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Abstract 

Chiller sequencing control is a vital function for the feasible and energy-efficient operation of multiple-chiller plant in a centralized 
HVAC system. Various control strategies have been developed and applied to achieve overall energy efficiency of chiller plant 
with guarantying sufficient cooling for indoor thermal comfort. However, these control strategies suffer from various uncertainties 
and usually fail to achieve the expected control and/or energy performance. Therefore, this study presents a robustness analysis of 
chiller sequencing control in order to understand the robustness of the typical control strategies under uncertainties. Based on the 
robustness analysis, a simple and applicable control method is developed to enhance the robustness and reliability of chiller 
sequencing control under uncertainties. 
© 2017 The Authors. Published by Elsevier Ltd. 
Peer-review under responsibility of the scientific committee of the 10th International Symposium on Heating, Ventilation and Air 
Conditioning. 
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1. INTRODUCTION 

Centralized chiller plant is the core component of a heating, ventilation and air-conditioning (HVAC) system, which 
provide cooling to indoor space for achieving indoor thermal comfort [1]. In a centralized chiller plant, multiple chillers 
are usually configured to improve operational feasibility and energy-efficiency under part load conditions [2]. In this 
configuration, chiller sequencing control is adopted to switch on/off chillers ac-cording to building cooling load, 
aiming to achieve high energy-efficient while fulfilling the indoor cooling demands [3]. 
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Various chiller sequencing control strategies have been developed and implemented in practice. Typical control 
strategies include the total cooling load-based (Q-based) sequencing control, the chilled water return temperature-
based (T-based) sequencing control, the bypass flow-based (F-based) sequencing control and the direct power-based 
(P-based) sequencing control [4]. Each control strategy uses a direct or indirect indicator to represent the building 
instantaneous cooling load and compares its indicator with pre-defined thresholds to deter-mine sequencing action. 
These control strategies are widely applied and their performance has significant impacts on control and energy 
performance of the chiller plant. 

It is evident that the four typical control strategies are practicable for chiller sequencing control, but their 
performances are usually deteriorated by uncertainties [5]. Un-certainty refers to a state of having limited knowledge 
where it is impossible to exactly de-scribe the existing state [6]. The existing of uncertainties in practice could easily 
result in unreliable control or energy waste. As presented in Huang et al. [7], the measurement uncertainty in the total 
cooling load-based control resulted in more than 25% error in measured cooling load indicator, and chillers were 
controlled based on this inaccurate indicator either provided insufficient cooling or wasted energy. Furthermore, as 
discussed in Jiang et al. [8], the lack consideration of uncertainties in operating conditions is an important reason why 
most multiple-chiller plants in commercial buildings were still sequenced by hu-mans in a heuristic manner, despite 
of equipping with chiller sequencing controllers.  

Since the typical control strategies use different load indicator and thresholds for sequencing actions, they suffer 
from different types of uncertainties. In order to systematically analyze the impacts of associated uncertainties on the 
typical chiller sequencing control strategies, Liao et al. [9] developed a method to shift various uncertainties to the 
load indicators of the corresponding sequencing control strategies. Using the developed method, case studies showed 
that the performances of control strategies were significantly deteriorated by uncertainties and the severity of 
uncertainty impacts on each control strategy were different. It is necessary to investigate the robustness of the typical 
control strategies to the uncertainties they suffered from.  

Therefore, this paper firstly presents a systematic robustness analysis of chiller sequencing control, which will 
identify the robustness of each control strategy to the uncertainties it might suffers from. Following, a hybrid control 
method will be developed for enhancing the robustness of chiller sequencing control based on the robustness analysis 
results. Robustness analysis will provide suggestions for chiller plant operators to analyze and enhance the chiller 
sequencing control performance of their chiller plants. The hybrid control will give a feasible method for chiller 
sequencing control performance enhancement. The rest of this paper is organized as follows. Section 2 introduces 
chiller sequencing control and its associated uncertainties. Section 3 presents robustness analysis of the typical control 
strategies. Section 4 de-scribes the methodology of the developed hybrid control and the validation case studies. 
Finally, Discussion and conclusions are given in Section 5. 

2. CHILLER SEQUENCING CONTROL AND UNCERTAINTIES 

2.1. Chiller sequencing control 

Chiller sequencing control is switch chillers on or off according to the cooling load variation. Depending on the 
approach to indicate the cooling load, the chiller sequencing control can be categorized as total cooling load-based 
(Q-based) sequencing control, return water temperature-based (T-based) sequencing control, direct power-based (P-
based) sequencing control and bypass flow-based (F-based) sequencing control. These control strategies are widely 
applied in practice, their control performance should be well considered. 

 

2.2. Uncertainties associated with chiller sequencing control 

Shown by Liao et al. [9], chiller sequencing control mainly suffers from measurement uncertainty, control 
uncertainty, operational uncertainty and threshold uncertainty, as shown in Table 1 below. Measurement uncertainty 
exists in all control strategies because all the control strategies need one or more measurements to indicate the building 
cooling load. Control uncertainty exists in the T-based control and the F-based control because the T-based control 
assumes that the supply chilled water temperature is constant (which is actually controlled by a local controller) and 
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Various chiller sequencing control strategies have been developed and implemented in practice. Typical control 
strategies include the total cooling load-based (Q-based) sequencing control, the chilled water return temperature-
based (T-based) sequencing control, the bypass flow-based (F-based) sequencing control and the direct power-based 
(P-based) sequencing control [4]. Each control strategy uses a direct or indirect indicator to represent the building 
instantaneous cooling load and compares its indicator with pre-defined thresholds to deter-mine sequencing action. 
These control strategies are widely applied and their performance has significant impacts on control and energy 
performance of the chiller plant. 

It is evident that the four typical control strategies are practicable for chiller sequencing control, but their 
performances are usually deteriorated by uncertainties [5]. Un-certainty refers to a state of having limited knowledge 
where it is impossible to exactly de-scribe the existing state [6]. The existing of uncertainties in practice could easily 
result in unreliable control or energy waste. As presented in Huang et al. [7], the measurement uncertainty in the total 
cooling load-based control resulted in more than 25% error in measured cooling load indicator, and chillers were 
controlled based on this inaccurate indicator either provided insufficient cooling or wasted energy. Furthermore, as 
discussed in Jiang et al. [8], the lack consideration of uncertainties in operating conditions is an important reason why 
most multiple-chiller plants in commercial buildings were still sequenced by hu-mans in a heuristic manner, despite 
of equipping with chiller sequencing controllers.  

Since the typical control strategies use different load indicator and thresholds for sequencing actions, they suffer 
from different types of uncertainties. In order to systematically analyze the impacts of associated uncertainties on the 
typical chiller sequencing control strategies, Liao et al. [9] developed a method to shift various uncertainties to the 
load indicators of the corresponding sequencing control strategies. Using the developed method, case studies showed 
that the performances of control strategies were significantly deteriorated by uncertainties and the severity of 
uncertainty impacts on each control strategy were different. It is necessary to investigate the robustness of the typical 
control strategies to the uncertainties they suffered from.  

Therefore, this paper firstly presents a systematic robustness analysis of chiller sequencing control, which will 
identify the robustness of each control strategy to the uncertainties it might suffers from. Following, a hybrid control 
method will be developed for enhancing the robustness of chiller sequencing control based on the robustness analysis 
results. Robustness analysis will provide suggestions for chiller plant operators to analyze and enhance the chiller 
sequencing control performance of their chiller plants. The hybrid control will give a feasible method for chiller 
sequencing control performance enhancement. The rest of this paper is organized as follows. Section 2 introduces 
chiller sequencing control and its associated uncertainties. Section 3 presents robustness analysis of the typical control 
strategies. Section 4 de-scribes the methodology of the developed hybrid control and the validation case studies. 
Finally, Discussion and conclusions are given in Section 5. 

2. CHILLER SEQUENCING CONTROL AND UNCERTAINTIES 

2.1. Chiller sequencing control 

Chiller sequencing control is switch chillers on or off according to the cooling load variation. Depending on the 
approach to indicate the cooling load, the chiller sequencing control can be categorized as total cooling load-based 
(Q-based) sequencing control, return water temperature-based (T-based) sequencing control, direct power-based (P-
based) sequencing control and bypass flow-based (F-based) sequencing control. These control strategies are widely 
applied in practice, their control performance should be well considered. 

 

2.2. Uncertainties associated with chiller sequencing control 

Shown by Liao et al. [9], chiller sequencing control mainly suffers from measurement uncertainty, control 
uncertainty, operational uncertainty and threshold uncertainty, as shown in Table 1 below. Measurement uncertainty 
exists in all control strategies because all the control strategies need one or more measurements to indicate the building 
cooling load. Control uncertainty exists in the T-based control and the F-based control because the T-based control 
assumes that the supply chilled water temperature is constant (which is actually controlled by a local controller) and 
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the F-based control suffers from the deviation caused by differential pressure (DP) in the secondary loop. Both the T-
based control and F-based control suffer from operational uncertainty since the flow rate variation of primary chilled 
water should be considered in both control strategies [9]. The P-based control suffers from threshold uncertainty since 
the correlation of the percentage of full load amperage (PFLA) and the cooling load using COP curve of chillers is 
usually not accurate [4]. The F-based control contains threshold uncertainty inherently since its thresholds are naturally 
larger than the principle one. 

Table 1.  Main uncertainties considered in the typical chiller sequencing controls. 

Control strategies Measurement 
uncertainty

Control 
uncertainty

Operational 
uncertainty

Threshold 
uncertainty 

Q-based control √    
P-based control √   √ 
T-based control √ √ √  
F-based control √ √ √ √ 

 
The uncertainties associated with a typical control strategy is propagated to the simulation platform by using the 

uncertainty shifting method developed in Liao et al. [9]. Monte-Carlo simulation is adopted to study uncertainty 
propagation. The robustness of the four typical control strategies is analyzed according to the performance variations 
subjecting to different levels of uncertainties. The performance of the control strategies is evaluated in term of the 
variations of total chiller switch number (Nt), under-cooling percentage (Puc) and energy use of the chiller plant(En), 
as shown follows. 
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where , , are the total switch number, the under-cooling percentage and the energy use of the benchmark 
case, respectively. 

3. CHILLER SEQUENCING CONTROL AND UNCERTAINTIES 

3.1. Methodology of robustness analysis 

The methodology to do robustness analysis has three steps: uncertainty quantification, uncertainty propagation, 
and robustness assessment. For uncertainty quantification, field data from a real chiller plant are used to quantify 
uncertainties. The measurement uncertainty and threshold uncertainties are quantified using stochastic distribution 
analysis with Equation 2 since they have the stochastic characteristic [9,10]. The control uncertainty and operational 
uncertainty are quantified using bias analysis with Equation 3 given that they have the pattern of periodic variations. 
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Where, σ is the standard deviation, nc is the number of components that should be taken into account; ωi and Ai are 
the frequency and amplitude of ith component, respectively.  

Five levels of uncertainties are extracted from field operation data of chiller plants, as shown in Table 1. Level 1 
represents the smallest uncertainty level which is set according to the accuracy required by design guideline and 
manuals [11,12]. Level 5 indicates the highest uncertainty level, which is set from the worst case identified from field 
data. The linear interpolation was then used to determine the level 2 to the level 4.  
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Table 2. Levels of uncertainties. 

Level of 
uncertainty 

Measurement uncertainty Control uncertainty Operational uncertainty  Threshold 
uncertainty 

r/COP COPΔ
(%) 

Temperature 
sensor 
(oC) 

Flow 
meter 
(%) 

Current 
meter 
(%) 

Magnitudes
(oC) 

Frequency
(Hz) 

Magnitudes
(%) 

Frequency 
(Hz)  

Level 1 ±0.1 ±1.0 ±1.0 0.5/0.5 

2.34*10-4/ 
1.8*10-4 

0.6/0.4 

2.0*10-4/ 
2.6*10-4 

 ±1.0 
Level 2 ±0.2 ±2.0 ±1.5 1.5/1.5 1.8/1.2  ±2.0 
Level 3 ±0.3 ±3.0 ±2.0 2.5/2.5 3.0/2.0  ±3.0 
Level 4 ±0.4 ±4.0 ±2.5 3.5/3.5 4.2/2.8  ±4.0 
Level 5 ±0.5 ±5.0 ±3.0 4.5/4.5 5.4/3.6  ±5.0 

3.2. Simulation platform 

To perform the robustness analysis, a simulation platform of a typical decoupled multiple-chiller system with 
structure as shown in Figure 1 was constructed using TRNSYS 17. In the primary loop, four identical 600kW 
centrifugal chillers were parallelly connected and four constant speed pumps with a rate flow rate 28.65L/s were 
interlocked. The associated COP curve of the chiller model was regressed from the operation data of a real chiller 
equipped in a high-rise building. The chilled water from chillers was mixed at header pipe with a temperature setpoint 
of 7oC for all chillers. In the secondary loop, a variable-speed pump with a rated flow rate 114.6L/s was installed to 
deliver the chilled water to air-handling units (AHUs). One-week cooling load collected from a high rise building was 
used in the study [9]. The sequencing control strategy was coded using MATLAB and communicated with TRNSYS 
17 through the exiting interface, i.e. Type 155. 

 

 
Fig. 1. The structure of a typical decoupled multiple-chiller system. 

3.3. Results and discussion 

When measurement uncertainty is considered, the performance variations of the four control strategies are shown 
in Figure 2. It can be seen that the control performance of the Q-based control varied dramatically, with the maximum 
variation at Level 5 up to 63.6%. Similarly, the performance variation of the T-based control was up to32.3%. In 
contrast, the performance variations of the P-based control and the F-based control were much less, with maximum 
switch number variation being 7.2% in the P-based control and 5.6% in the F-based control. These results indicate that 
the Q-based control and the T-based control suffer heavily from the measurement uncertainties, while the F-based 
control and the P-based control are robust to measurement uncertainties. 

Control uncertainty and operational uncertainty only affected the T-based and the F-based control but their 
influence was complex. Figure 3 shows the variations of the performance indices of these two controls along with the 
increase of the control uncertainties. The total switch number of the T-based control increased 71.3% at Level 5, which 
indicates that unnecessary switching actions were caused by control uncertainties. Differently, when the control 
uncertainty increased from Level 1 to Level 5, the performance indices of the F-based control decreased to -2.8% 
firstly and then climbing up to 5.1%. This result indicated that the T-based control was sensitive to the control 
uncertainty while the F-based control was not.  
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data. The linear interpolation was then used to determine the level 2 to the level 4.  
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Table 2. Levels of uncertainties. 

Level of 
uncertainty 

Measurement uncertainty Control uncertainty Operational uncertainty  Threshold 
uncertainty 

r/COP COPΔ
(%) 

Temperature 
sensor 
(oC) 

Flow 
meter 
(%) 

Current 
meter 
(%) 

Magnitudes
(oC) 

Frequency
(Hz) 

Magnitudes
(%) 

Frequency 
(Hz)  

Level 1 ±0.1 ±1.0 ±1.0 0.5/0.5 

2.34*10-4/ 
1.8*10-4 

0.6/0.4 

2.0*10-4/ 
2.6*10-4 

 ±1.0 
Level 2 ±0.2 ±2.0 ±1.5 1.5/1.5 1.8/1.2  ±2.0 
Level 3 ±0.3 ±3.0 ±2.0 2.5/2.5 3.0/2.0  ±3.0 
Level 4 ±0.4 ±4.0 ±2.5 3.5/3.5 4.2/2.8  ±4.0 
Level 5 ±0.5 ±5.0 ±3.0 4.5/4.5 5.4/3.6  ±5.0 

3.2. Simulation platform 

To perform the robustness analysis, a simulation platform of a typical decoupled multiple-chiller system with 
structure as shown in Figure 1 was constructed using TRNSYS 17. In the primary loop, four identical 600kW 
centrifugal chillers were parallelly connected and four constant speed pumps with a rate flow rate 28.65L/s were 
interlocked. The associated COP curve of the chiller model was regressed from the operation data of a real chiller 
equipped in a high-rise building. The chilled water from chillers was mixed at header pipe with a temperature setpoint 
of 7oC for all chillers. In the secondary loop, a variable-speed pump with a rated flow rate 114.6L/s was installed to 
deliver the chilled water to air-handling units (AHUs). One-week cooling load collected from a high rise building was 
used in the study [9]. The sequencing control strategy was coded using MATLAB and communicated with TRNSYS 
17 through the exiting interface, i.e. Type 155. 

 

 
Fig. 1. The structure of a typical decoupled multiple-chiller system. 

3.3. Results and discussion 

When measurement uncertainty is considered, the performance variations of the four control strategies are shown 
in Figure 2. It can be seen that the control performance of the Q-based control varied dramatically, with the maximum 
variation at Level 5 up to 63.6%. Similarly, the performance variation of the T-based control was up to32.3%. In 
contrast, the performance variations of the P-based control and the F-based control were much less, with maximum 
switch number variation being 7.2% in the P-based control and 5.6% in the F-based control. These results indicate that 
the Q-based control and the T-based control suffer heavily from the measurement uncertainties, while the F-based 
control and the P-based control are robust to measurement uncertainties. 

Control uncertainty and operational uncertainty only affected the T-based and the F-based control but their 
influence was complex. Figure 3 shows the variations of the performance indices of these two controls along with the 
increase of the control uncertainties. The total switch number of the T-based control increased 71.3% at Level 5, which 
indicates that unnecessary switching actions were caused by control uncertainties. Differently, when the control 
uncertainty increased from Level 1 to Level 5, the performance indices of the F-based control decreased to -2.8% 
firstly and then climbing up to 5.1%. This result indicated that the T-based control was sensitive to the control 
uncertainty while the F-based control was not.  
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Figure 4 shows the performance variations of the T-based control and the F-based control when operational 
uncertainty were considered. It is clear that both the T-based control and the F-based control were sensitive to 
operational uncertainties, with the total switch number variations were up to 42.3% and 30.2%, respectively.  
 

  
Fig. 3. Performance variations in the T-based and F-based control strategy when subject to different levels of the control 

uncertainties. 

 
Fig.4. Performance variations of the T-based and F-based control strategy when subject to different levels of the operational 

uncertainties. 
 

Figure 5 shows the variations in the performance indices of the P-based control when it was subject to different 
levels of threshold uncertainties. It is observed that the performance variations of the P-based were up to 10.5% in 
total switch number and 13.1% in under cooling percentage. The energy consumption was also reduced by 5.5%. But 
this reduction is meaningless, because cooling supply was insufficient and indoor thermal comfort was sacrificed.  
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Fig. 5. Performance variations of the P-based control strategy when subject to different levels of the threshold uncertainties. 

 
If we define robustness level as follows,  
 ×-- Good robustness:  performance variation < 10% from the level 1 to level 5 
 ××-- Acceptable robustness:  10% < performance variation < 20%  from level 1 to level 5 
 ×××-- Poor robustness:  20% < variation from the level 1 to level 5 

 
Then the robustness of the four typical control strategies can be summarized as Table 3. The results can provide the 

researchers and the engineers a better understanding of the robustness of the typical control strategies and guide 
designers to select a suitable control strategy according to practical uncertainty conditions. They can also help 
operators to identify those key uncertainties with significant impacts on the control performance and take measures to 
reduce the magnitudes of the key uncertainties for improving the robustness of the adopted control. 

Table 3. Robustness analysis results of the typical chiller sequencing controls. 

Control strategy 
Measurement 
uncertainty

Control  
uncertainty

Operational 
uncertainty

Threshold 
uncertainty 

Q-based control ××× - - - 
P-based control × - - ×× 
T-based control ××× ××× ××× - 
F-based control × × ××× ×× 

4. HYBRID CONTROL 

4.1. Methodology of the hybrid control 

Robustness analysis results shows that the T-based control is sensitive to indicator uncertainties (including the 
measurement uncertainty, control uncertainty and operational uncertainty), but it doesn’t suffered from threshold 
uncertainty. In contrast, the P-based control is robust to all the indicator uncertainty while it is sensitive to threshold 
uncertainty. Considering the complementary characteristics of the T-based control and the P-based control, a hybrid 
control is developed to enhance the robustness of chiller sequencing control, viz. to use the T-based control to 
determine the chillers’ switch-on actions and to use the P-based control to control the chillers’ switch-off actions; 
while the power condition of online chillers is simultaneously used to correct the switch-on actions so to further reduce 
the unnecessary switch-on actions. The switch-on/off criteria are given below:  
 Switch-on criterion: IF the chilled water return temperature is larger than a pre-defined switch-on threshold and 

this state lasts for a period longer than the time limit (ton,l), and at the same time the power of online chillers Pk is 
larger than a pre-defined threshold  , THEN a chiller and its interlocked pump will be switched on. 

 Switch-off criterion: IF the PFLA of online chillers is smaller than the pre-defined switch-off threshold and this 
state lasts for a period larger than the time limit (toff,l), THEN a chiller and its interlocked pump will be switched 
off. 

Pk is the additional criterion used to correct the switch-on control by identifying whether the online chillers are 
approaching full-loaded condition or not. The threshold of the subsidiary criterion is set according to the rated switch-
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on threshold of the P-based control plus the maximum COP error range (which can be obtained from site operation 
data) as follows 

max

,

)(1
r

COP

on
rzthon

z

COP

P
P Δ+

=              (4) 

where, max( )COP

rCOP
Δ is the maximum range of the COP error at thresholds;  is the zth switch-on threshold that 

set according to the rated COP curve. To reduce the measurement uncertainty in individual measurement of chiller 
power, P(k) is the average value of a few continuous measurements (normally 2 or 3 samples). 

4.2. Case studies 

Figure 6 compares the performance of the hybrid control with the conventional T-based control and the P-based 
control when suffering from combined uncertainties at the same level. It can be seen that when compared to the 
performance variations of the conventional T-based control and P-based control, the variations of the hybrid control 
were much smaller. When regarding to the energy consumption, the hybrid control and the T-based control had similar 
variations with maximum increase as 0.4% but the variation of the P-based control was up to -4.8%. When regarding 
to the total switch number, the one of the hybrid control had a maximum variation as 1.1% at Level 4 while the one of 
the T-based control was increased to 30.2% at Level 5 and the one of the P-based control was decreased to -15.6%. 
When regarding to the under cooling percentage, the variation of the hybrid control showed a decrease from 0.1% to 
-0.6% against the increase of uncertainty levels while the variation of the T-based control was increased from -0.9% 
to 3.3% and the variation of the P-based control was increased from -0.1% to 12.1%.  

 

 
Fig.6. Performance comparison between the hybrid control, the T-based control and P-based control: a) energy consumption; b) total switch 

number; c) under cooling percentage 

The significantly reduced variations of all performance indices demonstrate that the hybrid control has much stable 
performance under uncertainties and has much better robustness than the conventional T-based control and P-based 
control. The stable performance and good robustness will enable it to be more reliable for applications under the 
uncertain operating conditions. 

5. CONCLUSIONS 

This paper presents robustness analysis for chiller sequencing control and proposes a hybrid control strategy for 
chiller sequencing control with enhanced robustness to uncertainties. Robustness analysis showed that the 
performances of control strategies vary with the changes of uncertainty levels and different control strategies have 
different robustness to the increase of uncertainty levels. The proposed control hybridized two typical controls to 
determine the switching actions. In the hybrid control, the chilled water return temperature-based control was used to 
determine the switch-on action and the direct power-based control was used to determine the switch-off action. The 

-6.0

-5.0

-4.0

-3.0

-2.0

-1.0

0.0

1.0

Level 1 Level 2 Level 3 Level 4 Level 5

V
ar

ia
tio

n 
of

  e
ne

rg
y 

us
e 

(%
)

Levels of uncertainties

Hybrid control

T-based control

P-based control
-20.0

-10.0

0.0

10.0

20.0

30.0

40.0

Level 1 Level 2 Level 3 Level 4 Level 5

V
ar

ia
tio

n 
of

 sw
itc

h 
nu

m
be

r (
%

)

Levels of uncertainties

Hybrid control

T-based control

P-based control

-2.0
0.0
2.0
4.0
6.0
8.0

10.0
12.0
14.0

Level 1 Level 2 Level 3 Level 4 Level 5

V
ar

ia
tio

n 
of

 u
nd

er
 c

oo
lin

g 
pe

rc
en

ta
ge

 (%
)

Levels of uncertainties

Hybrid control
T-based control
P-based control

(a) (b) (c)

8 Yundan Liao et al. / Procedia Engineering 00 (2017) 000–000 

comparison studies showed that the hybrid control had significantly improved performance for chiller sequencing 
control. Such good robustness and improved control performance indicates that the developed hybrid control is proper 
for real applications as multiple uncertainties exist. 
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comparison studies showed that the hybrid control had significantly improved performance for chiller sequencing 
control. Such good robustness and improved control performance indicates that the developed hybrid control is proper 
for real applications as multiple uncertainties exist. 
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