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Abstract— This paper presents Hardware In the Loop (HIL)
simulation approach for a multicellular converter control
validation.

As multicellular converters are used generally for high power

application, some safety measures must be taken before the
experimental tests. Thus, HIL simulation can be a solution.
HIL simulations reduce development cycle, increase efficiency,
improves reliability and safety of power electronics systems and
converter tests. A closed loop control is presented in this paper
for the studied converter. It aims to give it more robustness
against some parameters variations. The proposed control
approach is validated with success by HIL simulation approach.

Index Terms—Multicellular converter, Control law validation,
Hardware In the Loop (HIL), IP control, robustness.

L INTRODUCTION

A multicellular converter is a system of energy conversion,
based on a series-association of elementary commutation cells.
It allows the distribution of the voltage constraints among
series-connected switches. Multicellular converters are
characterized by their modularity and high efficiency.

Thus, they are more and more used in industrial application,
especially for high power applications. However, the major
drawback of this kind of converter is their control complexity.
To improve the performances of multicellular converters there
are two solutions. The first one consists into improving the
structure and the technology of the semiconductor power
components. The second is based on control solutions.
Nowadays, electronic control circuits are so efficient that they
allow the implementation of sophisticated control laws. Thus,
to insure the robustness of the switching converters, closed
loop control solutions are more and more used.

Generally, after the simulation tests a control law is
validated experimentally. This approach presents some
dangers. Indeed, test fails can be costly and dangerous. Thus,
the design and the validation of control laws for power
electronics converters must follow a methodology allowing the
rapid design prototyping and safe tests.
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Hardware-in-the-loop (HIL) is a simulation technique used
in the development and the test of complex real-time embedded
systems [1]. HIL simulation provides an effective platform by
incorporating the controlled plant to the test platform.

The controlled system is integrated in test and development by
adding a mathematical model representing all related
controlled system dynamics [3].

HIL Simulation is more and more applied for Power
Electronics systems. Such approach reduces the development
cycle, increases efficiency, improve reliability and safety.
Moreover, it prevents costly and dangerous failures [4].

This paper is organized as follows. In section 2 some HIL
principles are presented. After the presentation of the model
and the structure of the studied multicellular converter in
section 3, an open loop control and a closed loop control are
presented in section 4. The proposed HIL simulation approach
results described in the section 5.

II. HIL SIMULATION PRINCIPLES

Figure 1 presents the development cycle, called the V

diagram, design which includes the following five steps [2]:

=  Modeling and design

=  Model In the Loop (MIL)

=  Software In the Loop (SIL)

= Hardware In the Loop (HIL)

=  Experimental tests
The left part and the right part of the V diagram represent
respectively the design and the test steps.
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Figure 1. V diagram
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MIL consists into simulating the control law and the plant
in the same simulation environment. Such simulation approach

allows the development of the control algorithm, figure 2.
Simulation environment
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_’@f*’ control (

Figure 2. Model In the Loop

After the MIL simulation, the control law is translated
into compiled programming language. This simulation step,
called SIL, allows the controller program tests, figure 3.
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+
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Figure 3. Software In the Loop

HIL simulation requires the real control component
(controller) and a real time platform for the simulation of the
controlled plant, figure 4. It is the last step before the
experimental tests.

Real time Real time plant

— controller—»  simulatio T

Figure 4. Hardware In the Loop

HIL simulation presents some benefits. Indeed, it:
prevents costly and dangerous failures. Moreover, allows the
design and the tests of the control law without the presence of
the real plant.

III. STUDIED MULTICELLULAR CONVERTER
MODEL AND OPEN LOOP CONTROL

A. Multicellular converter Structure

The general structure of the studied multicellular converter
is presented in figure 5. It is composed of p-cells. Each cell
contains two complementary power electronics components
controlled by a binary switch.

Figure 5. General structure of the multicellular converter

In the multi cellular converter, the cells are associated in
series with a RL load and the cells separated by capacitors that
can be considered as continuous voltage sources [3][2]. Thus,
the converter has p—1 floating voltage sources. In order to

ensure normal operations, it is necessary to guarantee a
balanced distribution of the floating voltages for the k™™
capacitor.

v =1 E (1)
Where k=1, ..., p-1

The output voltage V, can attend p voltage levels

£ (p-1E.En01
p p

The general state space representation of the p-cells converter
is given by the system 2:

av, 1
dzl :a(uz ul)lch
av, (2)
o ( —u 1)i y
dt Cp_l P p-1)%h
dlC 2 vt: R .
dth - _kz:l(ukﬂ — Uy )Tk_ L ey

Where u,,; =0 and ch =E

For this model the load current ' and the floating voltage Vi,

are used as space variable such that:

X =AX +B(X)U 3)
X = [vﬁ V. V. i, T is the continuous state vector and
T . .
u= [ul eu p} the applied control input.

The state matrix A is defined as follows:

0 - 0
A= '

0o .. K

L

“)

and the control matrix B(X) is given by the following
expression :
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For the case of an open loop control, figure 6, each multi
cellular converter switch is controlled by a Pulse Width
Modeled (PWM) signal. The control signals have a some

constant frequency shifted byk .
P

|J'u'|.j_|1 |m |_ru'|_

T “T} Tﬂ‘m?

Figure 6. Multicellular converter controlled in open loop

B. Proposed closed loop control

The main objective of the proposed control law is to
regulate the output current and all voltages across the flyting
capacitors at the desired values.

Before the application of the proposed control law, we
propose to apply a feedback linearization technique to facilitate
the control law synthesis [5].

In order to linearize the mathematical system (2) we define
the control input u as follows:

u=—FX +Le (6)

Thus, the state space representation is transformed into the
following equation:

X =(A-BF)X +BLe @)
X =A,X +Bje (8)

Let us consider Ad and Bd respectively as the desired state
space and control matrix defined as follows:

A, =(A-BF) )
and

B, = BL (10)

Let us assume that Ad and Bd has the following linear forms:

g _
— 0 0
G
0o £
A= G (11)
0 0 0
0 0 —5
L |
— £ () ()
G
E
0 =
B, - c (12)
0 0 0
o .. o R
L L |
The matrix F and L matrix are defined as follows:
F=B"'(A-4,) (13)
L=B"'B, (14)

To apply the feedback linearization described approach, the
matrix B must be inversible. Indeed, we demonstrated in the
paper that:

i -1

det B(X) =#

15
cC,...C, (1>

h|h1

As the controlled system is linear it is easy to deduce the IP
control parameters. The bloc diagram of the proposed control
is shown in figure 7.

H«T% - M HT»

Figure 7. Proposed IP control

IV. SIMULATION RESULTS

For the validation of the proposed feedback linearization, we
consider 3-cells converter connected to an RL load, figure 8.

I
|T T T

I 173 T

Figure 8. Studied three-cell converter.

The parameters of the studied converter are given in Tablel.
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TABLE 1. STUDIED MULTI CELLULAR CONVERTER PARAMETERS

Components Rating values
E 1500V
L ImH
Ci, G 40uF
R 10Q

Figure 9 gives the simulation results for the 3 cells converter
controlled in open loop. Figure9.a shows the evolutions of the
floating voltages Vi, , V,, and E and the figure 9.b presents the

load current evolution.
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Figure 9. Simulation results for current and voltages in open loop

Figure 10 presents the simulation results obtained by
application of the IP control. Thus, figure 10.a and 10.b present
respectively the floatting voltages and the load current
evolution. Figure 10.a presents the load current and the floating
voltage for a desired current /,,=100A. The application of the
closed loop control law allows the reduction of the current
ripple and voltage.
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Figure 10. Simulation results for current and voltages with IP regulator

To test the robustness of the proposed IP control, we consider
the variation of the input voltage and the load resistor.

For the case of an input variation according to the following
sequences:

= =0Oms start input voltage with E=1500 V;

= t=10ms E=1300V ;

= t=30ms E=1800V ;

The obtained simulation results are given in figures 11.a and
11.b.
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Figure 11. Simulation results for current and voltages with IP regulator of an
input variation

For the case of load variation occurring at t=20ms, when the
resistor load became the twice of its value. The simulation
results are given in figures 12a and12.b.
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Figure 12. Simulation results for current and voltages with IP
regulator for load variation

Thus, the proposed control low is suitable for the studied
converter.

Moreover, it rejects external perturbations and

controlled system parameter variations.

some

From this test we can confirm that the proposed control is
robust for the considered load variation.

V. PROPOSED HIL SIMULATION PROCEDURE

The proposed IP control was tested by application of HIL
simulation. The simulation platform is organized as shown in
the figure 13. The control law was programmed using Labview
graphical programming language. It was implemented in a
compact RIO (cRIO) which is an industrial controller
incorporating a FPGA and a real time processor.

The plant, which is in our application a multicellular
converter, was modeled by using simulink software. The
simulated model was compiled to generate a dll for National
Instrument Veristand software which allows real time tests. So
as a first approach, the model can be simulated in the
computer. So data acquisition cards are needed o link the real
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time controller (cRIO) and the computer. The control signal
generated from the controller is a analog voltage which is
transformed by the simulation model into 3 PWM control
signal for the converter switch. It is, also, possible also to
generate PWM control signal to be applied directly to the
simulated converter.

2 NI VeriStand

.dll file

Simulink model

NI USB 6009
Figure 13. HIL simulation platform

The simulated signals are presented in figure 14. With
veristand software it is possible to visualize all the simulated
inputs and outputs and also the data acquisition cards inputs
outputs. So, Figure 14 and 15 are respectively two zooms of
the PWM control signal for switch U; and the output voltage.
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Figure 14. HIL simulated generated PWM control signal
by application of the IP control
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Figure 15. Simulated HIL output voltage
by application of the IP control
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In this paper, a closed loop control law based on a IP
regulator have been designed for a multi cellular converter. In
order to validate the proposed control law after simulation
tests, we proposed HIL simulation. Indeed, it is risky to
perform tests directly because multi cellular converter is used
for very high power applications. For the proposed HIL
simulation approach we wused a real time controller
incorporating FPGA and a processor and some HIL dedicated
software. Thus, the proposed control law was validated and
tested with success by application of the proposed HIL
simulation approach.

CONCLUSION
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