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Abstract— The power converters are more and more im-
planted to optimize the energetic properties of electrical sys-
tems. This paper concerns the control of commutations for a
multicellular converter through a hybrid approach. Compared
with a classical converter (H-bridge), the structure of the
multicellular converter enables a more accurate regulation. In
this kind of converter, a complete regulation of the state is
required to ensure the tracking of the load current and a
suitable distribution of the capacitor voltages across each cell.
Using the hybrid formalism, the dynamics of the system is
characterised by a set of modes. The aim is to design a binary
controller which achieves the state regulation. The switching
conditions of the control law are determined by a Lyapunov
function. In this approach, adjacency constraints are considered
in the hybrid model to improve the performances of the
converter. An experimental comparative study with the classical
pulse-width-modulation strategy highlights the efficiency and
the robustness of the proposed approach.

Index Terms— Multicellular converter, Binary controller, Dy-
namic hybrid system.

I. INTRODUCTION

The power electronic concepts find an important place in

the transport field. Trains, airplane, hybrid cars constitute

an interesting domain for the development and optimization

of electrical systems. Since the 1950s, power converters are

installed in the traction system, power supplies or numerical

amplifiers. A power converter ensures an adaptation of the

electrical energy between a source and a load. The research

in automatic control is interested in this technology because

it is a major element to control the electrical energy and

the regulation of motorised systems [1], [2]. For instance,

converters are used to regulate the speed of a train or the

position in the robotic field. Their disadvantages are due

to their structures. These systems are composed of semi-

conductor components (transistor, IGBT, MOSFET, diode)

which switch [3]. The generated waveform has harmonic

contents which may accelerate the damages of the load and

semiconductors.

This paper is interested in the control of the multicellular

converter. It is composed of an assembly of commutation

cells and secondary sources, realized by floating capacitors

[4], [5]. Its structure imposes a simultaneous regulation

of the internals voltages of the converter and the output

current to ensure the tracking of a reference trajectory [6],

[7], [8], [9]. In comparison with the classical H-bridge, an

appropriate control allows to reduce the harmonic contents
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of the waveform and the losses due to the commutations of

power semiconductors [10], [11]. Therefore, the multicellular

converter offers more capacities than a classical H-bridge.

The classical control of this converter is first realized

through the continuous variables. A PWM (pulse-width-

modulation) strategy is then applied to adapt the control in

the converter. In this case, the control signal is sampled [12]

and the global system follows a non-linear average model

[13], [14]. The objective is to reduce the error between a

desired continuous signal and an average signal resulting

from the model. Others controllers are proposed in the

literature, for example the linearised non-linear model [15],

a passivity based control [16] and a stabilizing method using

Lyapunov functions [17].

It could be interesting to control the converter using an

exact and instantaneous model. Here, the multicellular con-

verter is considered as a hybrid dynamic system. Therefore,

the used model takes into account the behaviours of the

discrete and continuous variables [18], [19]. That is why,

the dynamics of the system is defined by a set of modes.

On the same idea developed by Defay et al. in [14], the

harmonic contents can be reduced when the variation of the

output voltage is limited by the adjacency constraints on the

hybrid model. The idea is to define a binary control using

a Lyapunov function satisfying these constraints. Hence, our

objective is to present a robust strategy where the control

variables directly represent the discrete state of the converter

such that the performances are improved.

The paper is organized as follows. In Section II, the

multicellular converter model is introduced. In Section III, a

binary strategy is designed to control the converter associated

to an inductive load. The adjacency constraints of the hybrid

model are presented in Section IV. Section V highlights

the efficiency of the control by a experimental comparison

between a classical PWM control and the binary control.

II. MULTICELLULAR CONVERTER MODELLING

ASSOCIATED TO AN INDUCTIVE LOAD

The first objective of a power converter is to transfer the

energy from a primary source to a load. A second one is to

adapt the control of the converter to minimize the energetic

losses. The multicellular converter is based on an assembly

of elementary cells of commutation. This association allows

to obtain more degrees of freedom for the control.

A hybrid modelling allows to take into account the be-

haviours of the discrete and continuous variables. A discrete

variable is addressed for each commutation cell. Therefore, a

hybrid control can choose the discrete state needed to ensure
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Fig. 2. Multicellular converter associated to an inductive load.

the regulation of the continuous state of the converter. Fig.

1 presents the synoptic of the hybrid control.

Fig. 2 depicts the topology of a converter with p indepen-

dent commutation cells associated to an inductive load. The

independency is due to the (p − 1) internal capacitors and

can be considered only for a few switching periods. As a

matter of fact, the current flows from the source E to the

output I through different converter switches. This structure

of the converter can’t supply a negative load current, other

topologies of this converter exist to create an alternative cur-

rent [20]. The multicellular converter shows, by its structure,

a hybrid behavior due to discrete variables (i.e. switching or

commutation logic). One can refer to [21] for details. Note

that because of the presence of capacitors, there are also

continuous variables (i.e. currents and voltages).

It is important to highlight that in order to standardize

the industrial production, the electrical switches constraints

should be similar. This requirement implies a unique volt-

age constraint of E
p

. Thus, it is necessary to ensure an

equilibrated distribution of the capacitor voltages. Under

these conditions, the reference voltage of the capacitor j
(j = {1, . . . , p− 1}) is given by:

Vcj ,ref = j
E

p
(1)

The dynamics of the converter, with a load consisting in a

resistance R and an inductance L, is given by the following

differential equations:










İ = −R
L
I + E

L
Sp −

∑p−1

j=1

Vcj

L
(Sj+1 − Sj)

V̇cj = I
cj
(Sj+1 − Sj), j = 1, . . . , p− 1

(2)

where I is the load current, cj is the capacitance, Vcj is the

voltage in the j−th capacitor and E is the voltage of the

source.

Each commutation cell is controlled by the binary input

signal Sj ∈ {0, 1}. Signal Sj = 1 means that the upper

switch of the j−th cell is “on” and the lower switch is “off”

whereas Sj = 0 means that the upper switch is “off” and

the lower switch is “on”.

The principle of the proposed controller is to determine the

evolution of the control signals Sj such that the multicellular

converter supplies the load current I as close as possible to

the desired load current Iref and simultaneously ensures the

stability of the voltages across each cell.

III. BINARY SIGNALS DESIGN

In this Section, the objective is to design a direct control

law for the multicellular converter. We will see that acting

directly on the control signals allows to ensure the regulation

of the floating voltages and the output current.

The control algorithm is based on the redundancy of the

state of the converter in order to obtain the different voltage

levels at the converter output and at the terminals of the

floating capacitors. This algorithm enables to directly and

independently use the different voltage levels.

Let us consider the following candidate Lyapunov func-

tion:

V =
L(I − Iref )

2

2
+

p−1
∑

j=1

cj(Vcj − Vcj ,ref )
2

2
(3)

Since there is no jump, V is positive, continuous and null

only for I = Iref and Vcj = Vcj ,ref , j = 1, . . . , p−1. Using

(2), its time derivative, which depends on the value of the

control signals, is as follows:

V̇ = (I − Iref )
(

−Lİref −RI + ESp

)

−(I − Iref )
(

∑p−1

j=1
Vcj (Sj+1 − Sj)

)

+
∑p−1

j=1
(Vcj − Vcj ,ref )I(Sj+1 − Sj)

(4)

Let us denote

Aj = −(I − Iref )Vcj + (Vcj − Vcj ,ref )I (5)

Expression (4) can be rewritten as:

V̇ = (I − Iref )
(

−Lİref −RI + ESp

)

−
∑p−1

j=1
Aj(Sj − Sj+1)

(6)

Under the control law:

Sp =
1− sign (I − Iref )

2
(7)

Sj =
1+ sign (Aj)

2
∀j = 1, . . . , p− 1 (8)

the multicellular converter supplies the load current I as

close as possible to desired load current Iref while ensuring

a suitable distribution of the voltages across each cell.

Therefore, the signum functions of (7) and (8) directly define

the discrete state of the system. The signum function is

described as:

sign (x) =

{

1 if x ≥ 0
−1 if x < 0

(9)

Indeed, from (8), one can notice that:

if Aj ≥ 0 then Sj = 1
if Aj < 0 then Sj = 0

(10)
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Therefore, since Sj+1 = 0 or Sj+1 = 1, the term

Aj(Sj − Sj+1) of (6), is positive or null.

Due to electrical reasons, the load current is considered

such that E ≥ RI ≥ 0 with I ≥ 0. Assuming that Lİref is

enough small, the quantities (−Lİref −RI+E) and (RI+
Lİref ) are positive. Furthermore, from (7), one can easily

notice that:

if I − Iref ≥ 0 then Sp = 0
if I − Iref < 0 then Sp = 1

(11)

Hence, the term (I − Iref )
(

−Lİref −RI + ESp

)

of (6),

is negative or null.

Hence, one can conclude that V̇ ≤ 0. The asymptotic

stability is therefore guaranteed using the proposed binary

control.

IV. HYBRID STRATEGY FOR ADJACENCY CONSTRAINT

REQUIREMENTS

Let us consider the multicellular converter which is com-

posed of p cells. Each commutation cell j is controlled by

the binary signal Sj . Therefore, the hybrid control strategy is

defined by 2p modes. The proposed control of the previous

section creates a stairs behaviour of the output voltage. In

order to reduce the harmonic contents and the switching

losses of semiconductors during the different commutation,

the control limits the variation of the output voltage of E/p.

Indeed the control operates one cell at once. This condition

implies that the number of links between the different modes

are limited to 2p.

The marking of one mode is represented by:

M = [M1 . . .Mq . . .M2p ]
T (12)

where Mq ∈ {0, 1}, q = 1, . . . , 2p and
∑2

p

i=1
Mq = 1. If

the qth mode is activated then Mq = 1. Reciprocally, if this

mode is inactivated then Mq = 0. From the binary control of

the converter Sj ∈ {0, 1}, the active mode q is determined

by the following relationship:

q = 1 +

p−1
∑

j=0

2jSj+1 (13)

Under the binary controller described in the previous section,

(13) leads to the marking Md of the desired mode which

enables to fulfil the control objective.

At each sampling time, the control system may choose

between p + 1 actions in order to satisfy the adjacency

constraint. Indeed, from the qth mode, the system can stay

in this mode or change among p other modes. Let us define

the adjacency matrix Ca ∈ {0, 1}2
p
×2

p

which indicates the

presence of transitions from one mode to another one. From

the adjacency matrix, one can deduce if the system can

commute from mode M toward mode Md, i.e.

O = MdCaM (14)

where M represents the marking of the actual mode of the

system and Md the actual marking of the desired mode.

TABLE I

THE DIFFERENT MODES ASSOCIATED TO A 3-CELLS CONVERTER.

Mode 1 2 3 4 5 6 7 8
S1 0 1 0 1 0 1 0 1
S2 0 0 1 1 0 0 1 1
S3 0 0 0 0 1 1 1 1

83

5

1

2 4

6

7

Fig. 3. Hybrid automata for a 3-cells converter.

If O = 1, then the proposed binary controller is directly

applied since the adjacency constraint is verified. Otherwise,

the following strategy is applied to avoid deadlock.

When there is a deadlock, i.e. O = 0, the system switches

toward a mode which satisfy the adjacency constraint while

minimizing the tracking errors. That is why, this mode is

chosen to minimize the time derivative of the Lyapunov

function V . The hybrid control strategy can be summarized

as follows:

Mapplied =

{

Md if O = 1
Mopt if O = 0

(15)

where Mopt is the marking of the optimal mode such that

V̇ is minimized while satisfying the adjacency constraint.

Remark 1: When the converter is composed of more legs

(i.e. for instance with a DC motor), each leg is considered

as an independent hybrid system. Therefore, the adjacency

constraints associated to each leg are defined by the same

strategy. Furthermore, the initial conditions of each leg are

not necessary similar.

Example 1: Let us consider the converter with p = 3 cells.

(13) yields Table I. Fig. 3 depicts the 3-cells converter in the

form of a hybrid automata. One can notice the adjacency

constraint. Indeed, from one mode, there are only four

outgoing transitions.

The links from the q′th mode toward the qth mode char-

acterize the adjacency matrix Ca given in Table II. Without

loss of generality, we assume that the actual mode is 1, i.e.

M = [1, 0, 0, 0, 0, 0, 0, 0]T . Then, we compute the binary

control law as discussed in the previous section.

If it leads, for instance, to the desired mode 2, i.e. Md =
[0, 1, 0, 0, 0, 0, 0, 0]T , then O = 1. Hence, the binary control

law can be directly applied.

If it leads, for instance, to the desired mode 8, i.e. Md =
[0, 0, 0, 0, 0, 0, 0, 1]T , then O = 0. Hence, we choose the

optimal mode between modes 1, 2, 3 and 5, the one which

minimizes V̇ .
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TABLE II

ADJACENCY MATRIX Ca FOR A 3-CELLS CONVERTER.

q′ → q 1 2 3 4 5 6 7 8
1 1 1 1 0 1 0 0 0
2 1 1 0 1 0 1 0 0
3 1 0 1 1 0 0 1 0
4 0 1 1 1 0 0 0 1
5 1 0 0 0 1 1 1 0
6 0 1 0 0 1 1 0 1
7 0 0 1 0 1 0 1 1
8 0 0 0 1 0 1 1 1

Remark 2: In order to minimize the number of commu-

tations, it is convenient to add a further step. Indeed, in the

case that O = 0, we can first compute the following marking:

Mcom = diag(CaM)CaMd (16)

It indicates the common adjacent modes of M and Md. In

this case, if there are common adjacent modes, we choose

between them the one which minimizes V̇ .

Example 2: Let us consider the previous example.

We assume that the actual mode is 1, i.e. M =
[1, 0, 0, 0, 0, 0, 0, 0]T . Then, we compute the binary con-

trol law as discussed in the previous section. If it

leads, for instance, to the desired mode 4, i.e. Md =
[0, 0, 0, 1, 0, 0, 0, 0]T , then O = 0. Then, (16) leads to

Mcom = [0, 1, 1, 0, 0, 0, 0, 0]T . Hence, we choose the optimal

mode between modes 2 and 3, the one which minimizes V̇ .

V. EXPERIMENTAL RESULTS

To illustrate the efficiency of the proposed control, exper-

imental results are carried out with a three cells converter

connected to a RL load. The state of the converter is

determined by three control signals S1, S2 and S3. The

system is modelled by (2) with p = 3.

A. Experimental setup

To demonstrate the effectiveness of the proposed strat-

egy, experimental investigations have been realized on a

test bench which consists of a three cells converter. The

schematic view of the overall platform is shown in Fig.

4. The experimental setup [6], (see Fig. 5) is described as

follows.

• The power block is composed of a 3 cells converter

with three legs. It is used for pedagogic or research ap-

plications. The nominal bench characteristics, obtained

after identification, are:

c1 = 40.10−6(F ), c2 = 40.10−6(F ).

The voltage of the source is E = 30(V ). Therefore the

reference of the floating voltage of capacitors Vc1 and

Vc2 are defined by:

Vc1,ref = 10(V ) and Vc2,ref = 20(V )

• The measurement part is composed of voltage sensors

to measure the voltage across the floating capacitors and

Fig. 4. Schematic view of the overall platform.

Dspace Card

Power Converter

Load

Interface Card

Measurement Part

Fig. 5. Photography of the experimental setup.

a current transductor to measure the load current. A low

pass filter has been added.

• The computer is equipped with Mathworks softwares

and an interface dSPACE card DSP1103, based on

a floating point DSP (TMS320C31) of frequency

50(MHz) with ControlDesk software in order to visu-

alize the state during the experiment. In order to have

the best resolution, the minimum sampling period for

the Dspace has been chosen, i.e. Tech = 10−4(s).
• The three control inputs, designed by the proposed

scheme, are computed and delivered by the interface

dSPACE card. An interface card allows to protect, by

insulation, the DSP of the power electronics.

• The load is composed of an inductance and a resistance:

R = 6(Ω), L = 0.0006(H).

In order to analyse the performances of the controller, we

compare the experimental results between a classical PWM

strategy and the proposed binary controller. One should

highlight that no filter is used. For a fair comparison between

classical PWM and the proposed binary control, the sampling
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Fig. 6. Evolutions of voltages Vc1 and Vc2 using the PWM strategy.
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Fig. 7. Evolution of load current I and its reference Iref using the PWM
strategy.

period is 10−4(s) for both experimentation.

B. Classical PWM

The strategy of this control is based on the average

model. A duty cycle variation allows to stabilize the load

current and the voltages of the floating capacitors around

the desired values. The three control signals are determined

by the comparison of the reference current Iref and three

triangular signals of period T and dephasing of T/3 (see

[20], [6]). Fig. 6 shows the waveforms of the voltages across

the floating capacitors and Fig. 7 depicts the load current for

T = 0.001(s).

It can be noted that the current has a tracking error and the

capacitor’s voltages are stabilized around the desired values.

Nevertheless, this control produces important oscillations on

the state.

C. Binary Control

Figs. 8 and 9 show respectively the waveforms of the

voltages Vc1 , Vc2 and the load current I . One can see that

the control fulfills the desired objective. different figures

highlight the robustness of the proposed binary controller.

One can see that the state of the system, defined by (2),

follows the reference trajectory.
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Fig. 8. Evolutions of voltages Vc1 and Vc2 using the proposed binary
control.
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Fig. 9. Evolution of load current I and its reference Iref using the
proposed binary control.

Figure 10 shows the evolution (zoom) of the output volt-

age. One can remark that the maximum variation is E/3 =
10(V ), therefore the adjacency constraints are verified. Fig.

11 highlights the reduction of the harmonic contents. The

spectrum (i.e. FFT of the load current) associated with the

PWM control shows the harmonic contents corresponding to

the sampling period T = 0.001(s).

Table III summarizes the obtained experimental results for

the classical PWM and the binary controller. One can see that

the robustness properties, the accuracy and the convergence

rate are improved using the proposed strategy compared to

the PWM scheme.

The binary control of the multicellular converter associated

to an other load would show a larger error. Indeed, if the load

TABLE III

COMPARISON BETWEEN THE PWM AND THE BINARY CONTROL LAW.

PWM Binary control

Duration of the transient 0.25(s) 0.11(s)
Error max on Vc1 6.66(V ) 0.4(V )
Error max on Vc2 3.05(V ) 0.3(V )

Error max on I 0.17(A) 0.04(A)
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Fig. 11. Spectrum comparison for both control strategies (i.e. FFT of the
load current).

is composed of a lower inductance and a bigger resistance

then the output current should be less filtered.

VI. CONCLUSION

In this paper, a control law for the multicellular converter

is designed in order to ensure both load current tracking

and capacitors voltages balancing. A controller based on the

hybrid formalism and Lyapunov function is proposed. The

adjacency constraints are also defined to reduce the harmonic

contents and to improve the performances of the converter.

An experimental comparative study with the classical pulse-

width-modulation strategy has shown the efficiency and the

robustness of the proposed approach. Further works aim at

estimating the internal voltages of the capacitors using an

observer.
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