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Abstract
The complicated thermodynamic system includes nonlin-
ear characteristics and is expressed by high order differen-
tial algebraic equations. Therefore, it is difficult to carry
out numerical analysis such as optimization. To deal with
this problem, we verify an integrated design support en-
vironment incorporating OpenModelica for a centrifugal
chiller as an example. In this paper, it is shown that
the parameters of the model and the control logic can be
adjusted by the coupled simulation of the chiller model
written in the Modelica language and the control logic
on MATLAB/Simulink. We also simplify the centrifugal
chiller model by approximating the nonlinear character-
istics with a smooth polynomial, and by reducing the or-
der of the differential algebraic equation by the Pantelides
method. Then, a case study of a startup profile optimiza-
tion is shown.
Keywords: thermodynamic system, optimization, design
tool, FMI

1 Introduction
There is an increasing demand for efficient operation of
energy equipment for the transition to a carbon-free soci-
ety. In order to develop and commercialize a device com-
posed of a wide variety of equipment in a short time, it is
important to use dynamic simulation in the early stage of
development, and determine the feasibility including oper-
ation characteristics. In general, this dynamic simulation
uses a precise model close to the actual machine. How-
ever, in performing a mathematical optimization in order
to adjust model parameters based on actual machine data
or to generate an operation profile, a smooth approximate
model suitable for optimization is required. These approx-
imation models were developed manually and took time.

In this study, an integrated design support environment
incorporating OpenModelica is verified using a centrifu-
gal chiller as an example. Figure 1 shows the environ-
ment’s work flows and main 3 features, (1) Profile opti-
mization, (2) Logic verification and (3) Software-In-the-
Loop-Simulation (SILS) verification.

First, a detailed dynamic model of the chiller is
developed in the Modelica language (Fritzson, 2004).
This model and a control logic are coupled with MAT-
LAB/Simulink. With this coupling calculation, (1) Vali-

dation of control logic, (2) Fitting model parameters by
mathematical optimization, and (3) Optimization of con-
trol parameters are possible. Either the control logic de-
fined by MATLAB/Simulink or the execution file of con-
trol logic for real machine (regardless of programming
language) can be used. The latter is SILS verification. In
the optimization of the control parameters, optimization
may be performed to match the optimal profile (described
later) and the state variables of coupling simulation. This
paper shows a parameter optimization without using an
optimal profile.

Next, in performing profile optimization, simplified
models, in which the nonlinear characteristics are ap-
proximated by a smooth polynomial, are prepared. Fur-
ther, since the combined whole system model becomes a
high-order differential algebraic equation (DAE) having
two or more differential exponents, a mathematical pro-
cessing of reducing the order is applied. Then, simpli-
fied model is exported as XML format by OpenModel-
ica (Shitahun et al., 2013). The profile optimization prob-
lem for chiller startup is formulated from this XML file
by using collocation method (Sabbagh and Gómez, 2018).
Next, this problem is converted into Python script, which
can be treated by optimization modeling tool CasADi
(Andersson et al., 2012). Finally, optimized profile is cal-
culated by CasADi and nonlinear programming (NLP)
solver IPOPT (Wächter and Biegler, 2006)

The remainder of this paper is structured as follows:
The configuration and model of the turbo chiller, and the
simulation by Modelica are shown in Section 2. In Section
3, we present the tuning of equipment parameters and con-
trol parameters by using the coupled calculations on MAT-
LAB/Simulink. Section 4 describes profile optimization
using an approximate model. Section 5 shows a summary
and future perspective.

2 Centrifugal chiller dynamic model
2.1 Process
As shown in Figure 2, the centrifugal chiller has two heat
exchangers (evaporator, condenser) and a gas-water sep-
arator (economizer), and a two-stage centrifugal com-
pressor and three valves (high-stage expansion valve,
low-stage expansion valve, and hot gas bypass valve)
(Okazaki et al., 2022). The non-CFC (Chlorofluorocar-

DOI
10.3384/ecp19393

Proceedings of Asian Modelica Conference 2022
November 24-25, 2022, Tokyo, Japan

93



Figure 1. Work flows and features of the integrated design support environment

bon) type refrigerant circulating in the centrifugal chiller
evaporates by heat exchange with chilled water in the
evaporator and is sucked into the 1st stage compressor.
The refrigerant adiabatically compressed by the two-stage
compressor maintains the gas phase state and flows into
the condenser. In the condenser, the refrigerant condenses
by removing heat with cooling water. The refrigerant in
the liquid phase state is depressurized by the high stage
expansion valve, and a part of the refrigerant is vapor-
ized. The vaporized refrigerant is separated from the liq-
uid phase by the economizer and sucked into the middle
stage of the compressor, and the liquid phase is further
depressurized by the low stage expansion valve and flows
into the evaporator. Chilled water that has been cooled
to 7◦C by being deprived of heat by the refrigerant in the
evaporator is supplied to the HVAC (Heating Ventilation
and Air Conditioning) system. By cooling the air con-
ditioning air, the chilled water raises itself 12◦C and re-
turns to the evaporator. The cooling water rises to 37◦C
after it is used to cool the refrigerant in the condenser. In
the cooling tower, the temperature is lowered to 32◦C by
a heat exchanger with air and returned to the condenser.
The control of the centrifugal chiller is to maintain the
chilled water outlet temperature at the set value temper-
ature of 7◦C against fluctuations in the cooling load, and
the rotation speed of the compressor is manipulated. Fur-
thermore, in order to operate the centrifugal chiller at a
higher efficiency point, the vane opening of the two-stage
compressor and the opening of the high stage expansion
valve and the low stage expansion valve are manipulated
to adjust the refrigerant circulation flow rate. The hot gas
bypass valve is used to avoid a surge in the compressor by
opening it at a low flow rate such as when starting up or
when the load is low.

Figure 2. Configuration of centrifugal chiller

2.2 Physical models

Among the equipment constituting the centrifugal chiller,
the evaporator, the condenser, and the economizer have
a liquid level, and the refrigerant is in a two-phase state.
In this study, it is assumed that the refrigerants in these
devices are saturated, and the mass balance and energy
balance are considered by the following Equation 1 and 2.
Here, ρ (kg/m3) is the average density of the liquid phase
and the gas phase in the device, and E (kJ/m3) is the av-
erage energy density. V (m3) is a volume of equipment,
G (kg/sec) is a mass flow rate, and h (kJ/kg) indicates
specific enthalpy. Subscript letters in and out indicate in-
flow and outflow to the equipment. Q (kJ/sec) indicates
the amount of heat for cold water, cooling water and re-
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frigerant in the evaporator or condenser (Bendapudi et al.,
2002).

V · dρ
dt

= (Gin −Gout) (1)

V · dE
dt

= (Gin ·hin −Gout ·hout +Q) (2)

ρ and E are expressed according to Equation 3 and 4
using void fraction β , the density and the enthalpy of the
liquid phase and the gas phase in the saturation state. Sub-
script letters l and g indicate liquid and gas phase.

ρ = β ·ρg +(1−β ) ·ρl (3)
E = β ·ρg ·hg +(1−β ) ·ρl ·hl (4)

When β is erased from these two equations, ρ and E are
represented by the following Equation 5. Since ρg, ρl, hg,
and hl can be approximated by a polynomial of pressure
P (MPa), it is possible to obtain P and β from ρ and E,
which are independent variables.

E =
(ρg ·hg −ρl ·hl)

(ρg −ρl)
·ρ +

(ρg ·ρl ·hl −ρl ·ρg ·hg)

(ρg −ρl)
(5)

The chilled water outlet temperature Tweo (◦C) and the
cooling water outlet temperature Twco can be calculated
from the following energy balance Equation 6 and 7 using
the amount of heat exchange in the evaporator Qe (kJ/sec)
and condenser Qc , respectively. Here, He and Hc indicate
the heat capacity of the metal of the heat transfer tube and
chilled and cooling water in the tube. Gwe (kg/sec) and
Gwc are the chilled water flow rate and the cooling water
flow rate, and cpwe (kJ/kg/◦C) and cpwc are the specific
heat respectively.

He ·
dTweo

dt
= Gwe · cpwe · (Twei −Tweo)+Qe (6)

Hc ·
dTwco

dt
= Gwc · cpwc · (Twci −Twco)−Qc (7)

Qe and Qc are calculated by the following Equation 8
and 9 from the chilled water input Twei, output temper-
ature, the cooling water input Twci, output temperature,
evaporation temperature Te, condensation temperature Tc,
and heat transfer performance UAe (kJ/sec/◦C) and UAc.
fe and fc are functions for calculating the temperature dif-
ference between the refrigerant, chilled water, and cooling
water.

Qe =UAe · fe(Twei,Tweo,Te) (8)
Qc =UAc · fc(Twci,Twco,Tc) (9)

The mass flow rate Gcpj passing through each stage of
the compressor is calculated from the differential pressure

∆Pcpj (MPa) at the inlet and outlet, the specific volume
υcpj (m3/kg), the rotation speed Ncp (%), the vane opening
degree Vcpj (%), and the flow rate characteristic map fcpfj
of the compressor by Equation 10.

Gcpj = fcpfj(∆Pcpj,υcpj,Ncp,Vcpj) (10)

The mass flow rate Gev through the expansion valve is
calculated from the differential pressure ∆Pev at the inlet
and outlet, the elevation difference ∆Lev (MPa), the spe-
cific volume υev, the expansion valve opening Vev , and
the CV value determined from the CV characteristics fev
by Equation 11.

Gev =
fev(Vev)

υev

√
∆Pev +∆Lev (11)

The mass flow rate Gby through the bypass valve is
calculated from the condensation pressure Pc, evaporation
pressure Pe, the specific volume υc, the bypass valve open-
ing Vby , and the CV characteristics fby by Equation 12.

Gby =
fby(Vby)

υc

√
P2

c −P2
e (12)

The outlet enthalpy of the compressor hcpoj is cal-
culated by the following Equation 13 and 14 from the
inlet enthalpy hcpij , the value assuming the isentropic
change hid

cpoj, and the efficiency determined ηcpj from the
compressor characteristics fcpη j (Bendapudi and Braun,
2002).

hcpoj = hcpoj +
(hid

cpoj −hcpoj)

ηcpj
(13)

ηcpj = fcpη j(∆Pcpj,Ncp,Vcpj) (14)

2.3 Approximation of non-linear characteris-
tics

In general, since the pressure loss is proportional to the
square of the flow rate, the relationship between the dif-
ferential pressure ∆P and the flow rate G is expressed as
bellow (Okazaki et al., 2022).

G ∝ sign(∆P)
√

|∆P| (15)

It is hard to optimize with Equation 15 since the slope
of the right-hand side of the expression is ∞ when ∆P is
0. So, we represent Equation 15 to as bellow, firstly. The
square root calculation is replaced by ReLU function. The
ReLU function returns 0 when a negative value is an ar-
gument, or returns the input value if a positive value is an
argument (Glorot et al., 2011).
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sign(∆P)
√

|∆P|=
√

ReLU(∆P)−
√

ReLU(−∆P) (16)

The entire square root function is represented as a
smooth curve, Equation 18, by replacing the ReLU func-
tion with the Softplus function of Equation 17.

So f t plus(x) =
log(1+ ekx)

k
(17)

sign(∆P)
√
|∆P| ≈

√
So f t plus(∆P)−

√
So f t plus(−∆P)

=

√
log(1+ ek∆P)−

√
log(1+ e−k∆P)√

k
(18)

k is a value greater than 0 and is a parameter which has
trade-off between the approximation accuracy of the func-
tion and the smoothness of the approximation function.
Secondly, an approximation method for upper and lower
limit processing of values such as state variables is de-
scribed below. At the boundary where the upper and lower
limit processing is performed, the gradient becomes dis-
continuous and the second order differentiation becomes
impossible. The function that limits x to the upper and
lower bounds in the [Lx,Ux] interval can be written as fol-
lows.

min(max(x,Lx),Ux) =−max(−max(x,Lx),Ux) (19)

By replacing max in Equation 19 with LSE (Log-Sum-
Exp) of Equation 20, it can be expressed in Equation 21
(Nielsen and Sun, 2016).

LSEk(x1, · · · ,xn) =
1
k

log(ekx1 + · · ·+ ekxn) (20)

min(max(x,Lx),Ux) =−max(−max(x,Lx),−Ux)

=−LSE(−LSE(x,Lx),−Ux)

=−1
k

log
(

1
ekx + ekLx

+ e−kUx

)
(21)

Finally, we will describe that a model representing the
backward enthalpy of this centrifugal chiller system can
be expressed using a sigmoid function. This system may
allow refrigerant to flow back, in which case the enthalpy
flow must also be considered. It is necessary to switch the
characteristics according to the direction in which the flow
of the refrigerant. However, and the slope is discontinuous
at the boundary of the switch. Thus, the representing char-
acteristic switching model is expressed with Equation 22.

sigmoid(x) =
1

1+ e−kx (22)

(a) Centrifugal chiller

(b) Evaporator

Figure 3. Models on OpenModelica

2.4 Validation
We implement the model of the centrifugal chiller in the
previous section in Modelica language, and verify the
model accuracy. The centrifugal chiller model on Open-
Modelica is shown in Figure 3(a). Considering deploy-
ment to chillers with different configurations, we imple-
ment each component. Figure 3(b) shows the evaporator
component, which has the inlet and outlet to be connected
to other components. Next, the components were com-
bined in OpenModelica’s GUI editor (OMEdit) to build a
model of the entire chiller. The entire model takes as input
the number of revolutions of the compressor, the opening
of the bypass valve, the coolant inlet temperature, etc. The
numbers of differential equations and algebraic equations
are 9 and 100, respectively.

Next, we execute the startup simulation, giving the
same conditions of the actual machine, such as the in-
let temperature and flow rate of chilled water and cool-
ing water, and the command value from the control logic,
as boundary conditions. The simulation results and the
measurement results of the actual machine are shown in
Figure 4. The normalized time on the horizontal axis of
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(a) Temperature of chilled water

(b) Temperature of cooling water

Figure 4. Validation results of centrifugal chiller model

the graphs represent the operation start point as 1. (In
all the of following figures, the scaling factor is equal to
that of Figure 4.) Both errors in the outlet temperature of
chilled water and cooling water are within ± 2.5%. When
the simulation period is 1800 seconds, the calculation time
is 13.6 seconds (compilation: 12.0 seconds, and simula-
tion: 1.6 seconds) with Intel Core i7-8700 CPU with 16
GB RAM machine.

3 Parameter tuning by coupled calcu-
lation

In this section, we describe how to perform coupled cal-
culation of the model in Modelica language and the con-
trol logic on MATLAB/Simulink. Next, we present an ex-
ample in which the parameters of the model are tuned to
match the behavior of model to that of the actual machine.
Finally, an example of optimizing the parameters of the
control logic is shown.

3.1 Coupling of chiller dynamic model and
control logic

The construction of coupled calculation using MAT-
LAB/Simulink is shown. The model of centrifugal chiller
is exported in FMU format by OpenModelica. We use
a executable file of the control logic. Next, the FMU
file of the centrifugal chiller is imported in the FMU
block of Simulink of the MATLAB R2019b. The control
logic communicates with S-function block of Simulink.
The simulation is performed while the centrifugal chiller

model and the control logic synchronize the time.

3.2 Tuning of equipment parameters
The procedure for adjusting the equipment parameters is
as follows: (1) Startup simulation is performed, while the
same inputs from control logic as the actual machine test is
given to the centrifugal chiller model. (2) The equipment
parameters are optimized to minimize the error between
the simulation results and the results of real machine tests.

We tried the adjustment of each heat transmission coef-
ficient of condenser and evaporator. The evaluation func-
tion is as follows:

minimize
∫
(|Pc − P̂c|+ |Pe − P̂e|)dt (23)

Here, Pc and Pe are the pressure of condenser and the
pressure of evaporator in the real machine test, respec-
tively. Also, P̂c and P̂e are the pressure of condenser and
the pressure of evaporator in the simulation, respectively.
That is, heat transmission coefficients are optimized to
minimize the pressure errors. The Bayesian optimization
algorithm is used.

We use the Bayesian optimization algorithm
(Shahriari et al., 2016) because it is difficult to cal-
culate the gradient of the evaluation function. In this
algorithm, a response surface is generated by Gaussian
process regression from the sampled data. The response
surface represents the predictive uncertainty, and then the
next sampling point is determined while considering the
balance between the exploration of the high uncertainty
region and the exploitation of already obtained optimal
solution.

After 800 optimization iterations, we obtain the heat
transmission coefficients that reduce the evaluation func-
tion from 4.16 to 0.64. Figure 5(a) compares condenser
pressures of actual machine and these of before and af-
ter tuning. Figure 5(b) also compares these of evaporator
pressure. The pressure errors of these 2 equipments are
reduced after optimization. The optimization time is 1280
seconds.

3.3 Tuning of control parameters
We optimize the parameters of the control logic by using
the coupled simulation to reduce the startup time of the
centrifugal chiller. We choose 12 parameters, which have
a large effect on the startup time. The evaluation function
is the difference between the chilled water outlet tempera-
ture Twco and the target temperature Twco,re f as follows:

minimize
∫

|Twco −Twco,re f |dt (24)

Here, Twco,re f was set at 7 ◦C. The Bayesian optimiza-
tion algorithm is used.

After 40 optimization iterations, the parameters to re-
duce startup time were obtained. The simulation results
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(a) Pressure of condenser

(b) Pressure of evaporator

Figure 5. Simulation results by tuned equipment parameters

using the parameters before and after the optimization are
shown in Figure 6. After the optimization, the outlet tem-
perature of chilled water decreases faster to target value.

4 Dynamic optimization by approxi-
mation model

4.1 Approximation of non-linear characteris-
tics

To improve convergence and reduce calculation time of
complex dynamic system optimization, it is effective to
approximate nonlinear characteristics with smooth poly-
nomials. Therefore, we create approximate models, for
example, property tables, pressure losses in valve and pipe
(calculation of square root), operation ranges in valve and
compressor (upper and lower limit), and evaluation of con-
traflow (if statement).

A model composed of multiple dynamic equipment
generally has high-order DAE, whose order is 2 or more.
On such complex models is difficult to perform numer-
ical analysis such as simulation and optimization. In
this study, we use the Pantelides method implemented in
OpenModelica to reduce order of the model.

4.2 Formulation
We formulated the dynamic optimization as follows,
where ui ∈Rnu are the manipulated variables at time phase

(a) Temperature of chilled water

(b) Temperature of cooling water

Figure 6. Simulation results by tuned controller parameters

i: The rotation speed of the compressor, the vane open-
ing of the two-stage compressors, the opening of the high
stage expansion valve, and the low stage expansion valve
at the boundary of each phase. nu is the number of oper-
ation variables (nu = 5). xi, j ∈ Rnx indicate the state vari-
ables: The outlet temperature of the chilled water (Tweo)
or the cooling water (Twco), the density of the liquid phase
or the gas phase of the evaporator (ρe), the condenser (ρc)
or economizer (ρm). The enthalpy of the liquid phase or
the gas phase of the evaporator (Ee) , the condenser (Ec) or
economizer (Em) and pressure of the middle stage of the
suction are also state variables. nx is the number of state
variables (nx = 9). zi, j ∈ Rnz are the algebraic variables:
The pressure (Pc, Pe, Pm), temperature ( Tc, Te, Tm), liquid
levels, and the mass flow rates of the condenser, evapo-
rator and economizer. The flow rates of gas in the two-
stage centrifugal compressor ( Gcp1, Gcp2) and the flow
rate of liquid in the valves (high-stage expansion valve
(Gh), low-stage expansion valve (Gl), and hot gas bypass
valve (Gm)), the flow rates of and the hot gas bypass valve
(Gby) are also algebraic variables. nz is the number of al-
gebraic variables (nz = 18). r0 and rn indicate the con-
straints in the initial condition and the termination condi-
tion. F is the functions related to differential equations,
G is the functions related to algebraic equations, H is the
inequality constraint. n is the number of divisions in the
time direction about manipulated variables, and m is the
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number of state variables and algebraic variables. i = 0
means initial phase and i = n indicates terminal phase.
In this report with direct collocation method, the number
of optimization variables are 137,508 (u:2500, x:45008,
z:90000), equality constraints are 135,508, and inequality
constraints are 2,500.

minimize
U,X,Z

J(X,U)

subject to r0,0(x0,0,u0,z0,0) = 0
rn,m(xn,m,un,zn,m) = 0

xi, j+1 = F(xi, j,ui,zi, j) ·∆t

zi, j = G(xi, j,ui)

H(xi, j,ui,zi, j)≥ 0

xi, j
min ≤ xi, j ≤ xi, j

max

ui
min ≤ ui ≤ ui

max

U = [u0T
, · · · ,unT ]T

X = [x0,0T
, · · · ,xn,mT ]T

Z = [z0,0T
, · · · ,zn,mT ]T

∀i = 0, · · · ,n
∀ j = 0, · · · ,m

(25)

The objective function J consists of state variables and
manipulated variables: The integration of the temperature
difference between chilled water temperature (state vari-
able) and the target temperature of 7◦C in this centrifugal
chiller. The refrigerant circulation flow rate, liquid levels
are also considered. In addition, the penalty for the control
variables affects the objective function.

4.3 Optimized profile
We demonstrate the profile optimization of startup of
centrifugal chiller by using OpenModelica and CasADi
OpenModelica can export a Modelica model as XML for-
mat. CasADi is an optimization modeling tool, which has
Python, C++ and Octave/MATLAB interfaces.

Profile optimization was performed as follows: (1) Re-
duce the order of centrifugal chiller model by OpenMod-
elica and export as XML file. (2) Convert the XML file
into a Python script executable by CasADi. (3) Perform
profile optimization with CasADi and NLP solver IPOPT.

The optimization algorithm is a quasi-Newton method
implemented in IPOPT. CasADi automatically generate
the derivatives, which is required for the quasi-Newton
method. The Bayesian optimization used in the previ-
ous section is not suitable for the profile optimization be-
cause the calculation cost increases in the large optimiza-
tion problem.

The chilled water temperatures of optimization results
are shown in Figure 7. The black line is inlet temperature,
which is boundary condition. The 3 orange lines are out-
let temperature. The solid and dotted orange lines are the
simulation results where the conventional and optimized

Figure 7. Temperature of chilled water by profile optimization

parameters of controller is used respectively. The dotted
line, the optimized profile, shows the fastest decrease of
outlet temperature, i.e., the fastest startup of the centrifu-
gal chiller.

5 Conclusion
This paper presents a design support environment for ther-
modynamic systems. We conduct the coupled simulation
on MATLAB/Simulink by using the chiller model in Mod-
elica language and the control logic, and see that the pa-
rameters of the model and the control logic could be tuned.
In addition, the startup profile optimization was carried
out by the chiller model, which is simplified by smooth
polynomial approximation and order reduction of DAE.
Future work will focus on applying this design support
environment to other cold products and chemical plants.
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