INTERNATIONAL JOURNAL OF CONTROL, ENERGY AND ELECTRICAL ENGINEERING (CEEE) COPYRIGHT IPCO-2014 1

Vol .1, pp.37-42

On two control strategies for multicellular
converters

Salwa BEN SAID, Kamel BEN SAAD , and Mohamed BENREJEB,
Université EL MANAR, Ecole Nationale d’Ingénieurs de Tunis
BP 37, le Belvédere, Tunis 1002, TUNISIA,
e-mail: bensaid.salwa@yahoo.fr, kamel.bensaad @ enit.rnu.tn, mohamed.benrejeb @ enit.rnu.tn

Abstract—In this paper, two control strategies are proposed for
multicellular converters. The first one is a proportional integral
control which is applied after a feedback linearization of the
studied converter model. The second one is a sliding mode control
characterized by its efficiency for nonlinear systems. The sliding
control is based on sliding commutation surfaces defined by
Lyapunov functions. Some simulations are carried out to prove
the efficiency and the robustness of the two proposed controls
for the case of a three cells converter.

Index Terms—multicellular converter, feedback linearization,
P, sliding mode, robustness.

I. INTRODUCTION

OWER electronics knew important technological

developments thanks to the improvements of
semiconductors, power components and systems of energy
conversion. Among these systems, multicellular converters,
which are built upon a series-association of elementary
commutation cells, are more and more used in industrial
applications. Indeed, they are characterized by their modularity
and high efficiency. However, the major drawback of this
kind of converter is their control complexity.
Modeling is a very important step for control law design
and synthesis. In the literature, several approaches have been
considered to develop models for multicellular converter.
Initially, models have been developed to describe their
instantaneous, harmonic or averaging behaviors [6][5][1].
The converter model must be adequately simple to allow the
control synthesis and enough precise to achieve the desired
behavior. Because it is based on continuous and discrete
variables, multicellular converter modeling is claimed to be
difficult [7] [8]. According to previous studies, three kinds of
models are developed.
The average model consists into calculating average values
of all variables during one sampling period. Nevertheless,
this model cannot represent the capacitors terminal voltage
natural balancing. The harmonic model consists into the
calculation of the voltage harmonic phases and amplitudes
by considering the charging current in steady-state operation.
The instantaneous model deals with time-evolution of all
variables including the switch states (discrete location). This
model makes controllers design difficult because the converter
is not a continuous system but a mixture of continuous and
discrete systems [2][3].
The natural control technique of a multicellular converter

is performed in open loop which is simple to apply. But
to insure the robustness of the considered converter, it is
necessary to use a closed loop control that takes into account
the evolution of the capacitor voltages [2].

The aim of this paper is to propose two control strategies
for multicellular converters. The first control law, which is a
Proportional Integral (PI) control, is based on the feedback
linearization of the nonlinear studied converter model. The
second control law is a sliding mode control which deals
directly with the nonlinear multicellular model.

This paper is organized as follows: Section 2 presents
the studied multicellular converter model. In section 3,
the proposed PI control is presented and tested. Section 4
describes the proposed sliding mode controller.

II. STUDIED MULTICELLULAR GENERAL MODEL
DESCRIPTION

The general structure of the studied multicellular converter
is presented in figure 1. It is composed of p-cells. Each cell
contains two complementary power electronic components
controlled by a binary switch. That means that if the upper
switch of the k" cell is closed u; = 1 and the lower switch
is open.

[ VCp—— Crm \cd ::Cz \c, p— C1

=
N
=

Fig. 1. Studied p-cells converter.

The multicellular converter cells are associated in series
with a RL load and the cells are separated by capacitors that
can be considered as continuous voltage sources [1][10]. Thus,
the converter has p — 1 floating voltage sources.
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In order to ensure normal operations, it is necessary to
guarantee a balanced distribution of the floating voltages
Ve, = k;%. The output voltage V; can attend p voltage levels

1{’;“, s (p= 1) £, E)10)
he general state space representation of the p-cells converter
is given by the system (1):

dV .
dfl = C% (w2 — u1) dcn
A% .

i 3;; - *ﬁ(uzﬂ*up—l)lchv (1)
Tch _ (’LLQ _ Ul) Ch _ (Ug _ ’LLQ) Co _
dt L L

Ve, R. E
= (up — up—1) I - _Elch+upf

For this model the load current 7.5, and the floating voltages
Ve, are used as space variables such that [7]:

X = AX 4+ B(X)u )

where X = [Vo,, Ve, .., Ve, ,icn]” is the continuous state
vector and u = [ug, up]T the applied control input. With
u; the control duty cycle of the i*" switch
The state matrix A is defined as follows :

0 0 0
A= 3)
: -0
0 0o =&

and the control matrix B is given by the following expres-
sion :

_ZCJ ich
C1 Ci .0 0
__2ch lch
0 o o 0
B = . 0 . . .
ich ich
0 0 o b
Ve, Ve, —Vey Ve, 1 —Ve,_, E-Vo,
L L L L J
4)

III. PI CONTROL OF A MULTICELLULAR CONVERTER

The main objective of the proposed PI control law is to
regulate the output current and all voltages across the flying
capacitors.

As the studied multicellular converter is nonlinear, we
propose in the following the application of the feedback
linearization technique.

A. Multicell converter feedback linearization

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

u=—FX+ Le (®)]
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Fig. 2. Multicellular converter feedback linearization

Figure 2 describes the feedback linearization principal of

the studied system with the definition of
e.

Thus, the state space representation is
following equation:

X =(A—BF)X + BLe

Let A4 and By be the desired state spa
defined as follows:

Ay = (A— BF)

B, = BL

the new input vector

transformed into the

(6)

ce and control matrix

Let us assume that A; and By has the following forms:

-\ 0

0 —Ag
Ag = : )
0 0
and
1 0
0 1
By =
0 O

F' and L matrix are obtained by:
F=B"1(A- Ay
L=B"'By

To apply the described approach, the

inversible. Thus, we demonstrated that:

-n—1

det B (X) Leh

T 0C,.. Co L

™
®)
0
0
: ©)
A
0
0
: (10)
1
(1)
(12)

matrix B must be

= (13)

For the proposed feedback linearization, we consider the
case of a 3 cells converter connected to an RL load, figure 3.

This converter can be modeled by the
tation defined by equation 2,

00 O
where A = 00 O
00 -£%

state space represen-
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Fig. 3. Studied three-cell converter.

_ich ich
Ci C1 0
_ _lch Geh
and B = 0 < &,
Ve, Vep—Vey E—Ve
L L L

We fixed the desired matrix Ay and By as :

—A1 0 0
Ag = 0 —Ag 0
0 0 —A3
1 0 O
By = 01 0
0 0 1
Thus, we can deduce the expression of F' and L :
_CIAI(E-VC]) -Cox (B - Ve,) L N—E
EiL EiL E
F= CiA1Ve, -GN (E- Vo)) L( 2%
EiL EiL E
CiAV, CoA2Ve, L -2
Fir Eig E
—CI(E-VCI) -CZ(E-VCZ) L
Eir Eir E
L = CiVe, 'CZ(E-VCZ) L
Ei Ei E
Cl\chl] CZ%Z L
Eig, Eip, E
_ Eig _ Eig __ R
Let us denote A\ = o Ay = o and A\3 = 7

So, we can write the expression of F' as:

Ve,-E Vo, —FE 0
F= Ve, Ve, = E 0
‘/61 ‘/::‘2 0

B. Integral Proportional Regulation

(14)

(15)

(16)

a7

(18)

The feedback linearization leads to a linear system. We
propose in the following to apply a PI regulator as shown

in Figure 4.

The parameters of the studied converter are given in table

L

Figures 5 and 6 show respectively the floating voltages and

the load current i.;, evolutions.

The imposed test cycle is as follows:
o t =0ms, Iy = 1004 ;
o t =10ms, I,y = 804 ;
o t =30ms, ey = 1204 ;

39
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Fig. 4. Schema bloc of regulation loop with PI regulator.

TABLE I
STUDIED MULTICELL CONVERTER PARAMETERS

Components || Rating values
E 1500V
L 1mH
C1,C2 A0uF
R 1092
1600 Pl E ’
100 - e g
_ 1200 | / g
2 w000
% Vet
£ a0 _— |
400 g
200 g
0
0 o0z 004 oos 08 o
Fig. 5. Floating voltage Vi, ,Vc, and E evolutions
140
120
100 1
80 1
60 q
40 4
20 q
° ‘
o 0.02 0.04 0.06 0.08 0.1

Fig. 6. Load current i.j evolution

From the simulation results it is clear that the capacitor

voltages and the output current reach the desired reference
values without static errors.
To test the robustness of the proposed control we consider
the variation of the input voltage and the load resistance,
for the case of an input variation according to the following
sequences:

o t =0ms, £ =1500V;
e t =10ms, £ = 1300V
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e t=30ms, E =1800V;
The obtained simulation results are given in figures 7 and
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Fig. 10. Load current 4.5, evolution for variation of load
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Moreover, it rejects external perturbations and some
Fig. 7. Floating voltage Vi, . Vo, and E evolutions controlled system parameters variations. .
Thus, we can confirm that the proposed control is robust for
the considered load variation.

IV. PROPOSED SLIDING MODE CONTROL FOR MULTICELL
CONVERTER

sof 8 Sliding mode control is suitable control solution for
switching converter. We propose in this section a sliding
mode controller for the studied multicellular converter.

40 ] Sliding mode control is a nonlinear control technique based on
variable structure theory. It is very simple to complement and
gives the controlled system robustness and good dynamical
o ‘ ‘ ‘ ‘ response.

° o0 7% timers O °° o8 o For the proposed sliding mode control, we define the sliding

surface defined as follows:

60 T

Load current [A]

Fig. 8. Load current %.p evolution

S1
The robustness test of the proposed control law was S = : (19)
considered for the case of the load resistance variation. S
At t = 20ms the load resistance became twice its initial P
value.The obtained simulation results are given by figures 9 The component S; are defined as follows:
and 10.
Sy = (‘/;'Efl - VCl)IT‘Ef
1800 T T T T 52 = (Vtrefz - VCQ)ITEf
1600 [ / ) (20)
_1zo0 | vea B Spfl = (V;"efp—l - VCpfl)ITef
E’moo S L Sp = (Iref - Z‘ch)-E
£ Y, ver where Vg, is the flotting voltage of the k' capacitor and
Vier, the reference voltage defined by the following equation
| 21:
o o.01 0.02 Time tor 0.03 0.04 0.05 E
Viep, = k— 21)
Fig. 9. Floating voltage V¢, , V¢, and E evolutions p

with k =1...(p — 1).
From these simulation results, we can deduce that the 4., is the load current and I,.y the desired reference of load
proposed control law is suitable for the studied converter. current.
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The control signals are defined as follows:

1
ui = 5 (1+ sign(S.)

with k = 1...p.

(22)

This control aims to allow the convergence of the voltages

V., and the current i.p, to their reference values.

In order to illustrate the performance of the proposed
control, we considered the case of a three-cell converter

connected to an RL load presented in section 3.

The parameters of the studied converter are given in table I.

Figures 11 and 12 show respectively the floating voltages

Ve, » Ve, and the load current ., evolutions.

The floating voltages are set around their references.
The imposed test cycle is as follows:

o t =0ms, Iyef = 1004 ;
o t=10ms, I,y = 804 ;
o t =30ms, I,y = 1204 ;
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Fig. 11. Floating voltage Vo, and V(, evolutions obtained by application
of the sliding mode control

We can notice that, the load current reaches the desired
references.

To test the robustness of the proposed control, we consider
the variation of the input voltage and the load resistance.
For the case of the input voltage variations, we applied, the
following test sequence:

e t=0ms, £ =1500V;
o t =10ms, £ = 1300V
e t =30ms, £ =1800V;
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Fig. 12. Load current .5 evolution obtained by application of the sliding
mode control

The obtained simulation results are given in figures 13 and
14.

We can notice that the control keeps the load current
constant at the desired I,.; value and the floating voltages
change with the variation of the input voltage.
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Fig. 13. Floating voltages Vo, and V¢, evolutions under variation of current
reference

Figure 15 and 16 presents the voltages V,,Vc, and the
load current for a load resistance change from 10€2 to 15(2 at
t =0.2s.

According to the obtained results, it can be noticed that
the performances of the proposed control for load variation
are satisfactory.
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Fig. 14. Load current .5 under variation of current reference
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Fig. 15. Floating voltages Vo, and V¢, for a load resistance change
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V. CONCLUSION

In this paper, two closed loop control strategies are
proposed for a multicellular converter. This kind of converter
is more and more used for several industrial applications
thanks to its simple architecture.

The first proposed control is based on a PI regulator.
The design of this control was performed after a feedback
linearization of the studied multicellular converter. The
simulation results of the proposed PI control show the
efficiency and the robustness of this control law.

The second proposed control is based on a sliding mode
control which is adequate for switching converters.
The design of the proposed sliding mode control is based
directly on the nonlinear studied converter model. The
simulation results prove the efficiency and the robustness of
the designed sliding mode control. As a comparison between
the two proposed controls, we can notice that the transient
response duration obtained by application of the SMC is less
than the one obtained by PI control.
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