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 23 

1. Introduction 24 

1.1 Background 25 

As the largest energy consumers in central air-conditioning systems, chillers consume about 40% 26 

of the energy consumed by air-conditioning systems, and there is a strong potential to reduce the 27 

energy consumption of air-conditioning systems by enhancing the efficiency of chillers [1]. 28 

Optimal chiller sequence control, also known as optimal chiller loading, plays an important role 29 

in enhancing the chiller efficiency. In a well-designed large central air-conditioning system, 30 

multiple chillers are commonly used to fulfill the cooling load demand. The control of these 31 

chillers becomes important as they affect the cooling supply and the overall efficiency of chillers. 32 

If the chillers are not well sequenced, they may either operate at low efficiency or fail to fulfill the 33 

demanded cooling load. In practical operations, chillers usually operate with low coefficients of 34 

performance (COP) due to the use of over-conservative control strategies. Those strategies force 35 

extra chillers to operate, resulting in a low Partial Load Ratio (PLR) of all operating chillers. They 36 

also increase the operation time of water pumps which further increases the energy consumption 37 

of the chiller plants. 38 

Various advanced strategies are developed by researchers to solve the problem. For instance, data 39 

fusion technology [2] is used for chiller sequence control, which is validated using online data [3]. 40 

This technology takes the advantages of two cooling load calculation methods. Although the two 41 

methods suffer from measurement noises or model/systematic errors, the fused cooling load could 42 

have better accuracy [2]. Other available strategies include particle swarm optimization [4], 43 
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Lagrangian method [5], genetic algorithm [6], differential evolution algorithm [7], and stochastic 44 

control method [8].  45 

However, these technologies involve complicated operations and large storage capacity and cannot 46 

be implemented easily in common building management systems (BMS). BMS engineers and 47 

operators also find them to be difficult to understand because they are less logically deductive than 48 

the control strategies in practice and are uncertain of their reliability. Consequently, these 49 

complicated control strategies are not widely implemented in real air-conditioning systems. 50 

To address these issues, the fault tolerant control method can be used [9]. In this paper, a chiller 51 

sequence control method that is tolerant to sensor errors is developed based on typical strategies 52 

using basic principles. 53 

1.2 Typical chiller sequence control strategies 54 

Different methods need different measurements to control chillers. Typical measurements used for 55 

chiller sequence controls are marked in Fig. 1. 56 

Fig.1. Parameters required by different types of chiller sequence control strategies 57 

Chilled water temperature based sequence control: The method determines chiller ON/OFF based 58 

on the return chilled water temperature [10][11]. If the return chilled water temperature is higher 59 

than a predefined maximum, an idling chiller will be staged on. If it becomes lower than a 60 

predefined minimum, a running chiller will be staged off. This method highly relies on the control 61 

of secondary chilled water pumps to ensure that the return chilled water temperature is a good 62 

indicator of the cooling demand. However, this method is not precise nor reliable due to its 63 

complexity in practice. 64 
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By-pass water flow based sequence control: This strategy utilizes the water flow and the flow 65 

direction in the bypass line [10][11]. If the bypass water flow exceeds the design flow of a chiller 66 

plant, a running chiller will be staged off. If the flow is reversed, an idling chiller will be staged 67 

on. This strategy is also not precise or reliable in practice because the bypass water flow also 68 

depends on proper control of secondary chilled water pumps. 69 

Chillers current or power based sequence control [10]: Chillers’ current or power consumption 70 

can be a reliable indicator of chiller cooling load. This strategy stages on an extra chiller if its 71 

current or power consumption is near their rated values, and it stages off a running chiller if its 72 

current or power consumption is low. This method is not accurate because chiller COP and cooling 73 

capacity vary significantly with its operating conditions. 74 

Total cooling load based sequence control: This strategy determines the number of operating 75 

chillers by comparing the maximum capacity of chillers with the cooling load [10]. It estimates 76 

the chiller cooling load by the chilled water flow and the difference between supply and return 77 

chilled water temperatures as demonstrated in Eq. (1). Although this strategy is considered as the 78 

best strategy in principle [10], its precision is vulnerable to measurement errors and uncertainties 79 

[3][10].  80 

( )outevinevwp TTMcQ ,, −=      (1) 81 

where Q is the cooling load, cp is the water specific heat, Mw is chilled water flow, Tev,in and Tev,out 82 

are return (evaporator inlet) and supply (evaporator outlet)  chilled water temperatures, 83 

respectively. 84 

1.3 The proposed strategy and its innovation  85 
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This paper proposes an effective and robust chiller sequence control strategy to overcome the 86 

limitations of current control methods. The strategy eliminates the effects of the measurement 87 

errors on the control decisions and provides a method simpler to execute than the strategies in 88 

literature. This is mainly achieved by its use of inlet guide vane as a main and reliable indicator of 89 

the chiller efficiency. Although it is normally available in centralized multiple centrifugal chiller 90 

plants, its use in chiller sequence control is rare in both literature and practice.  91 

The rest of the paper is organized in 6 sections. Section 2 presents the proposed effective and 92 

robust chiller sequence control strategy. Section 3 provides an in-situ validation of the reliability 93 

of using chiller vane opening as chiller efficiency and load indicator. Section 4 describes the 94 

building and its air-conditioning system used for test and validation, the test platform built for 95 

evaluating the studied strategies, as well as the two reference strategies used for comparison. 96 

Section 5 presents the performance and limitations of a reference strategy in real application. The 97 

validation of the test platform is also conducted using in-situ chiller operation data. Section 6 98 

illustrates the comparison and discussion on the online test results, followed by the conclusion 99 

section. 100 

2. The proposed effective and robust chiller sequence control strategy 101 

Fig. 2 describes the logic of the proposed control strategy developed for a chiller plant in a high-102 

rise building. Whether to stage on a chiller depends on the electric currents of operating chillers, 103 

vane openings, and supply chilled water temperatures. Specifically, a chiller is about to be staged 104 

on when the currents of all operating chillers have been near the full load current for a certain time 105 

threshold. This avoids frequent chiller on-off actions. The full load conditions of the operating 106 

chillers are further confirmed by monitoring their vane openings. By monitoring the temperature 107 
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of supply chilled water to all individual zones, the strategy guarantees a sufficient cooling supply. 108 

If the chillers cannot satisfy the cooling demand, the supply chilled water temperature will be 109 

higher than its set-point. 110 

Whether to stage off a chiller is determined based on the chiller vane opening and the measured 111 

cooling load. The logic for staging off a chiller is activated only when one of the operating chillers 112 

has its vane opening less than 60%. This saves computational resources and may avoid staging off 113 

chillers unnecessarily. The control strategy then predicts the maximum cooling capacity of the 114 

chillers with one less operating chiller by a data-driven model in Eq. (2). Eq. (2) uses the multi-115 

linear regression method [12], which is a type of machine learning algorithm, due to its simplicity 116 

and effectiveness. This model uses the evaporating and condensing pressures to predict the 117 

maximum cooling capacity and is trained using chiller full load operation data with a vane opening 118 

higher than 90%. Noticeably, even for identical chillers, they may have different coefficients in 119 

their corresponding models.  120 

( )icdievi pplmQ ,,max, ,~      (2) 121 

where 
iQmax,
 is predicted maximum cooling capacity of ith chiller, pev,i and pcd,i are the evaporating 122 

and condensing pressure of the ith chiller respectively, and lm(∙) represents the multi-linear 123 

regression model. 124 

Fig.2. Logic of the proposed chiller sequence control strategy 125 

3. Chiller vane opening vs energy efficiency and load – An in-situ validation 126 
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This section presents the evaluation on the key parameters that are used as simple and reliable 127 

chiller efficiency indicators based on analyzing in-situ operation data. Two parameters (i.e. PLR 128 

and chiller vane opening) are assessed. 129 

Partial Load Ratio 130 

PLR is defined as the ratio of the actual refrigeration (or cooling) load of a chiller to its full load 131 

capacity. It is well understood that high overall COP can be achieved by controlling a chiller to 132 

operate at its optimum PLR as they have strong correlation. Fig. 3 demonstrates such correlation 133 

between these two variables of a chiller in the studied building by using in-situ operation data and 134 

manufacturer’s catalog data obtained from test according to the ARI standard 550/590-1998 [13]. 135 

The COP of real operation data is lower than that in manufacturer’s catalog due to difference in 136 

operation conditions. Since the bend at the peak of manufacturer’s catalog data curve is not clear 137 

in real operation data. Considering measurement errors, it may not be practical or necessary to 138 

control chiller sequence through optimizing PLR at its optimal range specified in manufacturer’s 139 

catalog data. 140 

Fig. 3. The correlation between COP and PLR 141 

Chiller vane opening 142 

A constant speed centrifugal chiller maintains its supply chilled water temperature at the set-point 143 

by adjusting its refrigerant inlet guide vane opening and hence its capacity. This means that the 144 

vane opening should indicate chillers’ operating capacities and efficiencies. Fig. 4 shows the 145 

correlation between chiller COP and its vane opening using in-situ operation data. Obviously, 146 

chiller COP is maintained at a high level when the vane opening is higher than 40%. In other words, 147 

the chiller is operating at its highest efficiency if its vane is widely open. The curve shape in Fig. 148 
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4 is very suitable for optimal control since COP is not sensitive to the vane opening in the high 149 

efficiency range. 150 

Fig. 4. The correlation between COP and vane opening using in-situ operation data 151 

4. Building air conditioning system and arrangement of online validation test 152 

4.1 The building and its air-conditioning system 153 

The proposed strategy is validated by an air-conditioning system in the tallest high-rise building 154 

in Hong Kong. The building has a height of 490 m and consists of 108 floors. It is divided into 155 

three parts: a car park (24,000 m2) on the ground floor; shopping arcades (67,000 m2) which are 156 

located between the ground floor and the fifth floor; the building tower (230,000 m2) which 157 

consists of commercial offices and a six-star hotel on the top floors. 158 

A large and complex air-conditioning system serves all floors of this building except the hotel on 159 

the floors above the 100th floor. Fig. 5 demonstrates the chilled water production and delivery 160 

system. Table 1 shows specifications of main equipment in the system. The six high voltage 161 

centrifugal chillers (3 phase, 11,000 volt) are designed to supply the building with chilled water at 162 

5.5 °C. Each chiller is associated with a chilled water pump and a cooling water pump. Both of 163 

them are constant speed pumps, and their on/off are interlocked with chillers.  164 

Eleven cooling towers of two types (types A, B) are used to cool the condensers of the chillers. 165 

They are equipped with variable speed fans. The six type A cooling towers are controlled by one 166 

Variable Speed Drive (VSD) system, while the other five type B cooling towers are controlled by 167 

another VSD. Their fan speeds are modulated by local controllers to achieve the cooling water 168 

temperature set-point. 169 
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Chilled water is supplied to three sectors containing four zones as marked with A, B and C in 170 

dashed rectangles in Fig. 5. Heat exchangers are used to isolate chilled water for individual zones 171 

in order to avoid high pressure in water pipes caused by the weight of water in riser pipes and on 172 

higher floors. 173 

Fig. 5. The chilled water production and delivery system 174 

Table 1. Specifications of main equipment in the system 175 

4.2 Dynamic platform for online test and validation of sequence control strategies 176 

A dynamic platform was built to evaluate the online performance of the developed strategy by 177 

using TRNSYS [14]. Fig. 6 demonstrates the framework of the platform. Since the test was 178 

conducted based on the operation history data of the studied air-conditioning system, cooling load 179 

and condenser entering water temperature (Tcd,in) in the test came directly from recorded history 180 

data. A heat balance model (Eq. (3)) was used to calculate return chilled water temperature using 181 

cooling load and supply chilled water temperature. Water flows through condenser and evaporator 182 

were assumed to be constant because they are provided by constant speed pumps. 183 

outev

wp

inev T
Mc

Q
T ,, −


=      (3) 184 

where Q  is the cooling load, pc  is water specific heat, wM  is chilled water flow, inevT ,  and 185 

outevT ,  are return (evaporator inlet) and supply (evaporator outlet)  chilled water temperatures, 186 

respectively. 187 

Fig. 6 Framework of the test platform 188 
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A chiller model in Wang et al [15] was used to simulate the chiller dynamic performance under 189 

various working conditions. The model is based on impeller tip speed, impeller exhaust area, 190 

impeller blades angle and other 13 coefficients/parameters. The compression process in the 191 

compressor, and the heat transfer process in the evaporator and the condenser are simulated. The 192 

compressor model is based on the Euler turbo-machine equation (Eq. (4)), mass conversion 193 

equation, and energy balance equation. Eqs. (5–6) describe the energy balances in the compressor 194 

control volume and the impeller control volume. Flow friction losses, inlet losses and incidence 195 

losses are considered in the two control volumes. Eqs. (7–8) show such hydrodynamic losses 196 

(Hhyd,com and Hhyd,imp). 197 
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where Hth is the compressor theoretical head, Hhyd is the hydrodynamic losses, Hpol is the 203 

polytropical compression work, u2 is the impeller tip speed, cr2 is impeller exit radial velocity, β is 204 

the vane angle, γ is the pre-rotation vane angle, B is the ratio of the impeller channel depth at the 205 

intake to that at exhaust, υin and υext are the specific volumes at the impeller intake and exhaust, 206 
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respectively, cimp,ext is the vapor velocity at the impeller exhaust, and ς, ψ1, ψ2, χ are the introduced 207 

constants. Subscripts com and imp indicate compressor and impeller, respectively. 208 

The chiller power is calculated using Eq. (9), which is based on the internal compression power 209 

(Winter) and a constant leakage ratio [15]. First part of the equation (c·Winter) represents the driving 210 

power and variable part of power loss with a coefficient c, while the second part (Wloss) represents 211 

constant part of power losses. 212 

W = c·Winter + Wloss      (9) 213 

The classical heat exchanger efficiency method is used to simulate the heat transfer processes in 214 

the evaporator and the condenser. Two thermal storage units are used to represent the dynamic 215 

responses of the chiller to the changes of inlet temperatures. Eqs. (10–11) show the first-order 216 

differential models of the two heat exchangers.  217 

( )
inevinevevwp

inev

evflow TTMc
d
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CAP ,,,

,

,
−=
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
   (10) 218 
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incdincdcdwp
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,
−=
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
   (11) 219 

where CAPflow is the capacity flow rate, T is the temperature, T’ is the temperature after introducing 220 

dynamic effects, cp is the specific heat of water, subscript “ev” indicates evaporator, subscript “cd” 221 

indicates condenser and subscript “in” indicates inlet. 222 

The dynamic test platform was validated by using the chillers in-situ operation data. Fig. 7 shows 223 

the comparison between the real and predicted cooling load and power consumption at different 224 

chiller vane openings. The mean relative difference between the simulated and real capacity is 225 
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10.8%, and the mean relative difference between the simulated and real power is 6.0%. That 226 

accuracy level should be enough for the simulation test.  227 

Fig. 7. Validation of the dynamic test platform 228 

4.3 Comparison of sequence control strategies 229 

The proposed control strategy (namely Strategy SN) was evaluated by comparing its performance 230 

with the following two strategies.  231 

Reference Strategy SR1 - Strategy based on total cooling load 232 

Fig. 8 demonstrates the principle of the reference strategy SR1, which is based on the measured 233 

cooling load. The vertical axis shows total electric power consumption of multiple chillers. For a 234 

certain cooling load, the option which has minimum electric power consumption is the optimal 235 

number of chillers for chiller sequence control. A dead band is used to avoid frequent switching 236 

on and off of chillers in case cooling load varies within a small range near the switching points. 237 

Eq. (12) defines the cooling load threshold for staging on/off a chiller. Based on that, the optimal 238 

number of operating chillers could be determined by Eq.(13). 239 
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where Qon and Qoff  are the cooling load thresholds for staging on and off of a chiller respectively, 242 

N is the current number of operating chillers, Crated is the rated cooling capacity of individual 243 
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chillers, d is a user defined dead band ranging from 0 to 100% and is determined to be 5% in this 244 

study, Q is the current cooling demand and Nnext is the determined number of chillers.  245 

Fig. 8 Strategy SR1: The strategy solely based on total cooling load 246 

Reference Strategy SR2 - Strategy based on chiller electrical current and cooling load 247 

Strategy SR2 was developed by the BMS provider and the consultants of the building to control 248 

the chillers. It utilizes measured chiller electrical current and cooling load to determine the number 249 

of chillers to be used. Table 2 shows the logic for staging on/off of a chiller during operation. 250 

Whether to stage on a chiller is determined by the currents of all operating chillers. Specifically, 251 

an idling chiller will be staged on when the currents of all operating chillers remain near their full 252 

load currents for a predefined time period. By monitoring the supply chilled water temperature to 253 

the building, the strategy guarantees a sufficient cooling supply. 254 

A chiller will be staged off if the measured cooling load is less than the corresponding thresholds 255 

as tabulated in Table 2. These thresholds are empirically determined based on the rated chiller full 256 

load capacity.  257 

Table 2. Staging rules of strategy based on chillers electrical current and cooling load (Strategy 258 

SR2) 259 

5. In-situ operation performance and limitation of the reference strategy SR2 260 

To understand the chiller performance before the implementation of the new strategy, the 261 

performance and limitations of the design control strategy SR2 is assessed. The analysis is based 262 

on the in-situ operation data collected at a 1-minute interval throughout 2014. 263 
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The measured cooling loads of individual chillers are summarized and presented in Fig. 9. The 264 

histograms are used to roughly assess the probability distribution of individual chiller load in the 265 

year. The figure presents all the data when there is more than one chiller in operation, and data 266 

with unavoidably low PLR are excluded in the analysis. Comparing the distribution of the cooling 267 

load in the histograms with the rated chiller capacity 7230 kW, it can be observed from Fig. 9 that 268 

all the six chillers operated at low PLR rather frequently.  269 

Fig.9 also shows that the maximum capacity of chiller 4 (CH4) was significantly higher than the 270 

other chillers though all chillers are identical. That is because of the use of directly measured 271 

cooling load (Eq.(1)) in the analysis, and the significant systematic errors in the measured cooling 272 

load of CH4. 273 

Fig.9. Cooling load distributions of individual chillers except only one chiller in operation 274 

Fig. 10 shows the chiller operation statuses in the year. The horizontal axis represents the sum of 275 

the direct measured cooling loads of all operating chillers, and the vertical axis represents the sum 276 

of the currents of all running chillers that are heavily correlated with the total power consumption. 277 

They are categorized into four groups according to the number of operating chillers. Although 278 

chiller power consumption should be the lowest when number of operating chillers is the smallest, 279 

there are significant overlaps among different groups in Fig. 10. Hence there is a high potential to 280 

use better sequence control strategies to reduce the chiller power consumption.  281 

The vertical dotted lines in Fig. 10 separate the operation points into different regions according 282 

to the rated total cooling capacity of different number of chillers and are the staging set-points of 283 

strategy SR1. If the strategy SR1 is used, the results could be better since the overlaps among 284 
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different groups are far beyond its defined dead band (+/- 5%). It is also noticeable that maximum 285 

cooling capacities in each group are much higher than their total rated cooling capacity.  286 

Fig. 10.Chiller total current vs total cooling load when strategy SR2 is used 287 

6. Online operation performance and validation of proposed sequence strategy 288 

Simulation tests are conducted to evaluate the online performance of the proposed sequence 289 

control strategy by comparing its performance with that of the two reference strategies. In the tests, 290 

cooling load data were directly obtained from the operation of tested building in a week in July 291 

2014, as shown in Fig. 11.  292 

Fig.11. Cooling load used in the test 293 

The strategies are first evaluated in ideal conditions, i.e. the measurements are accurate without 294 

errors. Then, measurement errors of cooling loads are considered to simulate real conditions. In 295 

this study, only systematic errors are considered since the random error could be removed by filters 296 

such as the exponentially weighted moving average filter.  297 

6.1 Test results when there is no measurement error in cooling load 298 

The chiller energy consumption of the strategies SN, SR1 and SR2 in the observed week were 299 

369,408 kWh, 364,955 kWh, and 380,664 kWh respectively, and strategy SR1 is the best strategy 300 

because its energy consumption was the smallest. This is not surprising because cooling load is 301 

the best indicator of building cooling requirement if the system contains no uncertainties. Strategy 302 

SN consumed 1.2% more energy than SR1, while Strategy SR2 consumed 4.3% more energy than 303 

SR1. The proposed strategy therefore saved 3% energy compared with the case using the strategy 304 

SR2. 305 
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Fig. 12 shows the comparison of the number of operating chillers among the three strategies. 306 

Compared to the strategy SR1, both SR2 and SN required more chillers occasionally, especially on 307 

the second day. Strategy SN staged a chiller off earlier than SR2, and the strategies SN and SR1 308 

staged chillers off around the same time. Since SR1 is in theory the best strategy, it can be 309 

concluded that the strategy SN staged chillers off at the right time [10]. 310 

Fig. 12. Comparison on the numbers of operating chillers when using the three strategies 311 

Fig. 13 shows the comparison of power consumptions among the three control strategies. When 312 

SR2 and SN staged on two chillers and SR1 staged on one chiller only, SR2 and SN required higher 313 

power consumption than SR1. However, their power consumption difference was not significant 314 

on day two when SR2 and SN used four chillers and SR1 used three chillers. This is because the 315 

increase of PLR with the number of operating chillers becomes smaller as the number of operating 316 

chillers increases. 317 

 Fig. 13. Comparison on the power consumption of using the three strategies 318 

6.2 Test results when cooling load measurements contain systematic errors 319 

As aforementioned, cooling load measurements contain errors inevitably, and errors could be as 320 

high as over 30% [10]. Performance of the three strategies were further studied by altering the 321 

cooling loads with systematic errors ranging from -10% to 20%. Fig. 14 shows the chiller energy 322 

consumption in the week.  323 

Fig. 14. Chiller energy consumptions when using three different strategies 324 

Strategy SR1 was robust when the systematic errors were between -5% and 5% since the dead band 325 

in strategy SR1 was set to be 5%. However, when the systematic errors were higher than 5%, the 326 
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strategy staged off a chiller later than it should and resulted in higher chiller energy consumption. 327 

When the systematic errors were lower than -5%, the strategy failed to provide sufficient cooling 328 

because it staged off a chiller too early. Therefore, SR1 is not suitable for real practice. 329 

As the systematic errors varied from -10% to 20%, the chiller energy consumption of SR2 increased 330 

gradually. Positive systematic errors in the cooling load measurements made strategy SR2 stage 331 

off a chiller later than it should. On the contrary, negative systematic errors in cooling load 332 

measurements forced the strategy to stage off a chiller earlier than it should. Since strategy SR2 333 

intrinsically staged a chiller off later than the ideal condition, negative systematic errors can reduce 334 

the total energy consumption. However, a very negative systematic error may cause the strategy 335 

to stage off a chiller too early. There would not be sufficient cooling to meet the cooling demand, 336 

just as strategy SR1 did when the systematic errors were lower than -5%. 337 

Strategy SN was the most robust strategy because its performance was not affected by systematic 338 

errors in the cooling load measurements as shown in Fig.14. The stage-on point was not affected 339 

by systematic errors in the cooling load measurements since it was determined according to chiller 340 

currents. The stage-off point was also not affected because it depends on the predicted maximum 341 

chiller capacity model in Eq.(2) rather than the measured cooling load. In each of the test cases, 342 

the maximum chiller capacity model was trained based on data with systematic errors in cooling 343 

load measurements, and hence strategy SN considered the systematic errors in the cooling load 344 

measurements. For instance, in the case where cooling load measurements contain +10% 345 

systematic errors, the predicted maximum chiller capacity was 10% higher than its real maximum 346 

capacity. The strategy decided to stage off a chiller based on the measured cooling load and the 347 

predicted maximum cooling capacity. The comparison result would be the same as the result 348 

without the systematic errors if both the measured cooling load and the predicted maximum 349 
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cooling capacity contained the systematic errors of the same magnitude. Strategy SN is therefore 350 

immune to systematic errors in cooling load measurements. However, if the systematic error in 351 

cooling load measurement changed significantly after the training of the maximum cooling 352 

capacity model, the strategy would not be robust to the new cooling load measurement errors. To 353 

maintain the robustness of the strategy, the maximum cooling capacity models should be 354 

periodically trained and updated using the most recent operation data.  355 

7. Conclusion 356 

This paper proposed an effective and robust chiller sequence control strategy that is suitable for 357 

centrifugal chiller plants. In the control strategy, the chiller inlet guide vane is used as an indicator 358 

of chiller efficiency and cooling load. The energy performance and robustness of the developed 359 

strategy are evaluated with in-situ data in a large building and compared with an ideal control 360 

strategy and the original chiller control strategy in the building. 361 

Analysis on the chiller in-situ operation data in a large building indicates that the chillers are 362 

operating at a high efficiency when the vane opening is higher than 40%. The COP is not sensitive 363 

to the vane opening once it exceeds 40%. As a result, the vane opening could be an excellent and 364 

reliable indicator of chiller efficiency.  365 

The proposed control strategy was compared with two reference strategies through performance 366 

tests based on measured data in a summer week in the same real building. In the case when there 367 

were no systematic errors in cooling load measurements, the proposed strategy saved 3% energy 368 

compared with the original strategy applied in the building. When there were systematic errors in 369 

cooling load measurements, the proposed strategy was the most robust one compared with the two 370 

reference strategies. Its energy consumption remained the same regardless of variations in the 371 
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magnitude of systematic errors. Both reference strategies wasted extra energy when the cooling 372 

load measurement contained positive systematic errors. When negative systematic errors were 373 

included in cooling load measurements, the reference strategy solely based on cooling load had a 374 

risk of failing to fulfill the demanded cooling load. 375 

Since the proposed method is not commonly seen in real application, further efforts should be 376 

conducted to provide sufficient data for practical reference. As a first step, the original strategy 377 

SR2 in the building has already been replaced by the proposed strategy SN for its daily operation, 378 

and the future research will focus on refining the maximum chiller capacity model for wider 379 

practical adaptation.  380 
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Figures 418 

 419 

Fig.1. Parameters required by different types of chiller sequence control strategies 420 

 421 

Fig.2. Logic of the proposed chiller sequence control strategy 422 
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 423 

Fig. 3. The correlation between COP and PLR 424 
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 425 

Fig. 4. The correlation between COP and vane opening using in-situ operation data 426 

 427 
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Fig. 5. The chilled water production and delivery system 428 

 429 

Fig. 6 Framework of the test platform 430 

  

 431 

Fig. 7. Validation of the dynamic test platform 432 
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 434 
Fig. 8 Strategy SR1: The strategy solely based on total cooling load 435 

 436 
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 437 

Fig.9. Cooling load distributions of individual chillers except only one chiller in operation 438 

 439 

Fig. 10.Chiller total current vs total cooling load when strategy SR2 is used 440 
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 441 

Fig.11. Cooling load used in the test 442 

 443 

 444 
Fig. 12. Comparison on the numbers of operating chillers when using three strategies 445 
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 446 

Fig. 13. Comparison on the power consumption of using the three strategies 447 

 448 

Fig. 14. Chiller energy consumptions when using three different strategies 449 
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