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Abstract - This paper describes and compares two approaches 

to the development of the voltage source converter. The first 

approach is the implementation of only the off-line 

simulation, while the second one also involves the on-line 

simulation using the hardware-in-the-loop (HiL) system. 

Particular importance was given to the role of the HiL 

simulation system in the testing of the control algorithm and 

the control electronic. The hardware structure and software 

support for the implementation of HiL simulation in real time 

and the necessary adjustments in order to utilize the full 

functionality of the system are described. An off-line 

simulation model developed in the software package PLECS 

and a model adapted for execution in the corresponding to RT 

Box simulation device are shown on the example of the 

development of fan drive converter. The simulation results 

were compared with the results obtained by experimental 

testing of the developed converter. It is shown that the 

implementation of HiL simulation can largely predict errors 

in converter design, especially errors in the control algorithm 

that can not be detected by off-line simulations. 
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I. INTRODUCTION 

The development of the industrial prototype of the 
electronic power converter begins by proving the 
feasibility and the basic technical characteristics of the 
proposed concept [1]. For these purposes, various 
computer simulation tools are used to simulate the 
electrical behavior of the converter. Two fundamental 
approaches to the simulation of the power section and 
control electronic of the converter are commonly used. 
The first, (traditional) approach is the implementation of 
off-line simulation only, while the second one involves 
on-line simulation using the hardware-in-the-loop (HiL) 
system [2-7].  

With traditional approach, the computer simulation 
program mainly simulates the electrical behavior of the 
power section of the converter. This type of simulation is 
known as the so-called software-in-the-loop simulation 
(SiL). The off-line simulation experiments are followed 
by choosing the necessary components and the 

development of a physical (draft) model of the power 
section of electronic converter. Thereafter, a series of tests 
are carried out in laboratory conditions together with a 
control electronic module. Errors detected during these 
tests usually require modifications in the power and 
control section of the converter through several iterations 
of the design process. The increased number of iterations 
necessarily leads to increased costs and longer time of the 
converter design process.   

In the HiL simulation approach, a physical converter 
model is not designed upon termination of the off-line 
simulations of the power section of the converter, but only 
after the control electronic has been tested and verified. 
Model of the power section of the converter tested by off-
line simulation is uploaded to the specified device that 
emulates its work in real time. Using its analog/digital 
inputs and outputs, this device is connected to a control 
electronic module with a built-in control algorithm. This 
approach accelerates the design process of the converter 
and makes it more efficient and economically more cost-
effective than design based on off-line simulations alone. 

II. TRADITIONAL METHOD OF DESIGNING AND 

TESTING OF THE VOLTAGE SOURCE  CONVERTER 

In the traditional approach to the design of the voltage 
source converter, Figure 1, after selecting a topology, off-
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Figure 1 Basic procedures in the traditional approach to the design 

and testing of the power converter 
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line simulations of functional behavior of the converter 
power section are the following. Simulation programs 
such as, for example, Matlab/SIMULINK, PLECS or 
Simplorer with built-in models of a semiconductor and 
other components are used for this purpose, Figure 2. The 
level of complexity of the semiconductor component 
model determines the level of accuracy of the obtained 
simulation results. Simple static models (ideal and 

idealized), averaged models or highly complex dynamic 
models are being used. More complex models are more 
accurate but require more powerful processors and longer 
simulation time. 

After the simulation in time domain, Figure 3, and 
frequency domain, follows the analysis of the results 
obtained to verify the functional behavior of the power 
section of the converter in terms of the required energy 
conversion and to determine the required control 
algorithm of the converter. The simulation results of 
electrical behavior of the converter power section are 
further used for current and voltage dimensioning of 
semiconductor power components as well as for passive 
and filter components. The next step is choosing a 

commercially available components that satisfy the 
simulation requirements for the required characteristics 
and parameters. After that, a draft model of the power 
section of the converter is being developed. Based on the 
control logic, realized in the off-line simulations, the 
requirements of control electronic are defined with respect 
to the regulatory structures, measured feedback signals, 
and protection and redundant functions. The switching 
frequency of the converter defines the required processor 
clock of the control electronic (DSP/FPGA) [8-10]. With 
further define of working conditions (vibration, 
temperature, humidity) and assessment of EM 
disturbance, the control electronic module is designed. 

The architecture of the module is selected, using 
specialized software tools (e.g. GRAP) the necessary 
application programs are made, off-line simulations of the 
electrical behavior of the auxiliary electric circuits are 
performed. Lastly, the control electronic module is created 
and tested using a special test environment and equipment. 
With the traditional approach to the design of the power 
electronic converter, for final functional and type testing 
of the control electronic module with a built-in control 
algorithm, the physical model of the converter's power 
section is required. Firstly, the tests of the unloaded 
converter are carried out, and then with the connected 
load. Incorrect behavior detected by testing usually 
requires a new iteration in the design process of the power 
or control part of the converter, including repetition of off-
line simulation. 

 In order to satisfy the agreed deadlines, because of the 
above, designers often have to perform functional and 
type tests of prototype device in substantially shorter time 
than anticipated. Shorter test time increases the possibility 
of error and prevents detailed testing of the device in the 
laboratory or in the real environment. 

III. HARDWARE-IN-THE-LOOP METHOD OF DESIGNING 

AND TESTING OF THE VOLTAGE SOURCE  CONVERTER 

 
By using the HIL simulation system for testing 

functional and typical characteristics of the control 
electronic, a complex test environment nor a physical 
model of power section of the converter are required. 
Instead, a special device is used that simulates the power 
section of the converter in real time. The HiL simulation 
system consists of a simulation software package and 
device connected to a computer with a simulation program 
installed. Appropriate software support, i.e. interface 
between a computer and device, is also required. Model of 
the power section of the converter tested by off-line 
simulation is uploaded to the specified device that 
emulates its work in real time. Using its analog/digital 
inputs and outputs, this device, i.e. the model of the power 
section of the converter, communicates with the actual 
control electronic module with a built-in control 
algorithm. In this way, it is possible to access the values of 
certain parameters and to carry out the test of the 
correctness of the module without the need for complex 
test equipment and the surrounding environment with a 
substantial acceleration of the process and lower cost, 
dash line at figure 1.  

With the connected model of power section of the 
inverter in real time and the actual control electronic 
module, all major type and functional tests of the control 
electronic are carried out. For this purpose, the PWM 
signals from the tested control module are supplied to the 
model switches. HiL simulation enables automated testing 
of control electronic module and its built-in control 
algorithm at an early stage of design.  Although the HiL 
simulation can’t completely replace the functional tests in 
the lab, it will certainly shorten the test time and enable 
earlier detection of errors in the design of the power and 
control circuit of the converter. This approach accelerates 
the design process of the converter and makes it more 

 

Figure 2 Simulation model in PLECS with built-in models of a 

semiconductor and other components 

 
Figure 3 IGBT and phase 1 current and voltage 
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efficient and economically more cost-effective than design 
based on off-line simulations alone. 

A. Hardware-in-the-loop simulation system RT Box 

The RT Box is a technical solution of Plexim GmbH in 
which the SiL simulation models realized in the PLECS 
simulation environment are with minimal changes 
transformed into real-time models. As shown in Figure 4 
[11], the device contains two processors; one for 
communication with the computer and the other for 
simulation of power section of the converter and 
communication with the control electronic module. The 
tested control electronic module is connected to the RT 
Box via digital and analog inputs and outputs that provide 

sending and receiving the measured signals required for 
feedback connection as well as PWM signals for the IGBT 
trigger stages of the converter. 

Sequences of control algorithm within the control 
electronic are performed in discrete time steps that are 
multiples of time steps defined by the clock of digital 
processors. The model of power section of the converter 
simulated in real time on the RT Box is discretized by a 
fixed step that can theoretically be 1 μs. For more 
complex models, the discretization step is approximately 6 
μs (as switching frequency of the PN35AC is 4000 Hz and 
HiL step size is 6 µs, only condition about HiL step size is 
that it is not bigger than step size of DSP on control 
electronic that is 20 µs). This step is consequently related 
also to the sampling time of analog and digital inputs and 
outputs, whereas the digital signals may have a higher 
resolution when accessed via PWM Capture, PWM 
Generator or ENCODER blocks. The sampling step of 
these blocks is 7.5 ns because they use the FPGA core to 
read from the digital pins.  The FPGA samples with this 
step and saves the digital signal values in memory until 
the processor reads them. 

IV. DESIGN AND TESTING EXAMPLE OF THE VOLTAGE 

SOURCE CONVERTER USING HIL SIMULATION SYSTEM   

Končar Electronics and Informatics, Inc has, for the 
purposes of modernization series of locomotives of the 
Slovenian railroad, designed the voltage source converter, 
type number CONTRACT PN35AC, for the fun drive 
asynchronous motor (35 kW). This drive provides the 
default airflow through the locomotive diesel engine 
coolant heat exchange. The converter, besides the control 
electronic, consists of standard sections; (i) the input diode 
rectifier, (ii) the DC link, and (iii) the output inverter. 

Converter is powered by three-phase AC voltage from the 
main diesel engine-generator set, Figure 5. During the 
design of the converter, the off-line computer simulations 
were carried out, using the software platform PLECS, 
which enabled selection of the converters power electronic 
components. In the course of a later stage of the converter 
designing, the algorithm of the converter control 

electronic was developed using the RT Box device, i.e. the 
HiL simulation system. As shown in Figure 6, by 
connecting the RT Box unit and the control electronic of 
the inverter (type number ICMC02), the testing of the 
correctness and implementation of functional and type 
tests, along with the adjustment of the control module 
algorithm were enabled. 

A. Simulation model of the converter in PLECS 

simulation environment 

Simulation model of the converter realized in the 
PLECS simulation environment is shown in Figure 7. 
After the off-line simulations, model has been uploaded to 
the RT Box, to ensure connection to the tested module of 
the control electronic. The corresponding digital inputs 
and outputs are used for connection to the module, as 
shown in Figure 7. 

PWM signals, which are brought from the control 
board to control the model switches, are connected to the 
digital inputs and are loaded through the PWM Capture 
blocks (FPGA) because of the higher resolution. However, 
the converter’s power section electrical behavior takes 
place with a larger step of the simulation. The minimum 
simulation step is 6 μs, and the minimum sampling time of 
the FPGA is 7.5 ns. Based on the known mean value of 
the digital signal between the two simulation steps, it can                                                                                                            
be concluded how long the digital signal at the input of the 
PWM Capture block was in logic state 1, and how long it 

PROCESSOR 1
(RESPONSIBLE FOR 
COMMUNICATION)

PROCESSOR 2
(RESPONSIBLE FOR REAL TIME 

MODEL SIMULATION)

PWM 
Generator

ENCODER

PWM 
Capture

DIGITAL OUTPUTDIGITAL INPUTANALOG OUTPUTANALOG INPUT

ETHERNET

RT 
BOX

  

Figure 4 Block scheme of RT Box 
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Figure 5 Block scheme of voltage source converter (PN35AC) 
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Figure 6 Principles of the HiL simulation system connection with 

the tested control electronic module 
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was in logic state 0. For example, if a selected simulation 
step is 6 μs and 0.66 is obtained as the output of the PWM 
Capture block, ergo digital signal was brought to the 
PWM Capture block input was 4 μs in logic state 1 and 2 
μs in logic state 0. In this way it can also be concluded 
whether the “dead time” is implemented in control 
algorithm and does it exist on output pins of control 
electronics (control electronics of converter has DSP that 
works with time step of 20 µs and FPGA that works with 
step time of 6.67 ns and generates PWM signal with “dead 
time” of 2 µs, defined inside control algorithm on DSP). 

Digital outputs are signaling the error signals that occur in 
the event of an IGBT error (the IGBT error signal 
equivalent generated by the driver and reported in the 
control electronic). The condition in which all digital 
outputs from the model are in logical state 1, is IGBT 
switches error free state. If any of the digital outputs sets 
the logic state 0, it processes the control algorithm 
protection and sets all PWM outputs to logic 0. In addition 
to the digital inputs and outputs of the RT Box, analog 
output Analog Out in which the DC link voltage of 
simulation model scaled to the value from 0 V to 10 V, is 
brought. The scaled voltage of the DC link is further 
passed through the adapter board to the analog input of the 
control module ICMC02 to close the voltage feedback.  

B. Adjustments of the RT Box in order to achieve full 

functionality of the hardware-in-the-loop simulation    

 
To ensure connection of the RT Box with the control 

module, it is necessary to adjust the voltage and current 
levels of digital and analog signals which are exchanging 

between the RT Box devices and the tested module. 
Adjustment of the current level of the analog signals is 
necessary because of the limits of the integrated blocks 
per which analog outputs of the TR Box are realized. 
Maximal current which can be achieved through analog 
outputs is about 100 times lower than current trough load 
resistors in analog inputs of ICMC02 control electronic. 
For adjusting the voltage and current levels of common 
digital signals as well as more comfortable approach to 
analog and digital outputs of the RT Box system, four 
adapter board are made, Figure 8. Special board for 
adjusting analog signal for performing feedback on the 
DC link voltage was made too. 

 
Figure 7 Simulation model of converter in PLECS simulation environment 

 

Figure 8  Connecting of RT Box and ICMC02 electronic modul 
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V. RESULTS OF THE SIMULATIONS AND 

MEASUREMENTS 

Figure 9 shows the waveforms of the voltage and 
current within the converter obtained by HiL simulation, 
while Table 1 shows the simulation parameters. 

Table 1  Parameters of the simulation model 

PARAMETER DESCRIPTION VALUE 

U_gen, f_gen 
line voltage and 

generator frequency 

620 V,  

60 Hz 

U_izl_ref, 

f_izl_ref 

reference value of 

output line voltage and 

frequency 

220 V,  

30 Hz 

C_dc_link 
capacitance of the DC 

link 
4290 µF 

p number of pole pairs 2 

R_st 
equvivalent stator 

resistance 
0.3015 Ω 

R_rot 
equivalent rotor 

resistance 
0.6833 Ω 

L_sigm 

equivalent stator and 

rotor leakage 

inductance 

2.3733 mH 

L_magn 
equivalent magneising 

inductance 
105.254 mH 

J_rotor 
equivalent rotor 

moment of inertia 

0.1894 

kgm2 

J_ventilator 
equivalent fan moment 

of inertia 
0.332 kgm2 

 

An engine-fan group used on locomotives was used to 
test the converter prototype, Figure 10. Figure 11 shows 
measured voltage and current waveforms within the 
converter during laboratory testing using the actual engine 
and fan.  

Comparing measured waveforms of the input phase 
current, DC link voltage and input DC link current with 

waveforms conducted by HiL simulation on the prototype 
of the converter, qualitative similarities of the signals is 
shown.  

Deviation between measured and by simulation 
obtained current and voltage peak values are result of 
different parasite elements/influence (parasitic 
capacitance, measure part fault and discretization, contact 
and self resistance of cable and power components, 
parasite inductance of cables and capacitors). 

VI. COMPARISON OF TRADITIONAL METHOD OF DESIGN 

AND METHOD THAT IS USING HARDWARE-IN-THE-LOOP 

SIMULATION SYSTEM 

The previous example shows that the HIL simulation 
can describe with sufficient accuracy the physical 
phenomena within the converter, which enables designers 
to complete a large part of the control electronic and 
control algorithm tests in advance, before the tests on a 
real converter are conducted. In the control algorithm test 
phase, it is necessary to remove the limitations and errors 
that arise from the fixed step of the algorithm execution 
(error of discrete control structure, delay and exact 

Output current IL1

Output current IL2

Output current IL3 

DC LINK Voltage  UDC

Input current IUL

Time(s)

 
Figure 9  Waveforms obtained by HiL simulation 

 

Figure 10  Fan type 7AZAE 180LA-4T, Končar MES, used for 

testing of converter PN35AC  

 

 
Figure 11  Waveforms obtained by recording during the 

prototype test of the converter 
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moment of AD conversion, etc.). These limitations and 
errors can’t be predicted by performing a SiL simulation 
that uses a variable integration step. The HiL simulation 
system takes into consideration the whole chain from the 
transducer, the conclusion, the filter to the AD conversion. 
The software thus tested and configured already takes into 
consideration the signal propagation through the metering 
channel, or the phase shift, by which is entered into the 
control system.  

From all of the above, possible savings can clearly be 
observed in the testing of the converter unit using the HiL 
simulation system compared to the classical test methods. 
In addition to the shorter testing time in the lab, it is 
possible to shorten the overall development cycle of the 
converter by elaborating the control software and the HiL 
simulation for the duration of component delivery or 
assembly of the device itself. Furthermore, the possibility 
of earlier detection of errors in the design of the device is 
perhaps the biggest potential of material, time and money 
saving compared to eliminating them during laboratory or 
field testing. Resource savings on a small and simple 
device such as the PN35AC (35 kW) may not be so 
significant, but potential savings in design and testing of 
complex converters with the application in electrical 
traction (main drive converter, auxiliary power supply, 
battery charger) are several orders larger in size. Testing 
such large and complex devices in the laboratory requires 
extensive preparation and use of expensive equipment, 
while field testing means engaging and securing track 
segments and carrying out test runs on trains (demanding 
logistic, additional time and cost). 

VII. CONCLUSION 

It is well known that the HiL simulation can reduce the 
duration and cost of the development of power electronics 
devices. In addition to the shorter testing time in the lab, it 
is possible to shorten the overall development cycle of the 
converter by elaborating the control software and the HiL 
simulation for the duration of component delivery or 
assembly of the device itself.  

Although the HiL simulation was not realized in full 
scope, with all the analogue signals transmitted to the 
control electronics from the RT Box, it is shown on a 
single channel that this connection is possible and that it is 
a faithful representation of the signal normally supplied 
from the measuring device that is responsible for 

measuring the voltage of the DC link. Requirements for 
the adaptive electronic board that will enable the full 
range of HiL simulations have been made and it will be 
possible to automate the testing of control electronic 
modules with a built-in control algorithm. 
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