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ABSTRACT 

The chilled-water systems, mainly consisting of electric chillers and cooling towers, are crucial for the ventilating 
and air conditioning systems in commercial buildings. Energy efficient operation of such systems is thus important 
for the energy saving of commercial buildings. This paper presents an extremum seeking control (ESC) scheme for 
energy efficient operation of the chilled-water system, and presents a Modelica based dynamic simulation model for 
demonstrating the effectiveness of the proposed control strategy. The simulated plant consists of a water-cooled 
screw chiller and a mechanical-draft counter-flow wet cooling tower. The ESC scheme takes the total power 
consumption of the chiller compressor and the tower fan as feedback, and uses the fan speed setting as the control 
input. The inner-loop controllers for the chiller operation include two proportional-integral (PI) control loops for 
regulating the evaporator superheat and the chilled water temperature. Simulation was conducted on the dynamic 
simulation model of the whole plant including the screw chiller and the cooling tower for different scenarios. The 
simulation results demonstrated the effectiveness of the proposed ESC strategy in searching for the optimal tower 
fan speed set-point under tested circumstances, and the potential for energy saving is also evaluated. 

1. INTRODUCTION 

About 40% of U. S. primary energy consumption comes from the building sector, including both commercial and 
residential buildings (U. S. Department of Energy 2010). The heating, ventilation and air conditioning (HVAC) 
systems account for about 32% of the energy used in the commercial buildings (Sane et al. 2006). Figure 1(a) shows 
the schematic of a typical chilled-water ventilation and air-conditioning system for commercial buildings, which 
consists of three main components: air handling unit, chiller and cooling tower. The power consumption of such 
system is mainly due to the chiller compressor and the cooling tower fan. Due to the significant variations in 
ambient, load and equipment conditions, developing proper control strategy is critical for efficient operation of 
chilled-water systems.  

Optimization and control techniques have been well investigated for the chilled-water system in the past (Kaya and 
Sommer 1984; Braun and Diderrich 1990; Lu et al. 2004; Yao et al. 2004; Sun and Reddy 2005; Sane et al. 2006; 
Tyagi et al. 2006; Ma et al. 2008; Liu and Chuah 2011).  Kaya and Sommer (1984) presented a supervisory control 
strategy for chillers by finding the optimal temperature difference between the chilled water supply and return 
temperatures due to the trade-off between the energy cost by pumping and refrigeration. Yao et al. (2004) presented 
an optimal operation of chilled-water system by performing a constrained optimization based on the empirical 
models of the system components, and an index of system coefficient of performance (SCOP) is proposed to 
evaluate the energy saving benefit. Liu and Chuah (2011) proposed an hourly regulated optimal control scheme 
using the approach temperature control (the difference between the ambient wet bulb temperature and the condenser 
water temperature) instead of directly finding the optimal condenser water temperature, a regression function is used 
to predict the optimal approach temperature. In particular, Braun and Diderrich (1990) studied the coupling between 
the power consumption of chiller compressor and cooling tower fan. As shown in Fig. 2(a), they demonstrated that 
the tower fan power increases with the relative tower airflow, while the chiller power decreases. As net effect, the 
total power consumption shows a global minimum, as shown in Fig. 2(a). The total power curve also demonstrates a 
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strong convex characteristics, which would facilitate the use of any gradient search type of optimization methods. 
Then, the authors proposed an open-loop control scheme to search for the nearly optimal fractional tower airflow 
based on the parameter estimation of the design characteristics of the chiller and cooling tower. Similar to this study, 
most existing methods to the control and optimization of the chilled-water systems have been based on 
nominal/empirical models. In practice, due to the unknown environment changes and the hard estimated system 
degradation, such models may often be inaccurate. Therefore, real-time optimization of set-point tracking without 
exact system knowledge is more desirable for operations of the chiller plant. The extremum seeking control (ESC), 
as a major class of self-optimizing strategies, has recently drawn significant attention for the HVAC applications. 

            
                                     (a)                                                                                                     (b) 

Figure 1: (a) Schematic of a typical chilled-water ventilation and air-conditioning system. (b) Basic system 
diagram of ESC working on chiller-tower system. 

The objective of ESC is to search for the optimal input in real time in a nearly model-free fashion (Ariyur and Krstic 
2003; Krstic 2000; Krstic and Wang 2000). P. Li et al. (2010) presented an ESC scheme for efficient operation of 
the air-side economizer. For chilled-water systems, application of ESC has been recently investigated (Sane et al. 
2006; Tyagi et al. 2006). Tyagi et al. (2006) presented a work with golden-section search as their extremum seeking 
solution for determining the optimal condenser supply water temperature based on an oracle function. Such scheme 
may lead to long searching time in practice since every step of search needs to wait for the system transient to settle. 
For the same problem, Sane et al. (2006) described a dither ESC solution, where again the condenser supply 
temperature is used as the control input. Simulation results were shown without mentioning the details about the 
simulation platform. As the dither ESC is a dynamic scheme of gradient search, a key aspect of its design is to 
compensate for the input and output dynamics. An ESC design of such may not be sufficient without simulation on a 
dynamic model of cooling tower and chiller. Also, the control input adopted in (Sane et al. 2006) and (Tyagi et al. 
2006), i.e. the condenser supply water temperature, is not a variable that can be directly manipulated in practice. 
Some inner loop control of the cooling tower must be implemented. In addition, its operation contains another 
uncertainty, i.e. the reliability of the associated temperature sensor.  

                
           (a)                                                                                  (b) 

Figure 2: (a) Tradeoff between energy consumption of chiller and cooling tower (reproduction of Fig. 2 in 
Braun and Diderrich (1990)). (b) Illustration of control volumes for tower modeling. 

With these concerns considered, this study approaches to the ESC based chilled-water system control problem with 
two different perspectives. First, a Modelica (Modelica 2012) based dynamic simulation model platform is 
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developed for the cooling tower in Dymola (Dynasim 2012). Second, the cooling tower fan speed, instead of the 
condenser supply water temperature, is used the input for the ESC control design. With the typical variable-speed 
drive (VSD) equipped for the cooling towers nowadays, setting the VSD frequency or the motor speed is direct and 
simple. No cost or uncertainty is needed for the temperature sensor than otherwise. With constant condenser water 
flow rate assumed, the total power consumption of the chiller compressor and the cooling tower fan is used as the 
performance index for feedback. In particular, a screw chiller is chosen for the simulation plant model, which would 
not affect the generality of the results for plants with other types of chillers. The proposed ESC framework is 
illustrated in the schematic in Fig. 1(b). The reminder of this paper is structured as follows. The dynamic models of 
cooling tower and screw chiller used for ESC controller design and simulation validation are presented in next 
section. Then the design framework of ESC is briefly reviewed. Finally, the ESC controller is designed based on the 
estimated system input dynamics and the effectiveness of the ESC algorithm is validated by simulation results. 

 2. DYNAMIC MODELING OF CHILLER-TOWER SYSTEM 

The dynamic model of chiller-tower system is developed with Dymola 2012 FD1 (Dynasim 2012), TIL Library 
2.0.1 and TIL Media Library 2.0.4 (TLK-Thermo 2012). The cooling tower model follows our recent work in (Li et 
al. 2010), which is a modification of the work by Braun et al. (1989). The screw compressor modeling follows the 
work by  Zhang et al. (2009), while the condenser, evaporator and expansion device models are based on the work 
of Li et al. (2012). For other components, such as fan, pump, tank and valve, we have adopted those avalilable in the 
TIL Library 2.0.1. Two control loops have been implemented for the screw chiller model: one for the evaporator 
superheat control and the other for the chilled water temperature regulation. All the controllers and plant model are 
integrated into simulation platform.  
 
2.1 Dynamic Modeling of Cooling Tower  
Cooling towers reject heat via evaporative cooling (Kröger 2004). Hot water is sprayed from the top, and air is 
drawn from the bottom by tower fan. As water falls through the fill, water temperature decreases due to evaporative 
cooling. In this study, finite volume method is used to model the one-dimensional heat and mass transfer process. 
The dynamic balances of mass and energy are established for both the water and air sides, with control volumes 
shown in Fig. 2(b). The transient mass and energy storage is treated at the water side but neglected at the air side. 

Following (Li et al. 2010), for the ith water-side control volume, the energy balance is established as  

                                       ,
, , , , , , , , , , , , ,

w i
w i p w i w in i w in i w i w out i w out i w i i

dT
m c m h h m h h q

dt
                    (1) 

where mw,i is the mass of water stored in the cell, cp,w,i is the specific heat of water (which can be determined by the 
local water temperature Tw,i), ṁw,in,i and ṁw,out,i are the mass flow rates for the inlet and outlet water flow, 
respectively, hw,in,i and hw,out,i are the specific enthalpy of the inlet and outlet water flow, respectively, and hw,i is the 
specific enthalpy of water in the cell. iq is the heat flow transferred to the neighbored (also the ith) moist-air cell, 

which includes both the sensible heat flow and the latent heat flow due to evaporation. 

For the mass balance of the same water-side control volume, cell volume Vcell is assumed as constant, while water 
density ρw,i may change with evaporation and temperature change in the cell. The dynamic mass balance of the ith 

water cell is given by (Li et al. 2010): 

 ,

, , , , ,
,

,

 
      effective w i

w i effe

effective w i

w in i w out i evactive p i

d V
V m m m

dt

dV d

dt dt
           (2) 

where ṁevap,i is the vapor mass transfer flow rate into the moist air side. Veffective is the water droplet volume in the 
cell. The ratio of water droplet per unit volume of the tower is around the level of 0.001(Bernier 1995). Veffective can 
be obtained by (Bernier 1995): , ,/effective cell w in w i T wVV m A v  . The velocity of water droplets under free fall (no 

packing) vw is assumed constant. AT is the cross-sectional area of the tower. Taking time derivative of the equation 
of Veffective yields  

                ,
,

effective w incell
w i

T w

dV dmV

d tA dt v
 


                      (3) 

Equation (3) reveals that if ṁw,in does not vary much, Veffective can be assumed as constant; otherwise, the gradient of 
ṁw,in is needed to account for the change of Veffective. 

The time derivative of density  can be expressed as function of pressure P and specific enthalpy h (Richter 2008): 
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h P

d dP dh

dt P dt h dt

              
                                                     (4) 

As the cell pressure is approximately constant for the cooling tower operation, Eq. (4) can be simplified as  

                     
pw

d dh dT

dt c dt dt

                   (5) 

where 
1

PT




     
is the isobaric coefficient of expansion and pwc is the specific heat capacity at constant 

pressure. Substituting Eq. (5) into Eq. (2) leads to the mass balance of the ith water cell:      

           ,
, , , , , , ,

,w i
w in i w out i evap i effective w i w

w incell

T w
i

dT
m m m V

d

dmV

A vt dt
       


                         (6) 

where ,w i  and ,w i can be determined by the local water temperature. 

At the air side, the steady-state relations were derived following the detailed analysis model by Braun et al. (1989) 
                        , , , , 0a in i a out i iH H q                  (7) 

                             , ,i sen i lat iq q q                  (8) 

The sensible and latent heat flow rates can be determined by 

                     , , , ,sen i C i V cell w i a iq h A V T T             (9a) 

             , , , , , , , , , ,lat i f g i evap i f g i D i V cell s w i a iq h m h h A V                     (9b) 

where hC,i is the local heat transfer coefficient, AV is the surface area of water droplets per unit volume, Ta,i is the 
local air temperature, , ,f g ih  is the latent heat of vaporization depending on the local water temperature. ,D ih is the 

local mass transfer coefficient, , ,s w i  is the saturated-air humidity ratio at the local water temperature, and ,a i is the 

local humidity ratio of the moist air. 

The fill is used in most cooling towers, however, it is usually hard to predict its heat rejection performance 
analytically because of the difficulty in evaluating the contact time and the surface area between the air and the 
water through the fill (Bernier 1994). The fouling in the packing materials may result in a reduction in the overall 
effectiveness of the tower and make it even harder to evaluate the fill geometry accurately. Due to the difficulty in 
getting a general correlations for heat and mass transfer in cooling tower in terms of the physical tower 
characteristics, the NTU and the Lewis relation fLe  have been used to characterize the heat and mass transfer 

coefficients for specific tower designs (Braun et al. 1989). 
The mass transfer coefficient can be derived by using the overall NTU for mass transfer, i.e. 

                         
,

D V T

a in

h A V
NTU

m



            (10) 

where TV is the total tower volume and ,a inm is the inlet-air flow rate. The mass transfer coefficient can thus be 

determined with 

                      ,a in
D V

T

NTU m
h A

V





            (11) 

which varies with the tower geometry, NTU and air inlet flow rate. The heat transfer coefficient is determined by 

             , ,
,

f pm i a in
C i V

T

Le NTU c m
h A

V

  



           (12) 

where Lef  is defined as ,/C pm if DLe h h c and the local specific heat of moist air cpm,i is determined 

by , , , ,pm i pa i a i pv ic c c  . ,pa ic  is the local specific heat of dry air and ,pv ic  is the local specific heat of water vapor 

(Braun 1988). hC,i may change with the local value of Lef  and cpm,i. 
The Merkel’s Number MeM can be related to the mass transfer coefficient by (ASHRAE 2008): 

                     ,

, ,

n

w inD V T
M

w in a in

mh A V
Me c

m m

 
    

 


 

           (13) 

where ṁw,in is the water inlet flow rate of cooling tower, c and n are empirical constants specific to a particular tower 
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design. Kröger (2004) developed a methodology to obtaining the Merkel’s number from experimental data with 
empirical equations of thermal properties.  Multiplying both sides of Eq. (13) by , ,/w in a inm m   leads to 

                              

1

,

,

n

w in

a in

m
NTU c

m


 

   
 




           (14) 

where coefficients c and n can be fitted from the performance measurements for a specific tower on a log-log plot 
(Braun et al. 1989). The Lewis relation has been discussed in literature. Poppe and Rogener (1991) cited the 
definition of the Lewis relation according to Bosnjakovic (1965), i.e. 

               , ,2/3 1 / lns w s w
f

a a

d d
Le Le

d d

 
 

     
           

          (15) 

where Le is the Lewis number, assumed as a constant of 0.865. d is the ratio of the molecular weight of water to the 
molecular weight of air, which is a constant of 0.622. Grange (1994) and Bourillot (1983) claimed that for a wet 
cooling tower, Eq. (15) is approximately 0.92. Kloppers and Kröger (2005) stated that, if the ambient air is very 
humid, variation of the Lewis relation has little influence on the water outlet temperature, and neither on the heat 
rejected from the cooling tower; while for dry conditions, variation of the Lewis relation can lead to significantly 
different results. It was also suggested that the equation by Bosnjakovic (1965) should be used, and a numerical 
value of 0.92 be preferred when fill performance test data is insufficient to accurately predict the Lewis relation of a 
particular fill. The cooling tower fan model and the collection basin model follows the commercial packages from 
TIL Library (TLK-Thermo 2012). Detailed description of the models could be found in our work in (Li et al. 2010). 
 

3. MODELING OF SCREW CHILLER AND INNER LOOP CONTROL DESIGN 

3.1 Screw Compressor 
The dynamics of screw compressor is much faster than that of the entire chiller cycle. For this study, a transient 
model of screw compressor is not necessary. Instead, the polytropic static compression model developed by Zhang 
et al. (2009) is adopted  

                    , , , ,c in comp c in c c max c vm s Vn             (16) 

        , , , ,/ c

c out c in c out c inP P


                           (17) 

where ,c inm  is the refrigerant mass flow rate at compressor inlet, and scomp[0, 1] is the slide-valve control, which 

determines the compressor load. scomp is used to regulate the chilled water temperature. ,c in  and ,c out are the 

refrigerant densities at the compressor inlet and outlet, respectively. nc is the compressor speed. Vc,max is the 
theoretical compressor volume with full load condition. Pc,in and Pc,out are the compressor inlet and outlet pressures, 
respectively. c is the ratio of specific heats in the compressor, and ,c v is the volumetric efficiency. Volumetric 

efficiency could be obtained from the pressure volume curve (Hanlon 2001). ASHARE (2008) suggests linear 
pressure-volume characteristic for the pressure ratio raning from 2 to 9, for both twin-screw and single screw 
compressors. The volumetric efficiency is determined as 

                    ,
,

,

0.95 0.0125 c out
c v

c in

P

P


 
    

 
                  (18) 

following Fu et al. (2002). The electrical power consumed by the compressor is  

    
 , , ,

,
, , ,

c out c out c in

c elec
c a c mo c me

W
m hh

  

 



           (19) 

where ,c outm  is the refrigerant mass flow rate at the compressor outlet. hc,in and hc,out are the inlet and outlet specific 

enthalpies, respectively. ,c a , ,c mo  and ,c me are the adiabatic efficiency, motor efficiency and mechanical 

efficiency, chosen as 0.8, 0.85 and 0.95, respectively (Fu et al. 2002). 
 
3.2 Condenser, Evaporator and Expansion Valve 
The shell-and-tube heat exchanger models of condenser and evaporator in the screw chiller follow the work by Li et 
al. (2012). Both exchangers are of the counter-flow type with in-tube water flow. Based upon the adoption of 
concentric heat exchanger, the shell-side heat transfer area is calculated based on the water-tube outer surface area 
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and the surface enhancement factor. The finite volume method is applied for both the water and the refrigerant sides. 
The heat transfer is considered between each pair of the cells. The mass and energy balances are set for each cell 
(both refrigerant and water side).  
The thermal expansion valve (TXV) model in (Richter 2008) is adopted, which assumes a quadratic relation 
between the mass flow rate and the pressure difference across the valve. The effective flow area is set as an external 
input, which can be used to regulate the evaporator superheat for the chiller. No transient mass storage is assumed 
for the TXV, and an isenthalpic throttling process is considered.  
 
3.3 Two Inner-Loop PI Controls 
The superheat control is important for chiller operation. In the evaporator, liquid refrigerant has a much higher heat 
transfer coefficient than the vaporized refrigerant. The two-phase flow is desired to maximize the cooling capacity 
of the system. Meanwhile, if not all the liquid refrigerant gets vaporized before entering the compressor, the 
remained liquid will damage the compressor. So the evaporator superheat must be maintained to ensure both the 
safety and the efficiency (Elliott et al. 2009). Also, as required by the air handling unit operation, the chilled water 
temperature is expected to be maintained around a setpoint (ASHARE 2008). To satify these two needs, for the 
chiller-tower plant simulated, two inner-loop PI controllers are implemented to regulate superheat and chilled water 
temperature by tuning the thermal expansion valve’s effective flow area ( TXVA ) and the compressor slide-valve 

opening ( comps ), respectively. The schematic of the chiller-tower system with both ESC controller and inner loop PI 

controllers is shown in Fig. 3. The set points of the evaporator super heat and chilled water temperature are assumed 
as 5oC and 7oC, respectively.  

 
Figure 3: Illustration of chiller-tower system inner loop superheat and chilled water temperature control. 

4. BRIEF REVIEW OF EXTREMUM SEEKING CONTROL 

The ESC is to find the optimal input uopt(t) in real time for a generally unknown and/or time-varying objective 
function  ,l t u with the online measurement of the objective value to be minimized, i.e.  arg mi ,n

mopt
u R

u ul t


 with 

u(t) as the input vector. Typical ESC designs are based on the assumption of quadratic objection function, which 
holds for a reasonable neighborhood of the optimum for a general setting of convex nonlinear mapping. A typical 
dither ESC block diagram is shown in Fig. 4 (Rotea 2000). The transfer function FI(s) and FO(s) denote the input 
dynamics and sensor dynamics, respectively. The output of the objective function y, which may be corrupted by 
noise n, is assumed to be directly observable for feedback. The demodulation and signals dither are 

 1 1( ) sin( ) sin( )T

md t t t   and  2 1 1 1( ) sin( sin() )T

m m md t a t a t      , respectively, where ωi and αi are 

the frequency and phase angle, respectively. The dithered output signal passes through the high-pass filter FHP(s), 
multiplied by the demodulating signal d1(t) and low-pass filtered by FLP(s), resulting in a signal proportional to 
gradient  ˆ/l u u  . An integrator will help to eliminate the gradient when closing the loop. The compensator K(s) 

can be designed to enhance the transient performance or stability. 

The design of a dither ESC method needs to determine several components mentioned above: the dither signal d(t), 
the high-pass filter FHP(s), the low-pass filter FLP(s) and the compensator K(s). The dither amplitude a needs to be 
chosen such that it is small enough to avoid large output oscillation while overcoming the noise effect. The dither 
frequency d  could be determined from the estimation of the system input dynamics FI(s). FHP(s) and FLP(s) need 



 
 3211, Page 7 

 

International High Performance Buildings Conference at Purdue, July 16-19, 2012 

to be designed to locate d  in the pass band of FHP(s) and the stop band of FLP(s). The dither phase angle  should 

be select to satisfy      / 2, / 2I HPF j F j           . A value close to 0 is recommended for  . For a 

standard ESC design, the compensator K(s) could be chosen as a constant. A larger gain in K(s) can enhance the 
convergence rate, but may also amplify the effort caused by noise or unmodeled system dynamics, which may cause 
unstable conditions. 
The ESC method achieves the convergence to the system optimality based on an integral action on the gradient 
proportional signal extracted by the pair of dither-demodulation signals, high-pass and low-pass filters. 

 

Figure 4: Block diagram of standard dither ESC. 

5. SIMULATION STUDY 

In this study, the dither ESC framework is applied to the chiller-tower system to minimize the power consumption 
of the screw chiller and cooling tower fan by tuning the tower fan speed. The input dynamics from the tower fan 
speed to the total power consumption is estimated based on the system responses of several step changes at both 
sides of the optimum, as shown in Fig. 5. Then the input dynamics is estimated based the slowest step response to 
achieve better robustness: 

                                                            
2

2 2

0.0316

2 1.06 0.0316 0.0316Î s
s s

F 
   

   (20) 

The cutoff frequency of the input dynamics c is about 0.0187 rad/sec. The dither frequency d is selected as 

0.0043 rad/sec with  
2

2 22 0.65 0.0025 0.0025


   HP s
F

s
s

s
 and   

2

2 2

0.003

2 0.65 0.003 0.003


   LP s
s s

F . 

The dither amplitude is selected as 7.1 Hz for the VSD input. The dither phase angle is selected as -0.604 radian to 
ensure   0 under the estimated input dynamics of (20). 

 
Fig. 5. Comparison of step responses of the full simulation model and the 2nd-order estimate. 

The designed ESC is then simulated on the dynamic simulation model of the chiller-tower system that was described 
earlier. The ESC performance is first tested under a fixed operating condition. The relative humidity and 
temperature for the cooling-tower inlet air flow are set as 20% and 310 K, respectively. The temperature and mass 
flow rate of the evaporator inlet water are set as 285.15 K and 13.2 kg/s, respectively. Figure 6(a) shows the static 
map from cooling tower fan speed to the power consumptions of the chiller compressor and the tower fan, with the 
optimal fan speed and power consumption estimated as 250.351 Hz and 231174 W, respectively.  

The simulation first starts at a fixed fan speed of 200 Hz, and the ESC controller is turned on at t = 5000 sec.  As 
shown in Fig. 6(b), the ESC search results in the averge steady-state fan speed of 256.302 Hz and the total power of 
232018 W, respectively, with the 1% settling time of about 11720 sec. Compared to the estimated optimum in the 
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static map, the steady-state error is about 2.37% and 0.37% for the fan speed and the total power, respectively. 
Notice that Fig. 6(b) shows that the estimated optimal fan speed falls within the range of the input dither.  The 
evaporator superheat and the corresponding valve effective flow area are shown in Fig. 6(c), which validates the 
effectiveness of the chiller operation through the ESC simulation. Figure 6(d) shows the profiles of the chilled-water 
temperature and the compressor slide-valve opening. These results show satisfactory inner-loop control performance 
and reasonable control input profiles, which indicate valid chiller operation through the ESC simulation. 

      
                                              (a)                                                                                              (b) 

    
                                              (c)                                                                                              (d) 

Figure 6: (a) Static map from cooling tower fan speed to total power consumption. (b) Fan speed and power 
consumption for ESC with fixed operation condition. (c) Superheat control results for ESC with fixed operation 

condition. (d) Chilled water temperature control for ESC with fixed operation condition. 

The ESC controller is then tested with a ramp change in the evaporator inlet water temperature TEW (e.g. due to a 
load reduction) from 12 C to 10 C in 3000 seconds starting from t = 60000 second. The static maps of the two 
conditions are shown in Fig. 7(a), with the optimal point being (250.351 Hz, 231174 W) for the first condition, and 
(179.345 Hz , 86527.3 W) for the second condition, respectively. The first condition is the same as the previous case 
of fixed condition.  

    
                                               (a)                                                                                            (b) 

Figure 7: TEW decreased from 12oC to 10oC (a) Static maps. (b) ESC simulation results.  
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In Fig. 7(b), the ESC searched average steady-state fan speed and power consumption of the second condition are 
about 182.714 Hz and 86538.4 W, respectively, differing from the estimated optimum by only 1.88% and 0.013%, 
respectively. The power output settles within ±1% of its steady state in about 13735 second. Also, as marked in Fig. 
7(a), if the fan speed remained unchanged during the ramp change, the system would operate at point A, which 
consumes 91759.1W. Therefore, ESC adapts the system operation with power saving of 5231.8W (5.7%).  

Finally the ESC controller is tested with a change in ambient air condition. The tower inlet air temperature drops 
from 37 C to 35 C, and the relative humidity increases from 20% to 80%. The ramp starts at t = 60000 second, and 
lasts for 3000 seconds. The static maps of the two conditions are shown in Fig. 8(a). The optimal point of the second 
condition is at 275.089 Hz and 357564 W.  

     
                                               (a)                                                                                            (b) 

Figure 8: two inlet air conditions: 37oC and 20% RH versus 35oC and 80% RH (a) Static maps. (b) ESC results. 

Figure 8(b) shows that the ESC searched average steady-state fan speed and total power consumption of the second 
condition are about 279.915 Hz and 357721 W, respectively. The differences are only 1.75% and 0.044%, 
respectively, compared to the estimated optimal values. Again, the estimated optimal fan speed from the static map 
falls within the range of input dither. The outputs settle within ±1% of the steady-state values at about 4823 sec. If 
the fan speed remained unchanged during the ramp change, the operation would be at point B in Fig. 8(a), which 
indicates that the adaptation of ESC achieves a power saving of 0.32% (1155W).  

6. CONCLUSION 
This paper presents an ESC based cooling tower control scheme which can minimize the combined power 

consumption of cooling tower fan and chiller compressor. The ESC strategy is tested on a dynamic simulation 
model of the chiller-tower system has been developed in Dymola using Modelica. The inner loop controls of 
superheat and chilled water temperature are implemented, by regulating the valve flow area and the slide-valve 
opening, respectively. Simulation study was performed for a scenario of fixed condition and then for two scenarios 
of varying conditions in which ramp changes are introduced to the evaporator inlet water temperature and the 
ambient air condition, respectively. The ESC searched results show very small steady-state errors compared to the 
pre-calibrated static maps, with reasonable settling time even under varying conditions. The power saving 
performance is also evaluated for the simulated examples.  
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