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Multicell Converters Hybrid Sliding Mode Control

0. Benzineb'?, F. Taibi®, M.E.H. Benbouzid*, M.S. Boucherit® and M. Tadjine®

Abstract-This paper deals with hybrid sliding mode control of multicell power converter. It takes
into account the hybrid aspect of the conversion structure which includes the converter continuous
and discrete states. The basic idea used in this paper is to consider the interconnected systems that
represent the hybrid model and to generate commutation surfaces based on a Lyapunov function
that satisfies asymptotic stability. Simulations are carried-out on a two-cells converter to assess
the performances and the robustness of the synthesized controller. Copyright © 2011 Praise

Worthy Prize S.r.l. - All rights reserved.
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Nomenclature

m

DC source;

Output voltage;

Floating voltage;

Load Current;

Binary switch;

Continuous states variables vector;
Discrete control sequences vector;
transition conditions;

Average states variables vector;
Switching duty cycles vector;
Capacitor;

Load resistance;

Load inductance;

Converter number of cells.
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l. Introduction

Hybrid systems constitute a multi-disciplinary area
which arises during the last decade and extends between
the limits of computer science, applied control engineering
and mathematics. A hybrid system is a mathematical
model able to represent some complex physical systems
with hierarchic structure and made up of discrete and
continuous subsystems which communicate and interact
with each other. Switching circuits in power electronics
are a particularly good candidate for hybrid analysis
because they are inherently hybrid in structure. Under this
hybrid model the system has discrete inputs, continuous
outputs, and disturbances that are either continuous, as in a
changing load or source, or discrete, as in a fault condition
for a particular switch.

Among these switching circuits, multicell converters
are based on a series-association of elementary
commutation cells. This structure, which appeared at the
beginning of the 90’s, allows voltage constraints sharing
by the commutation cells series-connected. By the way,
the waveform harmonic content is greatly improved [1-
6].

Besides, modeling is a very important step for control
laws and observers synthesis. As modeling accuracy
depends on the required goals, one can find several
model kinds for the same process and the choice among
those will depend on its use and on the control objective.
For the control or the observer synthesis, the selected
model must be sufficiently simple to allow real time
control (or observation) but enough precise to achieve
the desired behavior. Multicell converter modeling is
generally difficult. Indeed, Indeed, it carries continuous
variables (currents and voltages) and discrete variables
(switches, or discrete location) [7-8]. In the available
literature, three types of models could be found: 1) The
average model based on calculating average value of all
variables over one sampling period. However, this model
cannot represent the capacitors terminal voltage natural
balancing; 2) The harmonic model. It is based on the
calculation of the wvoltage harmonic phases and
amplitudes by considering the charging current in steady-
state operation; 3) The exact or instantaneous model
which takes into account time-evolution of all variables
including the switch states (discrete location). This
model is difficult to use as controllers and observers
design is impossible since the converter is not a
continuous system but the combination of continuous and
discrete systems [2-3].

Hybrid modeling will allow multicell converters using
analysis and synthesis powerful tools for a better
exploitation of controller possibilities [9]. This paper
proposes the hybrid modeling of a two-cell converter
which will be afterwards controlled using sliding modes.
In this case, a stability study of the closed-loop system is
carried-out.

I1. Multicell Converters Briefly

Multicell converter consists of cells, where each one
contains two complementary power electronics
components and it can be controlled by a binary switch
u (Fig. 1).



Fig.1. p-cells converter.

This signal is equal to 1 when the cell upper switch is
conducting and equal to 0 when the lower
complementary switch is conducting. These cells are
associated in series with an RL load and separated by
capacitors that can be considered as continuous sources
[1], [10].

The converter has p — 1 floating voltage sources. In
order to ensure normal operations, it is necessary to
guaranty a balanced distribution of the floating voltages
(vexk = KE/p). The output voltage Vs possesses p voltage
levels (0, E/p, ..., (p — 1)E/p, E) [10].

The system model can be obtained using electrical
laws represented by p differential equations giving its
state space representation with the floating voltages vcy
and the load current i as state variables.
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The above system can re-written as

ZConverter (X =Ax+B(x)u (2)
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In order to use a continuous control theory, one should
develop an average model in which all the signals are
continuous. To obtain multicell converters average
model, the instantaneous model control orders are
replaced by their average values along one sampling
period Tg.

1 .7
o; = —J- ‘U dt
Ty 0

This is only valid if time constants are much greater than
the sampling period.

The general form of the p-cells converter average
model can be written as [11].
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I11. Multicell Converter Hybrid Modes

I11.1 Hybrid Systems Briefly

A hybrid system can be described by the interaction
between a continuous dynamical system, whose behavior
is described by continuous nonlinear differential
equations, and by automata with discrete event dynamics
behavior [12-13]. The hybrid model is completely
described by the following system [9], [12].



H={Q, X, Init, f, X, E, G}

where — Q = {01, U2, U3, . . -} is the set of the discrete
states (discrete locations);
— X =R"are the continuous states;
— Init < QxX is a set of possible initial
conditions;
— fi() 1 @xX — R" is the vector field associated
with each discrete state;
— X() : Q — P(X) associates an invariant field
for the discrete state q;
— E < QxQ is the set of possible transitions in
the automata;
— G : E — 2%is the constraint in the continuous
field for validating a transition e ¢ E ;
— R : G(e) — P(X) is the continuous variables
reinitialization relation at the time of a discrete
transition.

111.2 Application to a Two-Cells Converter

This study is carried-out for a two-cells converter but
could be easily generalized to a high number of cells
[14]. The corresponding instantaneous model is then
given by

dv 1
TRy

. (4)
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The considered converter is presented in Fig. 2. The
continuous states vector is x = [X; xz]T, where x; represents
the floating voltage vc and x, represent the load current i.
Depending on the values of the discrete signals u; and uy,
four configurations are possible. Indeed, four operating
modes can be distinguish and given by Q ={q1, 0, 03, 94}
Each mode is defined in the space of X; = R, Vg, € Q .

Here the continuous dynamics can be given for each mode
in the following form

%= f,(x)=A(a)x+B(q)
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Fig. 2. Two-cells converter.

— Mode g =q; (u; =1, u, = 0) (Fig. 3): The continuous
variables dynamic equations are given by

X ®)

— Mode g =0q, (u; =1, u, = 1) (Fig. 4): The continuous
variables dynamic equations are given by
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— Mode g =gz (u; =0, u, = 1) (Fig. 5): The continuous
variables dynamic equations are given by
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Fig. 5. Configuration c.



— Mode g =q4 (u; =0, u, = 0) (Fig. 6): The continuous
variables dynamic equations are given by
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It is possible to switch (switching transition) from a
mode to another one. In practice, there are however some
constraints that reduce the number of admissible
transitions. In order to minimize energy losses it is
common to impose that at each possible switching
transition, only a unique modification in the switches uy
is admitted [15]. With this constraint, two switching
transitions are found. The switching transition
conditions, from the g; operating mode to the g; operating
mode are defined by (Fig. 7)

E={(q,q;),vi=j fori j=1,.4]} 9)

In order to control the converter states variables, the
transition conditions T; must be developed to allow
reference tracking. For that purpose, sliding modes are
therefore used for control law synthesis.

IVV. Hybrid Sliding Modes Control Law
Synthesis

Sliding modes are obviously adopted as the two-cells
converter has at least one discrete control variable.
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Fig. 6. Configuration d.

Fig. 7. Two-cells converter hybrid automata.

Indeed, the converter switches are binary controlled (0 or
1) [16-17].

Let vr and i be the desired references of the output
voltage and the load current, respectively. Let us define
the tracking error

AX = [Vc Vg 1= e ] (10)

Where v, = E/2 satisfies the natural balancing.
Consider the following control sequences in closed-
loop for the two-cells converter

u; = %[1— sign(S;)] =12 (11)

where the sliding mode surfaces are given by

Sl = et Ve — Wigt

(12)

[SZ = iref (E —Ve )7 ivref

Then, the tracking error Ax is asymptotically stable.
Let us first show that the control objective is satisfied
on the sliding surfaces S. If

JSFO

|s,=0

. E
and using v, = —,
2

VC = Vref

then we get,

et Ve = Wier = 0
i =

[Iref(E_VC)_inef =0 [i:iref

This is the proof that the surfaces S; and S, are
attractive and invariant.

The proposed hybrid sliding mode control automata is
illustrated by Fig. 12. The control aim is to make the
switching surfaces converging to the origin, which
therefore allow the state variables reaching their
references.

[S150]

[S250]

[52<0]

Fig. 8. Controller state flow.



V. Simulation Results

For the validation of the proposed hybrid sliding mode
controller, simulations have been carried-out on a two-
cells converter whose parameters are given in the
Appendix (x, = [0 0]").

V.1 Simulation Results

Figures 9 and 10 show the floating voltage V¢ and the
load current I, respectively. With null initial conditions, V¢
increases and stabilizes around its reference (E/2). It is
obvious that the current dynamics is greater than the
voltage one. This has led to strong ripples in the steady-
state load current. This remark is also extended for the
commutation surfaces S; and S, depicted in Fig. 11 and 12.

The main conclusion to be drawn is the proof of the
proposed hybrid sliding mode control as are no steady-
state errors in the states variables

Figure 13 illustrates the transitions evolution and
shows that there are two stages. The first is the transient
mode where the transition commutates between the gz
and g, modes. The second stage is the permanent mode
where the transitions jump-up between all modes.
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Figure 10 shows that the transient current could reach
a value close to twice its reference. This is a problem for
a number of loads and should be carefully handled.
Therefore, Fig. 14 illustrated the proposed modified
automata.
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Fig. 14. Modified controller state flow.

In the above figure, it ca be seen that the q, mode is
used to decrease the transient load current the reference
one plus 10%. Figures 15 and 16 illustrate the use on the
new automata.

V.2 Robustness Assessment

When modeling multicell converters, it is assumed
that their parameters are well-known.
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Fig. 16. Load current.

Unfortunately, in real world, these parameters undergo
changes over time mainly because of heating and aging.
For this reason, it is necessary carry-out robustness tests
against parameter variations.

V.2.1 Robustness versus power supply variation

Robustness test wversus the power supply value
changes are illustrated by Figs. 17 and 18. Indeed, at t =
0.005 s, E is slightly changed. According to these results,
it is obvious that the control objective is fulfilled. Even,
if the floating voltage has very slightly moved-up from
its reference (zoom of Fig. 17).

V.2.2 Robustness versus load resistance variations

Robustness test wversus the load resistance are
illustrated by Figs. 19 and 20. Indeed, at t = 0.005 s, the
load resistance is changed (less than 30%). These figures
show that the state variables exhibit a transient but the
promptly converge to their respective reference.

The above two tests confirm the robustness of the
proposed hybrid sliding mode control strategy for the
two-cells converter.
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This is an extra justification of the sliding modes. Indeed,
featuring robustness and high accuracy, they cope with
system uncertainty keeping a properly chosen constraint
by means of high-frequency control switching.

V1. Conclusion

This paper dealt with hybrid sliding mode control of
multicell converters. It has been proposed hybrid
modeling of a two-cells converter that was used to
synthesize a hybrid sliding mode controller. The carried-
out simulations show very promising results in terms of
reference tracking performances and robustness. They
prove the appropriateness of sliding mode control for
such kind of hybrid system.

Appendix

PARAMETERS OF THE SIMULATED TWO-CELLS CONVERTER AND THE
RL LoAD

C =60 pF, E=1500 V, Vit = E/2, i = 60 A
R=10Q,L=05mH
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