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Abstract
This paper presents a control methodology to improve the transient performance and power efficiency of a refrigeration 
system that uses a variable-speed compressor. The control objective is to maintain the compartment temperature at the 
desired setpoint, despite varying heat load conditions or disturbances. A model of the refrigeration system was obtained. 
The variables of interest were the compartment temperature, the evaporator superheat temperature, and the speed of the 
variable-speed compressor. By using simulations and real tests of the refrigeration system, it was found that a conven-
tional implementation of a closed-loop controller causes a phenomenon known as windup, which leads to variable-speed 
compressor saturation and diminishes the transient performance of the refrigeration system and increases power con-
sumption. Additionally, the evaporator superheat temperature was not significantly affected by the speed of the variable 
compressor, so the only option for improving the coefficient of performance of the refrigeration system was reducing 
the power consumption of the variable-speed compressor. An anti-windup topology for the closed-loop controller was 
proposed to prevent variable-speed compressor saturation. Simulations and tests of the refrigeration system showed an 
important improvement of the transient performance and power efficiency of the refrigeration system.

Keywords: refrigeration system, variable-speed compressor, anti-windup topology, closed-loop control system.

Resumen
Este artículo presenta una metodología de control para mejorar el comportamiento transitorio y la eficiencia energética 
de un sistema de refrigeración que utiliza un compresor de velocidad variable. El objetivo de control es mantener la 
temperatura del compartimento en el punto de ajuste deseado, a pesar de las condiciones variables de carga térmica o 
las perturbaciones. Se obtuvo un modelo del sistema de refrigeración. Las variables de interés fueron la temperatura 
del compartimento, la temperatura del sobrecalentamiento del evaporador y la velocidad del compresor de velocidad 
variable. Mediante el uso de simulaciones y pruebas reales del sistema de refrigeración, se encontró que una imple-
mentación convencional de un controlador de lazo cerrado causa un fenómeno conocido como “windup”, que conduce 
a la saturación del compresor de velocidad variable y disminuye el rendimiento transitorio del sistema de refrigeración 
y aumenta el consumo de energía. Además, la temperatura del sobrecalentamiento del evaporador no se vio significa-
tivamente afectada por la velocidad del compresor variable, por lo que la única opción para mejorar el coeficiente de 
rendimiento del sistema de refrigeración fue la reducción del consumo de energía del compresor de velocidad variable. 
Se propuso una topología “anti-windup” para el controlador de lazo cerrado para evitar la saturación del compresor 
de velocidad variable. Las simulaciones y pruebas del sistema de refrigeración mostraron una mejora importante del 
comportamiento transitorio y un ahorro del 10,52% en el consumo de energía.
Palabras clave: sistema de refrigeración, compresor de velocidad variable, topología anti-windup, control en lazo cerrado.
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1. Introduction

A typical refrigeration system is a thermally iso-
lated compartment that is used to preserve goods 
at low temperatures. To attain its main objective, 
a refrigeration system is composed of an evapo-
rator that extracts heat from the compartment; a 
condenser that pushes this heat into the environ-
ment; a compressor that transports the heat from 
the evaporator to the condenser using a refriger-
ant gas; and a thermostat that controls the on/off 
switching of the compressor depending on the de-
sired compartment temperature. 

On the continuous search for low power consump-
tion and better performance, improvements in 
control algorithms for conventional refrigeration 
systems have been investigated (1–3). However, the 
improvements are marginal because the main con-
straint for low power consumption is an oversized 
constant speed compressor. One of the main ad-
vances of the refrigeration industry in the past few 
years is the development and use of Variable Speed 
Compressors (VSCs) (4). A VSC is a compressor 
in which its cooling capacity can be modified by 
adjusting the speed of the electric motor, to match 
part load conditions in the compartment. This fea-
ture allows low power consumption and improved 
temperature control in the compartment compared 
to conventional refrigeration systems (5). However, 
to make good use of a VSC, a refrigeration engi-
neer must take one step further in the control meth-
odology of the refrigeration system because the 
classic on/off control scheme used in conventional 
compressors does not exploit the main benefits of a 
VSC refrigeration system (6).

Studied the effects (7) of varying speed on a VSC 
in terms of economics and exergy, identifying the 
optimal operating points of a VSC depending on 
different steady-state working conditions of a re-
frigeration system. (8) Analyzed the effects of VSC 
modulation on stability of the superheat tempera-
ture in the evaporator. They determined that sud-
den changes in speed of the compressor could 
cause oscillations on the superheat temperature 
of the evaporator due to the continuous starving 
and overflooding of the evaporator. The use of ad-

vanced modeling and control techniques has also 
been investigated (9–12), obtaining satisfactory re-
sults in model accuracy and low power consump-
tion, when compared to conventional refrigeration 
systems. However, none of the previous work has 
determined the performance of a VSC refrigera-
tion system under extreme load conditions, more 
specifically, load conditions that cause VSC satu-
ration, i.e., take its maximum or minimum output 
value for long periods of time. Actuator saturation 
in closed-loop systems can lead to a phenomenon 
known as windup, which upsets the dynamic per-
formance of the system, such as the settling time 
and percent overshoot, and in extreme cases, can 
lead to instability of the closed-loop system (13).

The objective of this paper is to examine the dy-
namic behavior of a closed-loop VSC refrigeration 
system. In particular, the effect of windup phenom-
enon due to VSC saturation on the transient per-
formance of the refrigeration system and its power 
consumption. First, a model of the effects of VSC 
speed changes on the compartment temperature and 
the evaporator superheat temperature is obtained; 
then, based on this model, a Proportional-Integral 
(PI) controller is designed with the objective of 
maintaining the compartment temperature in the 
desired setpoint, even when the system is subjected 
to varying load conditions. Simulations and exper-
imental tests are performed to manifest the windup 
phenomena and study how it diminishes system 
performance. Finally, the PI controller is modified 
to counter the windup phenomena and improve the 
performance of the refrigeration system.

2. Methodology

2.1 Refrigeration system

The refrigeration system used in this research 
was a 0.209 m3 (209 liters) household refrigerator 
manufactured by Haceb Industries (Colombian 
home appliances manufacturer). The VSC was 
a VEM Y3H compressor supplied by Embraco 
(Brazilian Compressor Manufacturer). These el-
ements are shown in Figures 1a and 1b. Technical 
information can be found in Table 1.
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Figure 1. Refrigeration system a) Compartment 
 and b) Variable Speed Compressor

Table 1. Technical information of the refrigeration system.

2.2 Measurement and control equipment

The temperatures in the compartment and at the 
input and output of the evaporator were measured 
with K-type Thermocouples wired to a NI 9213 
data acquisition card from National Instruments. 
The VSC was controlled from a computer through 
a serial interface. The software for real-time mon-
itoring and control was based on NI LabVIEW. 
Figure 2 depicts this configuration.

Figure 2. Measurement and control equipment

3. Results and Discussion

3.1 Derivation of refrigeration system model

For system simulation and closed-loop controller 
design, a model that represents the influence that 
the VSC speed has on the compartment temperature 
and evaporator superheat temperature is necessary. 
The model is based on transfer functions and was 
constructed using the step response test. The step re-
sponse test is the most common technique to derive 
the transfer function of a dynamic system  (13). When 
the system is at steady-state conditions, it is excited 
by moving the actuator by approximately 20% of 
its maximum output value. Simultaneously, chang-
es in the output variables are recorded until they 
reach steady-state conditions again. This test iden-
tifies the parameters necessary to characterize the 
transfer functions of the dynamic system (e.g., time 
constant, time delay, steady-state gain).  In Figu- 
re 3, the results of the step response test are shown. 
The steady-state conditions were reached before 
the test with the VSC at 2,500 RPM and 60 W of 
heat load using an electric heater. 

Figure 3. Step response test a) comparison between  
compartment step response and model step response,  

b) step input c) comparison between evaporator  
superheat step response and model step response.

Using the data obtained from the step response test, 
the transfer functions in eq. (2) and eq. (3) were 
derived. Figures 1a and 1c show the step response 
of the transfer functions follows the transient and 
steady-state dynamics of the compartment tem-
perature and evaporator superheat temperature, 
thus, these transfer functions are suitable for de-
signing the closed-loop controller. In figure 1c, the 

Item Specification

Refrigeration system

Class
Condenser 

Evaporator
Refrigerant gas
Compressor

Cooling capacity range
Speed range 
AC Input

0.209 m3 (209 liters)  
Household Refrigerator
Tropical (T)
Wire-mesh 0.54x0.5 m, iron 
pipe diameter 0.005 m,
length 7.63 m
Roll-bond 1.09x0.348 m
R134a (0.12 kg)
VEM Y3H 
Displacement 3.00 cm3
41-125 W
1,600 - 4,500 RPM
120 V/60 Hz
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evaporator superheat temperature is not signifi-
cantly affected by the VSC speed. Because the co-
efficient of performance (COP) of the refrigeration 
system depends on this variable (14), the COP of the 
refrigeration system might depend primarily on the 
power consumed at the VSC, see eq. (1). This hy-
pothesis is investigated in this paper.

(1)

(2)

(3)

3.2 Closed-loop controller design

The objective of the control system is to maintain 
the compartment temperature at the desired set-
point, regardless of whether the system is working 
at part-load conditions or under the influence of dis-
turbances (empty compartment, warm goods, open 
door or changes in room temperature). For control-
ler design, the desired closed-loop performance 
of the system must be established, i.e., the desired 
settling time, overshoot, and disturbance rejection 
characteristics. For this application, it was deter-
mined that the closed-loop system should reach 
zero steady-state error as quick as possible, and 
without overshoot. These design considerations 
translate to a closed-loop characteristic equation 
with a damping coefficient of √2. The type of con-
troller selected was a PI controller due to its zero 
steady-state error characteristics.

Using the pole-placement technique for closed-
loop controller design (13) and considering the de-
sired closed-loop performance of the system, the 
controller transfer function in eq. (4) was obtained.

(4)

Because this controller is going to be deployed in 
a computer, it is necessary to convert it from con-
tinuous time into discrete time. Using a sample 
time of 5 s, the discrete-time transfer function in 
eq. (5) was obtained.

(5)

3.3 Simulation of the closed-loop system

Prior to the deployment of the closed-loop con-
troller in the real system, its dynamic performance 
was analyzed through computer simulation. Im-
portant characteristics of the real system were in-
cluded in the simulations, for instance, noise in 
the compartment and evaporator superheat tem-
perature measurements, and the VSC speed range 
(see Table 1). Specifically, the closed-loop system 
was tested under setpoint tracking conditions, and 
under disturbance conditions.

3.3.1 Simulation of the closed-loop system  
under setpoint tracking conditions

In this simulation, the setpoint parameter of the 
closed-loop system is changed during the test, and 
the dynamic behavior of the system is analyzed. 
Figure 4 shows the results of this simulation.

Figure 4. Setpoint tracking simulations a) compartment 
temperature and setpoint, b) variable-speed compressor  

c) evaporator superheat temperature.

In Figure 4a, the compartment temperature and its 
setpoint are shown. When the setpoint is changed, 
the compartment temperature follows it, but its 
transient behavior contains overshoot phenome-
na, which do not correspond to the specifications 
used at the time of closed-loop controller design 
(see section 3.2). This transient behavior can be ex-
plained by examining the VSC speed in Figure 4b.

When the setpoint in Figure 4a is changed from 13° 
C to 11° C at time 1 h, the closed-loop controller 
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causes the VSC to deliver its maximum cooling 
capacity at 4,500 RPM as shown in figure 4b. The 
excessive accumulation of integral action in the 
closed-loop controller holds the VSC at maximum 
speed longer than necessary, causing the compart-
ment temperature to fall below the setpoint. The 
same behavior can be observed when the setpoint in 
Figure 4a is changed from 11° C to 14° C at time 2.5 
h. At this time, the closed-loop controller causes the 
VSC to deliver no cooling capacity at 0 RPM (the 
VSC is off) as shown in Figure 4b. Again, the exces-
sive accumulation of integral action in the closed-
loop controller holds the VSC at 0 RPM for a longer 
time than necessary, thus making the compartment 
temperature rise above the setpoint. In Figure 4b, 
the valid range of RPM values is depicted by the 
dotted-lines at 1,600 RPM and 4,500 RPM.

Figure 4c shows that the evaporator superheat 
temperature is disturbed by sudden VSC speed 
changes, but when the compartment temperature 
returns to steady-state conditions, the evaporator 
superheat temperature returns to its initial val-
ue. Additionally, because the VSC is running at 
a lower RPM and thus consumes less power, the 
COP of the refrigeration system is improved.

3.3.2 Simulation of the closed-loop system un-
der disturbance conditions

During this simulation, the setpoint of the compart-
ment temperature is held constant. The disturbance 
consists of a sudden rise of the compartment tem-
perature, emulating the opening of the compartment 
door. Figure 5 shows the results of this simulation.

 

Figure 5. Disturbance rejection simulation a) compartment 
temperature and setpoint, b) variable-speed compressor  

c) evaporator superheat temperature.

As shown in Figure 5a, opening the compart-
ment door causes an abrupt increase in the com-
partment temperature. In Figure 5b, with the 
objective of counteracting this disturbance, the 
closed-loop controller commands the VSC to in-
crease its speed to 4,500 RPM, to deliver maxi-
mum cooling capacity. Again, the excessive ac-
cumulation of integral action in the closed-loop 
controller holds the VSC at 4,500 RPM longer 
than necessary, causing an undesirable overshoot 
of the compartment temperature, as shown in 
Figure 5a. In Figure 5c, the evaporator superheat 
temperature is only affected when the closed-
loop system is rejecting the disturbance on the 
compartment temperature. Finally, when the dis-
turbance has been rejected, the system returns to 
steady-state conditions.

The results presented in sections 3.3.1 and 3.3.2 
suggest the designed closed-loop system would 
not perform as expected when deployed in the 
real system due to the windup phenomena in the 
VSC. Aside from the unwanted overshoot of the 
compartment temperature, the excessive time the 
VSC is at maximum speed increases its power 
consumption; thus, the COP of the refrigeration 
system is reduced during this period of time. To 
improve the transient performance and the COP 
of the refrigeration system, an anti-windup topol-
ogy for the closed-loop controller is proposed. 
The results are presented in the next section.

3.4 Anti-windup topology for the closed-loop 
controller

The closed-loop controller topology used in 
sections 3.3.1 and 3.3.2 is shown in figure 6a. 
This topology is the classic implementation of 
a closed-loop controller. In Figure 6b, the an-
ti-windup topology for the closed-loop system 
is shown. The previously designed closed-loop 
controller is rearranged, so the integral action 
does not grow excessively when the VSC reach-
es its maximum or minimum speed. The transfer 
functions N(z) and D(z) in Figure 6b are shown 
as eq. (6) and eq. (7) and were obtained using the 
technique explained in (15).
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Figure 6. Closed-loop controller topologies  
a) classic closed-loop system, b) closed-loop system 

with anti-windup topology.

(6)

(7)

In sections 3.4.1 and 3.4.2 the closed-loop system 
with anti-windup topology is simulated under the 
same conditions of sections 3.3.1 and 3.3.2, and 
their results are discussed.

3.4.1 Simulation of the closed-loop system 
with anti-windup topology under setpoint 
tracking conditions

In this simulation, the setpoint parameter of the 
closed-loop system is changed during the test. 
Figure 7 presents the results of the simulation.

Figure 7. Setpoint tracking simulations a) compartment 
temperature and setpoint, b) variable-speed compressor  

c) evaporator superheat temperature.

In Figure 7a, the transient response of the closed-
loop system is markedly improved compared 

with the results in section 3.3.1. The compart-
ment temperature approaches the setpoint param-
eter smoothly with no overshoot, in agreement 
with the design requirements of the closed-loop 
controller (see section 3.2). The cause of the 
improved response of the closed-loop system is 
shown in Figure 7b. The VSC does not stay at 
its maximum speed longer than necessary due to 
the anti-windup topology, which keeps the inte-
gral action of the closed-loop controller bounded. 
Between times 2.5 h and 2.75 h, the VSC cycles. 
This feature emulates the behavior of the VSC: 
if it is instructed to run at a speed less than 1,600 
RPM, it shuts down due to lubrication constraints. 

Figure 7c also shows an improved transient re-
sponse of the evaporator superheat temperature 
compared with the results in section 3.3.1. The 
disturbances caused by the abrupt VSC speed 
changes have a shorter time frame, and as stated 
in section 3.3.1, if the VSC is operating at lower 
speeds (consuming less power) and the evaporator 
superheat temperature remains nearly constant, 
the COP of the refrigeration system improves.
  
3.4.2 Simulation of the closed-loop 
system with anti-windup topology under  
disturbance conditions

As noted in section 3.3.2, in this simulation the 
setpoint is held constant, and the closed-loop 
system is subjected to a sudden rise of the com-
partment temperature. This is done to emulate the 
opening of the compartment door. The results are 
presented in Figure 8.

Figure 8. Disturbance rejection simulation a) compartment 
temperature and setpoint, b) variable-speed compressor c) 

evaporator superheat temperature.
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Figure 8a shows an improvement of the transient 
performance of the compartment temperature, 
when the closed-loop system is subjected to a 
disturbance. The compartment temperature does 
not overshoot as in section 3.3.2 because the an-
ti-windup mechanism bounds the integral action 
of the closed-loop controller, thus minimizing the 
time during which the VSC is at maximum speed 
(delivering its maximum cooling capacity), as 
shown in Figure 8b. The anti-windup feature en-
ables the design specifications of the closed-loop 
controller to be met (see section 3.2). In Figure 
8c, the evaporator superheat temperature is only 
affected when the closed-loop system rejects the 
disturbance on the compartment temperature. Af-
ter the disturbance is rejected, the system returns 
to steady-state conditions.

The results presented in sections 3.4.1 and 3.4.2 
indicate that the anti-windup topology for the 
closed-loop controller prevents an unwanted 
overshoot of the compartment temperature when 
the closed-loop system is subjected to chang-
es in the setpoint or disturbances. Additionally, 
because the VSC does not operate at maximum 
speed for longer than necessary, the overall power 
consumption of the system is lower than the re-
sults in sections 3.3.1 and 3.3.2.

3.5 Deployment of the closed-loop controller in 
the real system

As stated in section 2.2, the real-time monitoring 
and control system was based on the NI LabVIEW 
software. The digital version of the closed-loop 
controller shown in eq. (5) was programmed, and 
the closed-loop system was tested. The following 
sections present the results.

3.5.1 Closed-loop system without  
anti-windup topology

The closed-loop system was tested by setting the 
setpoint equal to 11.5° C and observing the perfor-
mance of the system. Figure 9 presents the results.

Figure 9. Closed-loop system a) compartment temperature 
and setpoint, b) variable-speed compressor  

c) evaporator superheat temperature.

Figure 9a shows that the transient performance of 
the compartment temperature is very poor, as pre-
dicted by the simulation in section 3.3.1. There is 
an overshoot of the compartment temperature, and 
the setpoint is reached 2 hours after the beginning 
of the test. The reason for this is shown in Figure 
9b. The VSC is at maximum speed (delivering its 
maximum cooling capacity) for approximately 1.4 
hours due to the windup effect on the closed-loop 
controller. Figure 8c shows that the evaporator su-
perheat temperature is appreciable affected by the 
VSC, but only when it is at maximum speed, as 
predicted by the simulation in section 3.3.1.

From this test, the closed-loop controller in its cur-
rent topology does not meet the design requirements 
stated in section 3.2. Additionally, because of the 
windup phenomena, the refrigeration system con-
sumes more power than necessary, thereby degrad-
ing its COP. In the following sections, the closed-
loop controller with anti-windup topology is tested.

3.5.2 Closed-loop system with  
anti-windup topology

The closed-loop system with anti-windup topolo-
gy was deployed and tested under setpoint tracking 
conditions and disturbance rejection conditions.

3.5.2.1 Test of the closed-loop system with  
anti-windup topology under setpoint 
tracking conditions

In this test, the setpoint is changed during the test and 
the transient performance of the compartment tem-
perature is analyzed. Figure 10 presents the results.
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Figure 10. Setpoint tracking test a) compartment  
temperature and setpoint, b) variable-speed compressor  

c) evaporator superheat temperature.  

In Figure 10a, the compartment temperature follows 
the setpoint smoothly and without overshoot. Addi-
tionally, the settling time of the closed-loop system 
is approximately 1 hour, as predicted by the simula-
tions in section 3.4. Figure 10b shows that the VSC 
does not run at maximum speed for long periods of 
time, as occurred in the test in section 3.5.1. This 
is because the anti-windup mechanism bounds the 
integral action of the closed-loop controller. Figure 
10c shows that the evaporator superheat temperature 
is generally unaffected by the VSC speed, in accor-
dance with the simulations in section 3.4.

3.5.2.2 Test of the closed-loop system with 
anti-windup topology under disturbance  
rejection conditions

In this test, the setpoint is held constant and the 
compartment door was opened to permit air at 
room temperature to enter the compartment. The 
door was opened two times for 1 minute each. 
Figure 11 presents the results.

Figure 11. Disturbance rejection test a) compartment  
temperature and setpoint, b) variable-speed compressor  

c) evaporator superheat temperature.

As shown in Figure 11a, when the compartment 
door is open, the compartment temperature de-
viates from the setpoint. Figure 10b shows that 
the VSC runs at maximum speed immediately 
to counter the deviation in compartment tem-
perature. Approximately ½ hour later, the com-
partment temperature reaches the setpoint again, 
without overshoot.  This occurs again due to the 
anti-windup mechanism, which bounds the inte-
gral action of the closed-loop controller. In Figure 
11c, the evaporator superheat temperature is only 
affected when the closed-loop system is rejecting 
the disturbance on the compartment temperature. 
Thereafter, the disturbance is rejected, and the 
system returns to steady-state conditions.

3.5.2.3 Power consumption of the  
refrigeration system

The power consumption of the refrigeration sys-
tem with and without anti-windup topology was 
monitored using a WT210 YOKOGAWA power 
meter during a 24-h period with variable heat load 
in the compartment and a mean room tempera-
ture of 32° C and 65% relative humidity. The re-
frigeration system without anti-windup topology 
consumed 1.0294 KWh, whereas the refrigera-
tion system with anti-windup topology consumed 
0.9211 KWh, as shown in Figure 12. This is a re-
duction of 10.52% in power consumption.

Figure 12. Power consumption of refrigeration system  
a) without anti-windup topology and  

b) with anti-windup topology.

This result confirms the hypothesis that the 
closed-loop controller with anti-windup topology 
improves the transient performance of the refrig-
eration system and its power consumption, when 
compared to the classic implementation of the 
closed-loop controller.
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4. Conclusions

The objective of this research was to implement a 
closed-loop controller for compartment temperature 
that exhibited good transient performance, and min-
imized the power consumption of the VSC, thus im-
proving the COP of the refrigeration system.

A model of a refrigeration system with a VSC was 
obtained. Specifically, the effects of VSC speed 
on the dynamic behavior of the compartment tem-
perature and the evaporator superheat temperature 
were modeled. The model was based on transfer 
functions obtained using the step input test.

Based on the refrigeration system model, a 
closed-loop controller for the compartment tem-
perature was designed. Simulations showed that 
the closed-loop system would exhibit windup 
problems (saturation of the VSC, degrading tran-
sient performance and power consumption), if de-
ployed as-is. Thus, an anti-windup topology for 
the closed-loop controller was proposed. Simula-
tions showed that the closed-loop controller with 
anti-windup topology meets the design require-
ments for the closed-loop system (see section 3.2) 
and minimizes the power consumption.

The closed-loop controller was deployed in the 
refrigeration system as originally designed, which 
confirmed the problems of poor transient perfor-
mance and excessive power consumption as report-
ed by the simulations. When the closed-loop con-
troller with anti-windup topology was deployed, 
the tests showed smooth transient performance of 
the compartment temperature. Further, the VSC did 
not stay at the maximum speed for longer than nec-
essary, thus minimizing the power consumption of 
the refrigeration system. This, in accordance with 
the results obtained by the simulations.

From the simulations and tests of the refrigera-
tion system, because the evaporator superheat 
temperature is approximately constant despite the 
VSC speed, the only option to increase the COP of 
the refrigeration system is to minimize the power 
consumption at the VSC. This is accomplished 
using a closed-loop controller with anti-windup 

topology because it prevents the VSC from stay-
ing at maximum speed for longer than necessary, 
thus minimizing its power consumption. 
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Nomenclature

 
• COP: Coefficient of performance of the refrig-
eration system

• C(s):  Transfer function of closed-loop controller 
in the s operator

• C(z): Transfer function of closed-loop controller 
in the z operator

• D(z): Subsystem of the anti-windup topology in 
the z operator

• G(s): Compartment’s transfer function in the s 
operator

• H(s): Evaporator’s superheat transfer function in 
the s operator

• N(z): Subsystem of the anti-windup topology in 
the z operator

• RPM: Compressor’s revolutions per minute

• T_compartment: Compartment’s temperature in °C

• Ts: Sampling time in seconds

• T_superheat: Evaporator’s superheat temperature in °C

• VSC: Variable-speed compressor
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