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For simulation of centrifugal chiller system with
differential algebraic equations (DAEs), consistent
initial conditions are difficult to obtain due to the twophase refrigerant cycle and the connections between
several components. Existing rigorous initialization
methods are generally not suitable for the particular
problem of centrifugal chiller simulation. In this paper,
the dynamic model of a water-cooled centrifugal
chiller is developed in Modelica with Dymola and the
TLK/IfT Library (TIL). A direct initialization method
is proposed for the consistent initialization for
centrifugal chiller. Simulation results have shown the
effectiveness of the proposed modeling framework and
the initialization method.

INTRODUCTION
For numerical simulation of thermo-fluid systems
which often include sets of differential algebraic
equations (DAEs), consistent initialization is often
difficult to obtain (Ascher and Petzold 1998). The
procedure for solving DAE systems typically includes
two steps. The first step is to search and obtain a
consistent set of initial conditions, and the second step
is to compute the solution trajectory through
integration. However, the algebraic constraints in the
DAEs require initial conditions to be consistent with
the differential equations, which may be quite difficult
to be satisfied in the initialization phase. If the initial
conditions are rather inaccurate and/or the system is
highly nonlinear, iteration of the Newton-like solvers
at the first step may diverge, converge slowly (i.e.
stiff), or converge to an undesired solution. For
simulations of large and complex systems, the
computation time is usually dominated by the duration
of the initialization phase (Tummescheit and Eborn
2002), which may significantly limit the computational
efficiency of real time simulations. This study is
concerned about the consistent initialization of a
centrifugal chiller which is considered quite
complicated as concatenation of several components,
i.e., the centrifugal compressor, condenser, expansion
device, and evaporator.
Centrifugal chiller is an important class of equipment
for the HVAC systems for commercial buildings.
There has been significant amount of work done on

steady state modelling for centrifugal chillers (Braun et
al. 1987, Beyene et al. 1994; Gordon et al. 1995;
Browne and Bansal 1998, Swider 2003, Saththasivam
and Ng 2008). Dynamic modelling for centrifugal
chillers is critical for developing advanced control
technology and fault detection and identification (FDI)
scheme. Bendapudi (2004) presented a work on the
dynamic modeling of water-cooled centrifugal chiller.
The simulation results agree with the steady-state data
very well. However, there appeared some problems
with initialization. According to Bendapudi, the model
fails to converge for certain combinations of initial
conditions and entering water temperature change rates
during the earlier (<150s) part of the start-up process.
This can be overcome by gradually and linearly
ramping the entering water temperature from the initial
to the final value over the first 120 to 150 seconds. In
addition, the time consumed by the initialization
process was significant. For a 1000-second simulation
case as shown in Figure 1, the initialization process
(i.e. the numerical transient) takes up about 1/3 of the
total simulation time. Therefore, it is necessary to
improve the initialization process and computational
efficiency of the chiller simulation.
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Figure 1: Total refrigerant mass charge at chiller
start-up in fault-free condition (Bendapudi 2004)

LITERATURE REVIEW
The subject of consistent initialization of DAEs has
been widely studied in the area of chemical
engineering and applied mathematics. To the author’s
best knowledge, this topic has seldom been addressed
in open literature of HVAC simulation and control. A
relatively comprehensive review is thus presented in
this section.
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In general, there are two main kinds of methods for
consistent initialization, i.e., the rigorous initialization
techniques and the direct initialization methods
(Kröner et al. 1997). The rigorous initialization
techniques typically require more knowledge from the
structure of the DAE system. In addition, these
methods generally require the solution of a set of nonlinear algebraic equations.
Several rigorous initialization techniques have been
studied in the literature. Probably the simplest method
is the so-called initial Euler step methods. According
to Sincovec et al. (1981), a DAE system with index v
could be integrated with an implicit Euler method
initially by dropping the error control. Consistent
initial conditions will be reached at least v steps later.
Then other desired integration methods with suitable
error control should be switched on to further compute
the solution trajectory. Albet et al. (1994) proposed a
modified Euler step method to compute the derivatives
of the variables after sudden changes in the operation
conditions of the distillation columns. Two Euler steps
were used to calculate the values of algebraic variables
and their derivatives separately without any error
control. According to Vieira and Biscaia (2001), the
major drawback of the Euler step methods is that it
makes no difference between variables that are already
initialized and variables that must be determined.
Considerable jumps will probably be observed in some
of the state variables, and the user cannot control
which variables are to be held constant. Hence,
physical consistency of the initial conditions must be
checked, as this method may result in impossible, or at
least not desirable, initial conditions.
The consistency equations methods are another class of
rigorous initialization methods. Such methods typically
require differentiation of the complete or part of the
original DAE system, together with some userspecified information about the initial conditions, to
formulate an extended set of DAEs which are called
“consistency equations”. These equations would
impose consistent requirements on the initial values
and the solution derivatives that lead to a system of
nonlinear equations involving derivatives of the
original problem. The major limitation of this class of
methods lies in that sometimes the numerical solution
to the consistency equations may not converge, or even
do not exist. Such difficulty arises from the fact that
numerical solvers generally do not know which of the
variables are determined by the constraints or the
derivatives of the constraints and which are arbitrary.
The second class of methods work directly on the
DAEs, thus known as the direct initialization methods.
Such methods are simple and efficient with less
dependence on the knowledge of the numerical solvers
involved. Cuillé and Reklaitis (1986) worked on the

modelling and simulation of staged batch distillation
unit with chemical reactions in the liquid phase. A
physically interpretable relaxation procedure was
formulated to determine the consistent initial
conditions. The discontinuity of the time derivatives of
the solution at the starting point was approximated
with a cubic polynomial transition function. An ad-hoc
method proposed for steady-state initialization of some
variables, i.e., setting the time derivatives of some
variables to zero, could not guarantee to work for all
cases. The authors also mentioned that the initial time
derivatives are generally non-zero in some physical
processes. Kröner et al. (1997) presented a detailed
analysis of the feasibility and applications of the direct
initialization method. The authors limited the claim
from other authors that steady state is always the
consistent condition to semi-explicit index-1 DAE
systems. Vieira and E. C. Biscaia (2001) proposed a
direct initialization method based on the assumption
that the dynamic response of a mathematical model
may be approximated by the response to discontinuous
perturbations of a similar system. Such a system should
be in steady state before applying the perturbation. .
The proposed method has been tested with three
classical benchmark models for the initialization
process in chemical engineering area.

DYNAMIC CHILLER MODEL
Figure 2 is a schematic of the water-cooled centrifugal
chiller system which consists of four major
components: a centrifugal compressor, a condenser, an
expansion valve, and an evaporator. In general, the
overall chilled-water system consists of one circuiting
refrigerant loop and two water loops. The first water
loop is circuited between the condenser and the cooling
tower. The second water loop is circuited between the
evaporator and the air handling units (AHU) and
produces chilled-water for the cooling coil.
Cooling Towers
Cooling Water Loop

Condenser

Refrigerant Cycle

Centrifugal Chiller System

Evaporator

Chilled Water Loop

Air Handlers

Figure 2: Schematic of water-cooled centrifugal chiller
In this study, the dynamic model of a water-cooled
centrifugal chiller is developed in Modelica with
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Dymola and the TLK/IfT Library (TIL). Modelica is an
open-source object-oriented and equation based
modelling language that features non-causal and
flexible model-reuse (Åström 1998, Mattsson et al.
1998, Fritzson 2004) Dymola (Dynamic Modeling
Library) is an integrated multi-engineering modelling
and simulation platform that supports Modelica.TIL is
a Modelica library designed for steady-state and
transient simulation of thermo-fluid systems such as
heat pump, air conditioning, refrigeration or cooling
systems (Richter 2008). In the model development, the
chiller system is formulated in DAE, as a natural
mathematical form to represent a physical system. The
dynamic responses of the speed adjustment
mechanisms in the centrifugal compressor are
determined by the momentum equation relating the
drive torque and the compressor torque. The shell-andtube heat exchangers are discretized based on the finite
volume method. A thermal-expansion valve is used to
regulate the refrigerant flow rate.
Centrifugal Compressor
The centrifugal compressor is the quickest responding
device in the chiller plant. Based on the classic work
on axial-flow compressor by Greitzer (1976), Hansen
et al. (1981) introduced the initial model for centrifugal
compressors. Fink et al. (1992) extended the Greitzer
model and included centrifugal compressors with
variable rotor speed. Recently, Gravdahl and Egeland
(1999) provided a comprehensive summary of
compressor modeling and control including Greitzer
and Fink et al.’s original work. In addition, the effects
of incidence and fluid friction losses mentioned in
(Ferguson 1963, Watson and Janota 1982) were also
included. In our work, the compressor model was
developed based on these methods summarized in
Gravdahl and Egeland (1999). Figure 3 schematically
depicts the centrifugal model with boundary conditions
and capacity control. It is important to note that the
model described in Gravdahl and Egeland (1999) was
intended for the typical air compression system, which
is an open-loop operation with dry air as the working
medium. However, for the chiller system, the working
medium is generally refrigerant that works under
multi-phase conditions, which makes it more complex
and difficult for the underlying modeling framework
and consistent numerical initialization.
To Expansion
Valve Inlet

Centrifugal Compressor
Condenser
From Expansion
Valve Outlet

Vapor
Refrigerant

IGV

Evaporator
Two Phase
Refrigerant

Vapor
Refrigerant

Electric
Motor

Shaft

Speed
Controller

Figure 3: Schematic drawing of centrifugal
compression system in chiller

Liquid
Refrigerant

According to Gravdahl (2002), based on the isentropic
analysis of ideal gases, the characteristic of the
centrifugal compressor could be expressed as
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where ψc is the pressure rise ratio, ω is the rotation
speed of the drive motor, m is the mass flow rate.
Unlike the air compression system in (Gravdahl 2002),
 is not a constant in chiller system, rather, it is a
function of the inlet refrigerant density, which depends
on the operation of chiller control at the evaporator
side. 1b is the refrigerant outflow angle at inducer, A1
is the cross section area, r1 is the average inducer
radius. Also,
 cot  2b m 
   1 
(1c)
.
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where  2b is blade angle at impeller tip, r2 is the radius
at impeller tip, k f is the friction coefficient, T1 is the
inlet stagnation temperature, cp is the specific heat
capacity at constant pressure,  is the heat capacity
ratio and  is the slip factor.
The momentum balance equation is formulated as.
d
J
  d  c
(1d)
dt
where J is the momentum of inertia, τd is the drive
torque, τc is the compressor torque.
Condenser and Evaporator
Condenser and evaporator modeling requires quality
heat exchanger models. For the shell-and-tube heat
exchangers in a centrifugal chiller system, the
differences between the finite volume (FV) and
moving boundary (MB) methods have been
extensively studied by Bendapudi et al. (Bendapudi,
Braun et al. 2008). It was found that the FV method
was more robust for start-up and load change scenarios
for both individual components and the complete
chiller system. The MB method was also found to be
less accurate in terms of the charge prediction. The FV
method has about 20% increase in computation time,
however, such trade-off is worthwhile considering the
improvement in accuracy for the obtained dynamic
models. Therefore, the FV method has been adopted in
this study.
In this study, the condenser and evaporator were
developed based on the TubeAndTube heat exchanger
model with modifications to adapt to the use of use of
flooded type shell-and-tube heat exchangers.
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Figure 4: Dymola layout of the condenser model
Figure 4 shows the schematic of the condenser model
in Dymola. The evaporator model is quite similar.
These heat exchangers were modeled based on the
counter-flow assumptions. The water flows are inside
the tubes for both condenser and evaporator. With the
concentric heat exchanger assumed, the shell-side heat
transfer area is computed from the outer surface area of
the water tubes and the surface enhancement factor.
For the refrigerant side, the basic element is the
RefrigerantCell. The mass and energy balance
equations are formulated in each RefrigerantCell. The
basic equations of the RefrigerantCell follow (Richter
2008).
d     dh    dp
(2a)




dt  h  p dt  p  h dt
V

d
 m in  m out
dt

(2b)

dh 1 
dp 
  m in (hin  h)  m out (hout  h)  Q  V
 (2c)
dt M 
dt 
where  is the mean density, V is the volume, h is the
mean specific enthalpy, p is the pressure, and m in and
m out are inlet and outlet refrigerant mass flow rate,
respectively. M is the refrigerant mass, hin and hout are
the inlet and out specific enthalpies, respectively, and
Q is the heat transferred to the cell. For the water-side,
the basic element is the LiquidCell, the basic cell
equations are similar to those of the RefrigerantCell
except that the dynamic mass and energy equations are
transformed with temperature, rather than the pressure
and enthalpy pair, as the state variable.
Thermal expansion valve
The thermal expansion valve (TXV) is a key
component for the refrigeration cycle, which is used to
control the superheat at the outlet of the evaporator by
adjusting the system pressures levels. The TXV is
controlled by adjusting the valve flow area via a
thermal sensing bulb. The dynamics of the TXV is
dominated by the response of the sensing bulb. The
dynamic response of the bulb is usually first-order with
a time constant. The change of the bulb temperature
will result in a change of the refrigerant pressure inside

the bulb and causes the flow area to change
accordingly. A detailed computation of the flow area
will depend on the geometry of the valve. In the
current chiller model development, a simple valve
model is adopted by assuming a quadratic relation of
the pressure difference across the valve and the
corresponding mass flow rate. The effective flow area
could be computed internally based on certain
geometry parameters, or it could be provided as an
external input.
Aeff
m in

m out

p in , hin

p out , hout

Figure 5: Control volume of the TXV model
Assuming one-dimensional flow, for the control
volume drawn in Figure 5, it is assumed that there is no
transient mass storage across the TXV. And the throttle
process is isenthalpic, i.e., hin  hout . The mass flow
rate from the TXV is
m in  m out  Aeff 2 in ( pin  pout )
(3)
where m in and m out are the inlet and outlet mass flow
rates, respectively, ha and hb are the inlet and outlet
specific enthalpies, respectively, pin and pout are the
inlet and outlet pressures, respectively, ρin is the inlet
refrigerant density, and Aeff is the effective flow area
of the valve.

DIRECT METHOD FOR CENTRIFUGAL
COMPRESSOR INITAILIZATION
Problem Statement
When the four components were connected together,
simulation failed to start due to initialization problem.
The major problem is that the mass flow rates for the
components should be solved implicitly based on the
equations from each individual component. The
transient mass balances at the condenser and
evaporator reinforce the connection of the mass flow
rates at each divided volume with thermal variables,
which in turn affect the convergence of energy balance
equations and/or constraints. For such a DAE system,
consistent constraints should be satisfied in order for
the numerical solver to compute its first integration
step.
To solve such a problem in a systematic manner, the
following remedies are proposed. For the initialization
of the centrifugal compressor, a direct initialization
method is proposed with three major steps. First, a
pseudo physical analogy is established to approximate
the initial mass flow rate solution from the centrifugal
compressor. Second, a suitable perturbation function is
applied to approximate the step function in order to
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Formulate Pseudo-Physical Analogy for Centrifugal
Compressor
One of the difficulties in centrifugal chiller
initialization is to find consistent solutions of the valve
flow rate and the compressor mass flow rate by
simultaneously solving the nonlinear equations. It is
then desirable to change the equation structure at the
initialization phase. After the initialization, a suitable
smoothing and switching method should be applied to
switch back to the original DAE system.
Mathematically speaking, a jump start-up command
corresponds to a step forcing function applied to the
system. Physically, the change of mass flow rates and
pressures from zero to finite values require a transient
time period. However, in practice, the system
behaviours in this transient time period are very
difficult to measure. Therefore, it is very hard to
predict the initial conditions, e.g., the initial derivatives
of some state variables. Also, there is no general
equations are strictly accurate in that short period. A
remedy is to approximate the model behaviour in that
period based on a suitable physical analogy 1 . It is
important to note that such method is also very useful
for other types of systems, for example, a sudden
open/close of a valve, or a sudden command for the
controller.
For chiller simulation, a particular form of the pseudophysical analogy could be formulated since the
pressure rise ratio and mass flow rate are coupled for
the initialization problem. Fortunately, we could use
the compressor characteristic map to obtain a good
start-up relation in the following form:
m 0  kinitial 0
(4)

1

That is why it is termed as “pseudo-physical analogy”.

where kinitial is a constant gain and  0 is the initial
pressure rise ratio. It is important to note that such a
simple form is crucial for the success of the
initialization problem. It is much easier for the
numerical solver to treat this linear relation rather than
the original nonlinear equation. Reducing the
dimension of nonlinear system of equations could
greatly facilitate the process of computing or
approximating the inverse of Jacobian of the DAE
system by Newton-like solvers.
Perturbation Method
After the pseudo-physical analogy is established, the
step function is approximated with the following
perturbation function
m (t )  1   (t  tc , t ) m 0   (t  tc , t )m 1 (5a)
where 0   (t  tc , t )  1 , with t being the current
simulation time, t the transition time to apply the step
change, and Δt the time to complete the perturbation.
The selection of an appropriate perturbation function
 (t  tc , t ) is given in later section with details. m 0 is
the mass flow rate obtained from the pseudo-physical
 1 could
analogy shown in Equation 4 The selection of m
be facilitated by examining the compressor
characteristic map. Depending on the rotation speed 
, the mass flow rate solutions from Equation (1a) could
be one negative and one positive or two positive
solutions, however, in either case, as shown in Figure
6. The solution on the right-hand side of the surge
point can be uniquely determined by a single
expression, i.e.,
1

( r12  ) 2  4  k f  r12  2
2

2  k f  1 / 2 r12  2 

r12  
m 1 
2.28





(5b)

Surge point

2.26

Selected m 1

Neglected
2.24
2.22
Pressure Rise

perturb the compressor mass flow rate to its analytical
non-surge solution. Finally, a variable modeling
structure is proposed to switch the model equation
back to the nonlinear compressor characteristic
equation that includes surge solution. The details of
each step of the direct initialization method are given
later. Besides the direct initialization method for the
centrifugal compressor, proper initialization methods
should also be applied for the condenser and
evaporator. Modelica semantics generally supports two
ways to initialize state variables. The first is called
steady-state initialization (i.e., set the derivatives of
state variables to zero at start-up). The second method
is to assign guess values for the state variables at startup. In this study, the second method is used for the
initialization of condenser and evaporator. The details
for how to set up these guess values are described in Li
et al. (2010).

2.20
2.18
2.16
2.14
2.12
2.10
0

2

3
4
Mass Flow Rate (kg/s)

5

6

 1 based on compressor map
Figure 6: Selection of m

Variable Structure Modeling and Reinitialization
The perturbation method described in the previous
section tunes the mass flow rate solution to a stable
one. However, for centrifugal chillers, it is often
desirable to simulate unstable (but realistic) behavior
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like surge and stall for the study of dynamics and
control. For such purpose, it is necessary to switch
back to the nonlinear equations in the centrifugal
compressor model. It is important to note that such a
switch involves two crucial issues in the area of
numerical simulation, i.e., variable structure modelling
and consistent initialization for reinitialization after the
discontinuity jump introduced by switching the
models.
Figure 7 presents a motivating example of an
unsuccessful switch due to inconsistent reinitialization.
The pseudo-physical analogy as in Eq. (18) was used
so that consistent initial conditions could be found at
the very beginning. A transition to the original
compressor characteristic equation was applied at 10
sec. However, the numerical solver seemed to get stuck
at that time instant. Consistent initial conditions could
not be obtained for a reinitialization. The simulation
failed to proceed.

where t is the current simulation time and ts is the time
instant for model switching.

SIMULATION STUDY
Simulation study was conducted to evaluate the
developed dynamic model for the centrifugal chiller
with the proposed initialization method, with R134a as
the refrigerant. The inlet water flow rates of the
condenser and evaporator were 16.7kg/s and 13.2kg/s,
respectively. The inlet water temperatures of the
condenser and evaporator were 22°C and 16°C,
respectively. Figure 8 shows the Dymola layout of the
centrifugal chiller model.

2.0

1.5

1.0

0.5

0.0

-0.5
0

5
Time(sec)

10

Figure 7: A failed simulation example due to
inconsistent conditions for the reinitialization after
switching to the original compressor equation

Figure 8: Refrigerant quality profile at chiller
Initialization
Figure 9 shows the compressor mass flow rate during
the initialization period (0 ~ 30 seconds). Note that as
shown in Figure 9, the second transition (9 ~ 20
seconds) is necessary for the Newton iteration solver to
converge for the next transition (20 ~ 30 seconds).
5 .0

Compressor Mass Flow Rate (kg/s)

Compressor Mass Flow Rate (Kg/s)

2.5

Model switching during simulation dynamically
changes the effective DAE system. At the switching
time, the numerical solver has to stop and a new set of
consistent initial conditions should be obtained in order
for the solver to continue. In Dymola, switching from
model f1() to model f2() during simulation can be
realized by:
0  1   (t )  f1 (m 1 )   (t ) f 2 (m 2 )
(6a)
where

4 .5
4 .0
3 .5
3 .0
2 .5
2 .0
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r12  (r12 ) 2  4  k f  r12 2  
2
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1
2 )  (kf  r122 )m
 22  r12m
 2  r122  r222 o (6c)
f2 (m
2
2
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0 t<t s
 (t )  
.
(6d)
1 t  t s

Perturbation & Switch to
non-surge solution

Switch to original equation

1 .0
10

Time (sec)

20
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Figure 9: Mass flow rate at compressor outlet during
the initialization phase
Due to perturbation method used in this study, it is
important to check the mass and energy conservation
during the initialization phase and the steady-state.
Figure 10 shows the solution profile for the total
refrigerant mass charge. As can be observed in Figure
10, the amount of mass imbalance is only detectable by
the end of the perturbation method, i.e., 21 seconds.
However, this amount of mass imbalance is extremely
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small within about 0.0004% of the total refrigerant
mass and is thus considered to be negligible. For the
check of refrigerant energy balance in the chiller cycle,
at any simulation time, the work input to the
centrifugal compressor plus the heat transferred to the
evaporator should equal to the heat removed from the
condenser. Figure 11 shows the refrigerant energy
balance in the chiller cycle. The biggest energy
imbalance is about 3.5×10-9 W, which is considered to
be extremely small and thus negligible.
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+4.0E-5
+2.0E-5
21sec

23 .33206
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Figure 10: Total refrigerant mass charge in the chiller
cycle (check of mass conservation)
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Figure 12: Comparison of computation time of
Bendapudi’s chiller model with the proposed chiller
model run from DASSL and Radau lla.
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result. The DASSL method is about 21 times faster
than the real time. And the Radau IIa method is about
26 times faster than the real time. Furthermore, it is
found that the computation time could be further
reduced by loading the steady-state data as the initial
conditions for a new simulation. The new simulation
could be started at any time in the previous saved
simulation time interval. For example, it is more
beneficial to start the simulation after the numerical
convergence. For the same simulation scenarios as the
comparisons in Figure 12, the computation time of the
proposed chiller model with DASSL is about 3.01sec,
which is about 332 times faster than the real time.
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Figure 11: Total refrigerant energy balance in the
chiller cycle (check of energy conservation)
Computation Efficiency
The CPU time for integration was calculated by
running the models on a Dell desktop computer
equipped with Intel(R) Core(TM) 2 Duo CPU E6850
@ 3.00 GHz, 3.00 GB RAM, and running on a 32-bit
Window 7. Figure 20 summarizes the computation
time of our chiller model based on the DASSL and
Radau IIa integration methods, as well as that of
Bendapudi’s model coded in C++ and run in Matlab
2009a. The simulation cases used for comparison have
the same boundary conditions, same numbers of
discretization on the condenser and evaporator sides’
heat exchanger modeling, and the same simulation
time interval. The computation time of the proposed
chiller model with DASSL and Radau IIa yield closed

In this paper, the dynamic model of a water-cooled
centrifugal chiller is developed based on Modelica. A
preprocessing scheme was proposed to deal with the
chiller initialization problem. First, the reasonable
initial values for the chiller system simulation are
computed once the geometric parameters and design
conditions are available. Then, a direct method was
proposed for the consistent initialization of dynamic
centrifugal chiller system. The direct method consists
of three major steps: 1) establish a pseudo-physical
analogy, 2) apply the perturbation method, and 3)
switch the model structure. Simulation results have
demonstrated the effectiveness of proposed
initialization method. As the obstacle of the
initialization problem has been solved, the computation
efficiency has been improved considerably. For the
same initial values and simulation scenarios as in
Bendapudi’s chiller model, the computation time of the
proposed method is about 24 times faster. Also, the
computation time is about 21 times faster than the real
time. If the initial values are loaded from steady-state
data, the computation time is about 332 times faster
than real time. Such quality and efficient dynamic
model could be later integrated to real-time simulation
and test the proposed control strategies.
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