectively. The resulting tracking
responses of the NAPI controller due to this change in
setpoint of chilled water supply temperature are
depicted in Fig. 3a-g, i, j.

The cooling capacity of the compressor (Fig. 3e) is
higher in the first 2.2 h in response to lower chilled water
supply temperature setpoint (44 °F in Fig. 3h) followed
by lower compressor capacity when the chilled water
setpoint is increased to 49 °F. In other words, the NAPI
controller is modulating the compressor speed (Fig. 3g)
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to track the higher and lower loads imposed on the com-
pressor via the setpoint changes in chilled water supply
temperature. Therefore, the overall responses of the sys-
tem in Fig. 3a—j reflect the high and low load responses
as a function of chilled water supply temperature setpoint
profile chosen for this simulation (Fig. 3h).

It is also worth noting the fact that when the chiller
runs at near full capacity (nominal capacity) as shown in
Fig. 3e, the COP is lower as depicted in Fig. 3f. And when
the chiller capacity decreases, the COP is higher (Fig. 3f).

The simulation results depicted in Fig. 3h show that
the NAPI controller reveals a good tracking perfor-
mance, including zero steady-state error, and good
transient behavior when subjected to a sudden change
in the setpoint and the overshoot remained less than
0.5 °F. In addition, from Fig. 3i, j, it can be noted that
after the initial transients, the proportional gain k, and
the integral gain k; reach near constant values under
steady-state conditions. As the chilled water supply
temperature setpoint is increased, the proportional
gain decreases rapidly to reduce the control input sig-
nal to the compressor thereby reducing the compressor
speed, and consequently, the refrigerant mass flow rate
is decreased which increases the chilled water tempera-
ture to reach the new setpoint.

3.3 Comparison between the constant gain PI
and neuro-adaptive Pl control responses

To compare the control performance of the centrifugal
chiller system with the constant gain PI controller and
the neuro-adaptive PI controller, simulation runs were
made using a PI controller with constant gains (k,1 = 0.5,
and k;; = 0.006) while keeping the operating conditions
similar to those of the NAPI controller. The results are
shown in Fig. 4a—h.

From Figs. 3 (NAPI control) and 4 (constant gain PI
control), it is apparent that the centrifugal chiller sys-
tem responses show similar trends. However, from
Figs. 3h and 4h, it is evident that the neuro-adaptive
PI controller has better tracking control performance
than the constant gain PI controller, in that it reaches
the new setpoint much faster, and the overshoot is
much smaller. The constant gain PI controller takes
twice as long as the NAPI controller to reach a new
steady state when the supply water temperature set-
point is increased by 5 °F.
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4 Implementation of NAPI control in an integrated
building-HVAC system model

The results presented in Fig. 3 reveal that the proposed
neural network adaptive PI control strategy offers advan-
tages in both setpoint tracking and smooth responses
over the conventional PI control strategy. However, the
data used for training is unlikely to cover all possible
operating scenarios. In other words, the proposed neural
network adaptive PI control strategy may not work well
for cases other than for which it is trained, unless it learns
and adapts online to new system dynamics. To verify the
robustness of the control strategy to learn and adapt to
new system dynamics, the NAPI control was imple-
mented in an integrated building-HVAC (IB-HVAC) sys-
tem model, and simulation runs were made under real
weather data and typical building operating conditions.

5 The IB-HVAC system model

The integrated building and HVAC (IB-HVAC) system
model depicted in Fig. 5 was utilized as a simulation test
bench for studying the performance of HVAC systems
and control strategies. The entire system comprises a
cooling tower, two air handling units (AHUs), two zones,
and the centrifugal chiller, which is the test unit of the
IB-HVAC system. In the following the IB-HVAC system
model equations are presented.

By applying the fundamental principles of mass, momen-
tum, and energy balances, the component models for the
cooling tower, centrifugal chiller, AHUs, and the environ-
mental zones were developed. The component models were
then interconnected with proper boundary conditions to
develop the overall model of the IB-HVAC system.

6 The cooling tower model

The cooling tower is a heat dissipation equipment
which is used to cool the warm water from the con-
denser. The water exchanges heat with the air by con-
vection in a direct contact process. The mass transfer
between the liquid water film on the surface of the
tower fill and the flowing air occurs. To model the heat
transfer processes in the cooling tower, the cooling
tower is divided into several elements evenly spaced
over the total volume of the fill material (Fig. 6). By
assuming one-dimensional heat transfer, the energy
balance and water vapor mass balance equations for
each element (i) were derived.

Ucr m acr (hi — hi1) = he (T — Ta) + hp(Wsat, Ty, — Wiy, Ty,

(21)
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hp (Wsat, Ty ; — Wi)
w; =wi_1 + = .W' d (22)
Ucrmacr
dTy; e .
Cwcr o = wiitw Tw,it1=M w,icw Tw,i—hc(Tw,i—Ta,i) —hp Wsat, Ty, —Wid g, T, i (23)
m Wi = m w,i+1 — hpWsa, 1y, ; — Wi) (24)  strategy will be tested by conducting a typical day simula-
tion of the IB-HVAC system.
hi = 1.01T,; + (2500 + 1.84T,))w; (25)

where Ucr is the control input to the cooling tower fan
motor, which varies between 0 and 1. The control signal
Uct modulates the fan speed to maintain the cooling
tower water temperature 7,1 close to the setpoint.

7 Centrifugal chiller model

The model Egs. (1-20) for the centrifugal chiller were
described in the earlier section on centrifugal chiller
model. The chiller performance with the NAPI control

AT, AHURk
dt
—Nube artinUa—tw AHURLMTD 41y, AHUIR K

CoaHURK

L]
= Uasp,AHUR M aspd, AHURCa(Taarunik—1 — TaAHURK)

8 Modeling of air handling units (AHUs)

The AHU cooling coils were modeled by using the finite
control volume method. Each row of the tubes (Fig. 7) is
assumed as a control volume, and the energy and mass
balance principle is applied to derive a set of equations
for the air temperature T, 4py,x and the chilled water
temperature. The subscript k refers to the row num-
ber of the tubes in each AHU, and T ap,0 is the sup-
ply air temperature entering the cooling coil which is the
mixed air (outdoor and recirculated air) temperature.
Ty AHUR k+1 1s the chilled water supply temperature to the
cooling coil. The set of equations are given below.

(26)
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ATy, AHURK

Cow,AHUR K 7

ATy AHUnk

Cuw,AHUR K It

L]
—Uchw,n M wa, aAHUCw (Tw aHURK — Tw,AHURK+1)

L]
W cond,AHUnK = hD,AHUAo,tube,AHUnNtube,AHUn ﬂﬁn(Wsat@Ttw,AHUn,k - Wa,AHUn,k)

. AW a,aHun k
Uasp,AHLln M aspd, AHUn T =

= Nuwe,aHun Ua—tw AHURLMTD 4ty aHum k — Utw—w,AHURLM TD gy 3y AHUNK)

L]
= Ntube,AHLIn utw—w,AHUnLMTthfw,AHUn,k +Ww cond,AHLIn,khfg

° L]
asp,AHUn M aspd AHUn Wa,AHUnk—1—W cond, AHUR K
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In the above equations, the chilled water flow rate
U nw,aHun in the air handling unit # is normalized and
ranges between 0 and 1. The chilled water flow rate is
modulated to regulate the discharge air temperature
T, Aru .k Which is also the supply air temperature to the
zones. The returned chilled water temperature to the
chiller is determined by using Eq. (31).

Z {{a - Uchw,AHLIn)Tchw,sp + Uchw,AHLIn Tw,AHL[n,k+1] m wd,AHLIn}

n=1,2,3,..n

(31)

Tchw,r =

n=1,2,3,...n

Z (7;” wd,AHLIn)

9 Zone model

The heat transfer from the exterior elements of the zones,
the composite walls, and the roof were modeled using
the finite difference method. Standard wall and roof con-
struction types (Fig. 8) described in ASHRAE load calcu-
lation manual [13] were used. To reduce the complexity
of the model, the temperature of each layer of the com-
posite wall and roof (Fig. 8) is assumed to be uniform,
and the heat transfer is one-dimensional along the depth.
The equations for interior nodal surface temperatures of
the north-, south-, east-, and west-facing walls and the
roof were developed.

For zone i, the temperature nodes are T}y 1 z;,; (1st half
of the brick layer), T}, 5.;; (2nd half of the brick layer),
and T4z (plaster board layer) of the external wall fac-
ing each direction j (j represents south, north, east, and
west, respectively). Similarly, for the roof the temperature
nodes are Tyor,1,7 (1st half of the mortar layer), Tyuor,2,zi
(2nd half of the mortar layer), T¢ 1. (st half of the
concrete layer), T¢e0, (2nd half of the concrete layer),
and T,z (plaster board layer). The dynamic equations

describing the heat transfer processes through the walls
and roof were written. These are,

AT i1 zij
Coritzij — g% = @Aw,zijlsotar) + UobrinAw,zij(To = Thri,zij) —
UprirprioAw,zij Tpri1,zij — Thri2,zif)
(32)
AThrinzij  Awgij i T T
y = (Wprivbriz(Tprifzij — Tori2,zif)
L Cori,zij
- ubriZ,plas(Tbri,2,zi,j - Tplas,zi,j)]
(33)
dTplas,zi,j Aw,zi,j
d = [ubriZ,plus(Tbri,Z,zi,j - Tplas,zi,j)
L Cplas,zi,j
- plas,z(Tplas,zi,j — T
(34)

AT or zi
Cmor,l,zi Vgtr 2 = OfAr,zilsolar,H + L[o,morlAr,zi(To - Tmor,l,zi)
_Umorl,morZAr,zi(Tmor,l,zi - Tmor,2,zi)

(35)
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AT mor,2,zi Ay i
mdotr ? = Cm:rz,zi [umorl,mOVZ(Tmor,l,zi - mar,2,zi)
- umorz,crtl(Tmor,Z,zi - crt,l,zi)]
(36)
chrt 1,zi Ar zi
dt = Ccrt,l,zi [Umor2,crtl(Tmor,2,zi - Tcrt,l,zi)
- ucrtl,crtZ(Tcrt,l,zi - crt,2,zt')]
(37)
d Tcrt,Z,zi Ar,zi
= [Ucrtl,crtZ(Tcrt,l,zi - crt,2,zi)
dt Cert,2,zi (38)
- UcrtZ,plas(Tcrt,Z,zi - Tplas,zi)]
AT s 7 A,z
plas,zi r,zi
dr = C [Ucrt2,plas(Tcrt,2,zi - Tplas,zi)

plas,zi (39)
- plas,z(Tplas,zi — T)]

By using these nodal surface temperatures, and assum-
ing that the zone air is well mixed, the energy and humid-
ity ratio balance equations for each zone were derived.
These equations are

dTy
Cai dtﬂ = Z
j=S,N.E,W

j=S,N.E,W
ACH

L]
3600 VziPa(To — Tzi) — Uaspzi M aspd zi€a(Tzi —
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Tzi

acH Vzita(Wo —

Ld
W.i) + N, i W i CLF, i
3600 zi occu,zi occu,zi occu,zi
Wzi = + Wusp,zi

L]
uasp,zi M gspd zi

(41)

W,
— 2 %100%

RHZ; =
‘Vsat@ Tzi

(42)

where Uy ;i is the supply airflow rate for zone i, which
is used to control the zone i air temperature 7,;. These
model equations are used to calculate the zone air tem-
perature, the humidity ratio, and the relative humidity of
each zone.

9.1 Simulation of IB-HVAC system

A two-floor commercial building (65 m (L)x56 m
(W)x4 m (H)) located in Montreal was considered for
simulating the IB-HVAC system. The 1st floor of the
building is considered zone-1, and the 2nd floor is con-
sidered zone-2. Each zone has its own air handling unit
(AHU) that receives chilled water from the centrifugal
chiller system. The air is conditioned and supplied to
each zone. The cooling load due to heat gains from the

[uplas,zAw,zi,j (Tplas,zi,j — Tz) + Uplas,zAr,zi (Tplas,zi — T+
E [UwinAwin,zi,j(To =T+ Awt’n,zi,jlsolur,jsc] + rocu,zi + Ql,zi + Qeq,zi+

(40)

Tasp,zi )
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Table 1 IB-HVAC system design and operating parameters

Variable Range

Montreal Lat45.5 N
Each floor, 65 M Lx56 mWx4 m H
9:00-18:00; 23 °C

Building location
Two-story building
Zone-1 occupied hours and set-

point

Zone-2 occupied hours and set- 8:00-22:00; 24 °C
point

Zone-1 supply air temperature 13°C

setpoint

Zone-2 supply air temperature 14°C

setpoint

Unoccupied hours setpoint 27°C

Relative humidity occupied periods  40-45% RH

AHU-1 capacity
AHU-2 capacity

75 tons; 16,000 L/s
80 tons; 17,000 L/s
7-50 per 100 m?
8-10 L/s per person

Occupancy

Outdoor air ventilation
Average lighting loads 10-20 watts per m?
Average equipment loads 20-50 watts per m?
Air infiltration 0.25-0.5 air changes per hour
190 tons

250 tons

Centrifugal chiller capacity
Cooling tower capacity

walls, roof, windows, occupants, lighting systems, equip-
ment, infiltration, and fresh air was calculated by solv-
ing the model Eqgs. (32-42) and using the guidelines
described in the ASHRAE Cooling and Heating load Cal-
culation Manual [13]. The building operating conditions
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and the capacities of the AHUs, centrifugal chiller, and
the cooling tower used in the simulation tests are listed
in Table 1.

9.2 Overall control structure of the IB-HVAC system
The complete control structure of IB-HVAC system
with the NAPI chiller control is depicted in Fig. 9. The
figure shows eight control loops, including the three
chiller control loops. Since the chiller operates in full
load and partial load conditions during a typical day, the
chiller control includes all three control loops namely,
compressor speed control, IGV control, and liquid level
control loops. The NAPI is applied to compressor speed
control. The remaining control loops have constant gain
PI controllers, and their PI constants were obtained by
using Ziegler-Nichols tuning rules [1]. The integrated
system was operated over a typical day. Under this sce-
nario, the chiller operates either in speed control mode
or IGV control mode as a function of load. A control
mode selector switch activates the speed control mode
or the IGV control mode according to cooling load
acting on the system. In the speed control mode, the
compressor speed is controlled by the NAPI control-
ler to maintain the chilled water supply temperature at
its setpoint. In the IGV control mode, the IGV position
is controlled by a PI controller to maintain the chilled
water supply temperature at its setpoint.

As shown in Fig. 9, each zone has its own air han-
dling unit. The temperature of supply air is controlled by

Tchwr,2
Tewr Tchwr,1
Tcwsp “ Cooling | Tchws
Tower

Yy v
/gé Ucom

Tas2,set

Tas,1

Tasl,set “ AHW*
Tchwr, 1

Uchw,1 v

Tchwr,2

Techil,set Mode
761? “Yselector
Chiller |_Tchw
Level

Level,set Uexv

Fig. 9 Control diagram of IB-HVAC system
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modulating the chilled water flow rate to the cooling coil
in the air handling unit, and the air flow rate is controlled
via damper control at the zone level to maintain zone air
temperature at its setpoint. The interactions among the
control loops are depicted by interconnecting the appropri-
ate outputs to respective control loops. The NAPI control-
ler now must learn and adapt to the new dynamics of the
IB-HVAC system and the five additional control loops that
were not part of the system when it was initially trained. The
operation of this IB-HVAC system is simulated by solving
the model Egs. (1-42), and the control performance of the
overall system is evaluated by conducting two sets of sim-
ulation tests. In the first test, a typical day operation of the
IB-HVAC system was simulated. In the second test, a timed
shutdown of one of the AHUg, indicating an equipment fail-
ure condition, was simulated, and its impact on the control
of IB-HVAC system was examined.

9.3 Simulation test-1: A typical day operation of IB-HVAC
system with NAPI chiller controller

In a typical day operation of IB-HVAC system, the chiller
operates under variable load conditions. Therefore, the
proposed neural network adaptive PI control strategy will
be tested under a typical day-building operation sched-
ule. The model Egs. (1-42) with the eight feedback con-
trol loops shown in Fig. 9 were solved subject to outdoor
weather data (Fig. 10) and the operating conditions listed
in Table 1. The simulation results are plotted in Fig. 11a—v.
The NAPI controller working in online mode adapts to
the new system configuration and tracks the setpoints
throughout the day in the presence of load changes and
time-scheduled changes in setpoints. During the simu-
lation, the chilled water temperature was maintained at
6.67 °C. The zone-1 air temperature setpoint was 23/27
°C during the occupied/unoccupied periods, while the
zone-2 air temperature setpoint was 24/27 °C. The supply

N
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Q
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Fig. 10 Typical day weather data for Montreal
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air temperature to zone-1 and zone-2 was maintained at
13 and 14 °C, respectively.

The sets of Fig. 11c, g, h show the time-of-day responses
of the compressor speed, liquid level, and expansion valve
position due to time-varying cooling loads acting on the
system. As the cooling load increases in the afternoon
hours, the NAPI controller increases the compressor
speed to maintain the chilled water supply temperature
at its setpoint (Fig. 11d). Likewise, the AHU-1 and zone-1
temperature responses are tracking their respective set-
points shown in Fig. 11i-1

A change in zone temperature setpoint from 27 °C
during the unoccupied period to 23 °C during the occu-
pied period causes a momentary overshoot in supply air
temperature (Fig. 111), but it reaches its setpoint shortly
thereafter. Similar trends in AHU-2 and zone-2 tempera-
ture and control input responses subject to cooling loads
acting on zone-2 are depicted in Fig. 11m-r. These fig-
ures also show the relative humidity responses of zone 1
and 2 (Fig. 11q). Furthermore, it is worth noting that the
compressor was operating in speed control mode during
the occupied period 09:00-22:00 h and in the IGV control
mode during the unoccupied period spanning remainder
of the day. This can be noted from Fig. 11c, t in that the
IGV is fully open, and compressor speed is modulated
during the occupied period (Fig. 11c), whereas IGV is
modulated (Fig. 11t) while holding the compressor speed
constant at surge speed during the unoccupied period.

In terms of the tracking performance of the NAPI
controller, it can be noted from Fig. 11d that the chilled
water supply temperature setpoint is tracked with near-
zero error during the period 9:00 ~22:00, but during the
remainder of the simulation period, there is a small dif-
ference between the controlled variable and its setpoint.
The reason for that is, during the period 9:00~22:00,
the centrifugal compressor is operating under speed

400 .
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N
200 W
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control mode, in which the NAPI control strategy is used
to determine the input signal for compressor speed which
gave near-zero tracking error; whereas during the remain-
der of the day, the compressor is operated under IGV con-
trol mode due to partial load conditions in which the IGV
position is modulated by a constant gain PI controller that
contributed to the tracking error. Figure 11u and v dem-
onstrate the tracking performance of the cooling tower
fan speed controller to maintain the cooling water supply
temperature at its setpoint.

It can be concluded that the proposed NAPI control strat-
egy is effective under different operating conditions that
occur during a typical day-building operation. The time-
of-day variations in cooling loads are gradual as shown in
Fig. 11d, 1, and s, except when a setpoint change is applied.

9.4 Simulation test-2: NAPI control performance

with a large step change in cooling load due

to equipment failure
Exceptionally, a building could experience a sudden
decrease in cooling load due to equipment failure or safety
shutdown. This scenario was simulated by turning off the
zone-2 AHU-2 (Fig. 9) at 12:00 h and turning it back on
4 h later at 16:00 h. It is of interest to evaluate the impact
of a sudden change in cooling load on the performance
of the NAPI-controlled chiller system and to examine
how the neighboring zone-1 temperature responses are
affected. The closed-loop system responses obtained dur-
ing this simulation test are depicted in Fig. 12a-1.

The impact of turning off the AHU-2 at 12:00 noon and
turning on at 16:00 h can be observed from Fig. 12c. The
compressor speed control input abruptly drops at 12:00
noon (AHU-2 shutdown) and increases to higher value
as the AHU-2 is turned on at 16:00 h. From Fig. 12d, it
can be observed that the NAPI controller is able to main-
tain the chilled water supply temperature Ty, g, at its
setpoint. Although a significant decrease in cooling load
occurs at 12:00 h, the chiller output response is not sig-
nificantly affected. This is because the NAPI controller
adapts to load changes and takes prompt action by adjust-
ing the proportional and integral gains (Fig. 12a, b) to
provide smooth and stable response. Likewise, when the
cooling load is restored back at 16:00 h, at which point
the chiller load encounters sudden increase in the cooling
load, there is also very little adverse impact as the NAPI
controller quickly restores the system output to main-
tain stable and smooth responses. The T, g, response
showed about 3% overshoot and took 30—45 min to reach
the setpoint. Also, from Fig. 12j, it can be noted that
zone-1 temperature responses remained close to its set-
point showing only slight overshoot at the time of sud-
den change in cooling load. From the simulation results,
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it is concluded that the proposed online adaptive control
strategy responds well to significant changes in cooling
loads and, thus, is a suitable choice for practical applica-
tions in centrifugal chiller systems.

10 Summary and conclusions

A neuro-adaptive control strategy for speed control of
a centrifugal chiller system is developed, and its control
performance is tested via simulations under a wide range
of operating conditions. A 3-2-1-layer neural network
adaptive PI controller is designed in which the control-
ler gains are updated online by optimization of network
weights. The controller gains are obtained from the out-
puts of the hidden layer.

Simulation results show that compared to the constant
gain PI control, the neuro-adaptive PI control gives near-
zero setpoint tracking and smooth control over a wide
range of operating conditions. The constant gain PI con-
troller responses for chilled water supply temperature
showed 1.5% overshoot, 1-h steady-state time and 1%
steady-state setpoint tracking error. On the other hand,
the responses of the NAPI controller under the same
operating conditions showed slightly higher overshoot
(3%), faster steady-state time (30 min), and zero steady-
state setpoint tracking error.

The neuro-adaptive controller is found to give robust
control performance when subjected to unseen system
operating conditions in an integrated building and HVAC
system and consequently multiple load changes acting
simultaneously from different components of the inte-
grated system. It was found that a 50% change in cooling
load and a 4 °C change in zone temperature setpoint had
very little impact on the NAPI controller performance.
The overshoot remained below 3% with 30-45 min
steady-state time. The neuro-adaptive controller is shown
to perform well in a hybrid control structure involving
multiple PI controllers in the IB-HVAC system during a
typical day operating condition.

Abbreviations

Nomenclature
a Acoustic velocity at the impeller inlet

AEXV,max Maximum opening area of the EXV, m?

C Thermal capacity, JJK

Cu Discharge coefficient of the expansion valve

Cf Cooling factor for the compressor motor

Cw Specific heat of the water, J/(kg K)
Diameter of the compressor impeller, m

L Length of the evaporator vessel or condenser vessel, m

g Gravitational acceleration, m/s’

h Rise in pressure head of the refrigerant across the compres-
sor,m

hﬁg Enthalpy change per unit mass of refrigerant due to phase
change, J/kg

Nye Enthalpy of the refrigerant, J/kg

Leyer Refrigerant liquid level in the condenser
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Subscripts
1

2

a
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Log-mean temperature difference between the water and
the refrigerant, °C

Mass flow rate of the fluid, kg/s

Initial mass of the refrigerant in the condenser at the chiller
starting point, kg

Total mass of the refrigerant in the condenser, kg

Total mass of the refrigerant charged in the chiller, kg
Refrigerant mass flow rate compressed by the compressor, kg/s

Refrigerant vapor generation rate in the evaporator, kg/s
Refrigerant mass flow rate through the electronic expansion valve, kg/s

Refrigerant mass flow rate used to cool the compressor
motor, kg/s

Polytropic index

Maximum rotational speed of the compressor, rpm
Number of cropper tubes

Condensing pressure, kPa

Electrical power consumption by the compressor, kW
Evaporation pressure, kPa

Partial load ratio

Pressure rise of the refrigerant across the compressor, m
Volumetric flow rate, m®/s

Heat generation rate of the compressor, W

Time, s

Temperature, °C

Refrigerant temperature, °C

Overall heat transfer coefficient between the water and the
refrigerant per unit length of copper tube, W/°C

Inlet guide vane opening position

Electronic expansion valve opening position

Compressor rotational speed signal

Chilled water mass flow rate control input signal

Airflow rate control input signal

Specific volume of the refrigerant vapor at the compressor
discharge, kg/m?

Total volume of the shell side in the evaporator, m?

Total volume of the liquid refrigerant and saturated mixture, m3

Tip speed of the compressor impeller, m/s

Volume flow rate of the refrigerant, m/s

Total refrigerant volume of the two-phase section, m?
Polytropic work input per unit mass of refrigerant, kW/kg

Humidity ratio kg,/ kg,
Ratio of the vapor refrigerant mass to the total refrigerant
mass in the mixture before entering the evaporator

Average volume fraction of the vapor refrigerant in the TP
section

Density of the refrigerant, kg/m?

Angle of the impeller, rad

Specific heat ratio of the refrigerant
Polytropic efficiency

Compressor motor efficiency

Normalized inlet guide vane opening position
Compressor overall work coefficient

Percent volumetric flow

Percent head

1St section
2Nd section
Air

Air change rate
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AHU Air handling unit

c Condenser

cw Cooling water

chw Chilled water

EXV Electronic expansion valve

i Indoor

imp Impeller

o Outdoor

out Outlet

r Return water

re Refrigerant

satv Saturated refrigerant vapor
satl Saturated refrigerant liquid

Sc Sub-cool section

sh Superheat section

sp Supply water

suc Suction side of the compressor
total The total number of copper tubes
tp Two-phase section

Z Zone
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