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1 Introduction

Power electronics is currently present in many industries
given its very broad scope of application, especially in high
power, owing to the evolution of the semiconductor
components power and new topologies energy conversion.
Among these topologies, multi-cells converters, which
appeared in the early ‘90s (Dhanalakshmi et al., 2015;
Meynard et al., 2002), are based on the series association of
elementary switching cells. Associations of elementary
switching cells are best technical solutions that are now
becoming very competitive. The switch control allows to
cancel the harmonics at the switching frequency and reduce
the ripple voltage chopped by using different voltage levels,
thus to reduce switching losses. Anyway, knowledge of the
capacitor voltages is always necessary.

Conventional control laws give good results in the case
of linear systems with constant parameters. For the
parameters of nonlinear system or with non-constant
conventional control laws may be insufficient because they
are not robust, particularly when precision requirements and
other dynamic characteristics of the system are strict. It is
necessary to use control laws insensitive to changes in
parameters and nonlinear disturbances. Order to maintain a
correct operation of the converter over time, the control
device shall ensure the regulation voltages of capacitors.
Thus, the regulation allows one hand to evenly distribute the
constraints on each switch, and secondly to maintain the
same characteristics viewpoint levels of output voltage.

Recently invented the higher order sliding mode
generalise the sliding idea which is the basis of this method,
the action is based on the higher order time derivative for
the detlection of constraint system (sliding surface) instead
of influence on the first derivative of the deviation as it
occurs in simple order sliding mode. While keeping the
main advantages of the original approach, at the same time,
they completely remove the chattering (Ghanes et al., 2009;
Kolsi Gdoura et al., 2015).

This command sliding mode requires use of sensors
floating voltages whose number increases with the number
of cells. In addition, one of the first indisputable successes
of the automatic was proposing state observers as
substitutes for sensors often expensive or not reliable
enough, thus reducing the cost and the bulk of the industrial
plant (Zhen et al., 2014).

Furthermore, the normal operation of the series p-cell
converter is obtained when the voltages are v, = iE/p, i =1,
..., p — 1 (E 1is the input source). These voltages are
generated when a suitable control of switches is applied in
order to obtain a specific value. The control inserted of the
switches allows cancelling the harmonics at the switching
frequency and reducing the ripple of the chopped voltage.
However, these properties are lost if the voltages of these
capacitors drift. On the other hand, if a specific control is
desired, it is advisable to measure these voltages in order to
implement it. But, it is not easy because extra sensors are
necessary to measure these voltages, then it increases the
cost. For this reason, it should be avoided and the estimation
of these voltages becomes an attractive and economic

option. It is for such reason that an original method to
eliminate such sensors is the use of observers. From control
theory point of view, an observer is considered as a software
sensor used to estimate the unmeasurable variables of a
system.

On the other hand, several approaches have been
considered to develop new methods of control and
observation of the p-cell converter. Initially, models have
been developed to describe their instantaneous behaviours
(Donzel, 2000), harmonic or averaging (Bensaid et al,
1999). These various models were used as the base for the
development of control laws in open loop (Tachon et al.,
1997) and 1n closed-loop (Bhave et al., 2015; Bethoux et al.,
2003).

Until now, all these p-cell converters are driven
successfully, by means of a fix frequency modulator based
on pulse width modulation (PWM). Current control
algorithms do not take into account the fact that any power
converter 1s a discrete and discontinuous plant, or, at least a
hybrid one. Nevertheless, the profitable skill of PWM
technique is to ensure a well-known steady state behaviour,
which is ‘optimal’ for the electric load with respect to
harmonic attenuation. Furthermore, some representations of
the p-cell converter considered complex models and need to
be discretised in order to design a discrete observer to be
implemented.

Then, in all proposed methods a considerable number of
feedback signals are required which are associated with
extra cost of sensing devices. To reduce the cost of sensors,
a methodology to estimate the voltages in the capacitors is
necessary.

In Bestle and Zeitz (1983) and Krener and Isidori
(1983), the observer canonical form consisting of a linear
output map and linear dynamics driven by a nonlinear
output injection is used. The resulting observer has exactly
linear error dynamics, i.e., nonlinearities are compensated
exactly. The approaches suggested in Gauthier et al. (1992),
Dalla Mora et al. (1997) and Busawon et al. (1998) rely on
the observability canonical form, which has significantly
weaker existence conditions than the observer canonical
form. In the observability canonical form, the observer is
designed by a high-gain technique with a constant observer
gain, i.e., the nonlinearities are not compensated but
dominated by a linear part. For an implementation
of the observer in the original coordinates one gets a
Luenberger-like observer with a possibly nonlinear gain
vector field (Robenack, 2007; Chen and Zhai, 2007). In the
last decade, new approaches have been developed for
nonlinear systems that are not uniformly observable.
Several approaches use Kalman-like decompositions
(Rébenack, 2007).

In this article, we develop an observer for p-cell chopper
based on an instantaneous model describing the dynamical
behaviour of the p-cell converter using higher order sliding
mode. This model is constructed in order to design an
observer estimating each flying capacitor voltage. The
proposed observer design is based on the class of nonlinear
systems which can be written in the form of affine state



systems, for which the problem of state observer design has
been studied. This class of observers is based on the
excitation condition in order to guarantee its convergence.

The paper is organised as follows. In Section 2, the
position of the problem is identified. In Sections 3 and 4, the
description model of the multi cells converter with three
cells is discussed and implementation of the higher order
sliding mode control of the converter is described
respectively. Finally, in Section 5, a higher order sliding
mode observers for a series multi cells converter with all its
mathematical algorithms is discussed.

2 Position of the problem

In this section, we consider a nonlinear system whose
dynamics are described by the differential system:

x=f(t, xu)
s=s(t,x)e R (N
u=u(t,x)e R

where

x =[x oennn. ,x,]" € X represents the state vector, X ¢ R,
X 1s a differentiable manifold or an
open subset of R”.

u  represents the command

[ 1s assumed sufficiently differentiable function, but
known so uncertain

t  1s the time.

The system x= f(f, x,u) includes those of the form
(Bhave etal., 2015):

x=f(x)+g(xu,

The problem is always to force the trajectories of the system
to evolve on the sliding surface

S={xe X :s(1,x)=0} 2)

Being a real-valued function sufficiently differentiable such
that its (# — 1) first derivatives with respect to time are
functions of the x state (which means they do not contain
any discontinuity.) defines a submanifold of (n — 1)
dimension called sliding surface or switching.

The s(f, x) function is called a sliding function or
switching function. It separates the state space in two
separate parts s(7, x) > 0 and 5(7, x) < 0.

3 Description of a series multi-cells converter

This section describes the design of the series multi cells
converter for a four-level converter supplying an inductive
load (Figure 1).

The mstantaneous state model of a chopper with three
cells 1s expressed as follows (Ben Said et al., 2013; Liu
etal., 2013):

X = fi(x, 1) = Sayx;

X2 = f2(x, u) = 0ra3x;

X3 = fax, 1) = =boxs — by (015 + 6235 —11E)
¥ =h(x)=x;

)

P . 3
(1, X2, x3)7 = (Vo Vewy L)Y is the state vector as: x € R

¥=hx)

(11, 112, 13) are controls switches.

is the measurement vector y € R

1 R 1 .
a=ay=—,by=—, b =—,0 =1 —1
C L’ L ’
0, =13 — 1, are coefficients.

Figure 1 Chopper three cells connected to a RL load
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4 A higher order sliding mode control structure
4.1 Calculation of switching functions

The multi-cells converter as 1t was defined and modelled 1s
a nonlinear multi-input variable structure system. Define a
sliding mode control of such a system is equivalent to
setting p sliding surfaces (each switching cell 1s an s,(x) = 0
surface of » — 1 dimensions) associated with that switching
law properly allow the stability and the existence of a
sliding regime on the intersection of all surfaces (Benzineb
et al., 2011). The trajectory evolution of the system with
respect to the position of the surface determines the state of
the switches.

$=/@+Y" @ = [(0)+GU @)
By a change of variable, we can define the dynamics of the
converter according to the error:

Ak = f(x)+ G(x)U,y + G(x)AU
where

AU=-U-U,
with U, the equivalent command to keep the system in
steady state.

The choice of the Lyapunov function is based on the

simplicity of control law implementation. Other choices of
the Lyapunov function can be considered and ensure better



performance by imposing a dynamic or minimising a
quadratic criterion (Meradi et al, 2013). We consider
following Lyapunov function:

V(Ax) = %Aﬂ O.Ax (5
And its time derivative of V1s:
I (Ax) = AxT Q.Ax

where

O =diag(C,, (s, ......... ,Cp L)

AT =x— X,
T
={vr] _£\("‘ _E” cpl_(p_l)El_]ief:|
foe[E 2 @by ]
p P P

After demonstration, we then choose p switching functions:
5:(0) = —AxT 0.2, (x) (©)

As a result, the state of the switches is a function of p
switching functions. The state of each switch 1s defined by:

{1
U; =
0

We can now define the control laws that ensure stability of
the X, equilibrium point using the results of the previous
section for a three cells converter.

51, 52 and s3 switching functions are obtained from the
following expressions:

if 5,(x)>0
if 5;(x) <0

E
s1(x) = =AxT.0.g1(x) = Lpven 3

E
Ay (X) = _A-)‘:I‘Q‘g2 (X) = ]Pl'f (""(’2 —Ver ) _? ch (7)

E
53 (X) = _AYT-Q-gS (X) = [r‘ef (E —Vez ) _? ch

Here, I, represents the load current and after some
transformations, these functions in homogeneous form can
be rewritten as:

3L

51 (x) = ! Ve1 — [r/f
311'9.9

Sl(x) ZTJ((VFE _Vrl)_lr/f (8)
- Im

5300 == (E—vea ) = Lo

4.2 Super twisting algorithm

The algorithm convergence is also governed by the rotation
around the origin of the phase diagram. The super twisting
u(7) control law consists of two parts. The first #, is defined

by its derivative with respect to time, while the second 5 is
given by the sliding variable of continuous function (Meradi
etal., 2013):

=1 + 1, )]

) —u silul>1
= o _
—Wsign(s) si|ul=l
e = {—2.1 |so|p1 sign(s) si|s[>so
, =

Ay s P sign(s)  si|sI€ s,

This controller can be simplified if the control system is
linearly dependent on the control and the law control is
given by:

u=~/als \% sign(s)+v (10)
v =—Wsign(s)

The interest of this algorithm is that it very robust; it does
not need information about the derivative of s. Because of
this characteristic can reduce the number of sensors in the
system, and the calculation time.

4.3 Super twisting control of a three cells choppers

The proposed control strategy is based on the super twisting
algorithm. In this context, we consider the sliding surfaces
with the s, s, and 53 switching functions obtained in (8).
The relative degree for that subsystem (» = n = 1). When
r =1, the law control is the super twisting law.
The duty ratios are calculated by the following law
control:

1
o, =2 |s;|" sign(s;)+v
v, = —W;sign(s;) (11)

avec:i=1,2,3

4.4 Simulation results

We will validate the dynamic performance of the law
control using a simulation for a converter (chopper and
inverter) with the following characteristics:

G =Cy, —40uF
L=0.5mH
R=10Q2

The following command sequence is used:
The voltage source is 1,500 V, the reference current is
80 A.
At 1=0.25 s, the source voltage is set to £ = 1,800 V.
We use a regulator with the following parameters:

/‘..12/12 2;3 220
W, =W, =W, =10



Our objective is to regulate the voltages v.; and v, of

E 2E
3

capacitors their references < and and the load current

must reach its reference value 7,,,= 80 A.
A value 7,,sreference current is independent of the load.

4.4.1 Super twisting control of a three cells chopper
The control scheme is shown in Figure 2.

Figure 2 Structure of super twisting control of chopper
(see online version for colours)
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We obtained the following results.

Figure 3 Evolution of the v, and v, floating voltage (see online
version for colours)
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Figure 3 shows the evolution of floating voltages, voltages
quickly to assess steady state, before and after the change of
the reference voltage at time 7 = 0.25 s, we find that the two

voltages v.; and v., respectively to stabilise at % and %
and the phenomenon of chatter is gone.

Figure 4 Evolution of the I; load current (see online version
for colours)
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Figure 4 represents the evolution of the 7., load current, it is
clear that current enslaves a reference value. And after the
zoom, the current has exceeded due to speed of response
that characterises the law of the synthesised sliding mode
control.

Note that the two voltages v and v., and load current i,
follow their references.

The evolution of the output voltage is represented in
Figure 5. By zooming Figure 5, we can clearly notice the
presence of four voltage levels namely E, 2=, £ and 0

regardless of the changes to the sequence reference voltage.

Figure 5 Evolution of the 'y output voltage (see online version
for colours)
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Figure 6 Evolution of the shiding surfaces (see online version
for colours)
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Figure 6 shows the evolution of three switching surfaces,
which 1s around 0. When there is a variation in the reference
voltage, the sliding surfaces move away from the value 0
but return very quickly to zero in order to cancel the
command.

4.4.2 Super twisting control of a three cells three-
phased inverter
The control scheme 1s shown in Figure 7.
With the same parameters as for the chopper, the sliding

mode command is applied on a three phase inverter.
We use a regulator with the following parameters:

/{1 = /:ug = ;,3 = 152
W =W, =W;=5

The shape of the reference current is:



L —8051n(100m+(k—1)—] =123 (12)

We obtained the following results:

Figure 7 Structure of super twisting control of inverter
(see online version for colours)
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Figure 8 Evolution of the v, and v, floating voltage of the first
arm (see online version for colours)
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Figure 8 shows the evolution of floating voltages of the

arms. These voltages settle at the reference value £ and

2F
3

Figure 9 Evolution of the ¥, output voltage of the first arm
(see online version for colours)
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Figure 9 shows the evolution of the 7, output voltage of the

first arm which is found to have a range of 2£ and —%

Figure 10  Evolution of the load current from the charging
current 7 in the first arm (see online version
for colours)
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Figure 10 shows the evolution of the load current which is a
sinusoidal current and perfectly follows its reference.

S A higher order sliding mode observers of a
series multi-cells converter

An observer or state estimator, or software sensor, is a
knowledge-based model describing the behaviour of the
system and using measurements acquired in the process to
reconstruct the missing measures algorithm (Erickson and
Maksimovic, 2001).

Now with the advent of multi-cell converters, the
number of variables is more important to know which is
proportional to the number of cells switching. An observer
floating voltages 1s, in this case, totally justifiable, since it
eliminates sensors, thereby reducing the cost and space
requirement of the installation.

5.1 Operating principles of the observer

In all sliding mode control, the principle of sliding mode
observer is to force, using discontinuous functions, the
dynamics of ‘n’ order system to converged to a variety of ‘n
— p’ dimensions known as sliding surface (p is the
dimension of the measurement vector).

The attractiveness of this surface is ensured by
conditions called sliding conditions. If these conditions are
satisfied, the system converges to the sliding surface and y
evolves according to a dynamic ‘n —p’ order.

In the case of sliding mode observer, the dynamics
involved are those errors ¥=x—x of observation, from
their %(0) initial values, these errors converging to the
equilibrium values in two phases (Meradi et al., 2013).

In the first phase, the trajectories of these errors are
forced to move towards the sliding surface where the error
between the output of the observer and the 7 =y—7p real

output system is zero. This step is referred to as the reaching
mode and it is highly dynamic (Kaur and Janardhanan,
2014).

The second phase 1s called a sliding mode where the
trajectory error of observation slides on the sliding surface
defined by ¥ =0 with a dynamic imposed to cancel the rest

of the error.



3.2 Observer synthesis steps

The difterent synthesis steps of the observer sliding mode
are known and clearly identified by Slotine et al. (1987).
These are recalled below.

Consider a nonlinear » order state affine system of:

{3’( = f(x,u)

3
y=hix) ()

where x € R" is the state vector and y € R” is the measured
output vector of the system. The sliding mode observer of
such a system is defined with the following structure:

X=f(%u)-AT, (14)
where
xe R is the estimate of the X state vector
u 1s the control vector

A isann % p matrix containing the observer patches gains

I, isthe p x | dimension vector defined as

T = [g-zfgn(fsl), sign(§2), ... sign(¥, )T

With 7, =9, —y, andi=1, ..., p.

Let y=yp-y the relating vector of the output
observation errors and ¥ = x—x the state vector.
Then the sliding surface is defined by:
s=p=y-y=0.
Hence, the observation dynamic errors:
X=x—x=Af AT, (15)

A = f(Xu)—f(x,u)

Figure 11 shows the block diagram of the observer sliding
mode.

The block diagram of the observer sliding mode
(see online version for colours)

Figure 11

Observersystem

The sliding surface, allowing the synthesis of a sliding
mode observer, must satisty the condition of attractiveness
5.5 <0 and the invariance condition:

s(x)=0
s(x)=0
T

. o o 1
The attractiveness condition is ensured if the J/(s) = ES s

Lyapunov function checks 7(x)<0, when s # 0, and
invariance condition is satisfied using the A correction
terms of (14).

5.3 Super twisting observer

The second order sliding mode observer also known as
‘super twisting algorithm’ (Bhave et al., 2015). In this type
of observer the dynamics of the observation error shows that
the trajectories of the system evolve after a finite time to a
sliding surface and equivalent dynamics on the surface
provides the estimate time directly, without recourse to any
filter (disadvantage of sliding mode of order 1) through the
output of the injection.

The advantage of using sliding mode observers,
particularly those second order (super twisting algorithm) is
the generation of the voltages image across capacitors of the
converter simply by measuring the current and the inherent
finite time convergence error.

5.4 A higher order sliding mode observer of a three
cells chopper
This section describes the design of the second order sliding

mode observer for a four-level converter supplying a load
RL (Figure 12).

Figure 12 Control diagram of floating voltages with second
order sliding mode observer (see online version
for colours)
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Figure 12 shows the diagram of the sliding mode control
with observer floating voltages based on super twisting
algorithm.

5.4.1 The equations of the sliding mode observer

Applying the theory of the sliding mode observer of (14) for
the three-cell converter of (3), we deduce the sliding mode
observer to three cells of the converter, where

xe R?  is the estimated state x vector.

- b= =

o
o5
=]

Ql'—'

I
where R, L, C are the estimated values for passive circuits
S (%, 1) is the estimated model of f{x, n) with %, ;

A 1s the gain matrix (3 % 1) specified by the criterion that
will be given later

sign(s) 1is order vector p x 1 =1 x 1 since x3 = I, 1s the
only measured state.

s 1s the sliding surface defined as follows:
S=X3—x3 =33

The dynamic X errors observation is then defined as
follows:

¥ =f3(§ )= z2p = $r02X3 — 22, (16)
. bl (8,3 +6,%, —:E) - z3,
Z1es 22, and z3, are correction factors based on the algorithm
super twisting. They are given by the formulas:
1e = Aysign(s)
20 = Aasign(s) (17)
73, = A; | 5 |V2 sign(s)

The dynamic observation X errors are then defined as
follows:

Al‘slgn(n) & (@xs)— Alsign(,{‘s)
— A,sign(5:) =6, (6273 ) — Aysign(Fy)
B = A - A |m| sign(F3) = —by s

—by (8,5, + 6%, —usE) = Ay |55

(18)

sign (%)

The sliding mode observer forced the dynamics converge to
s§=% =0 sliding surface and evolving (sliding
phenomenon) in a dynamic order 2. The objective of the A;
gain 1s to ensure the attractiveness of the shiding surface.
About A; and A, they aim to impose the dynamic errors
observation on the sliding surface.

5.4.2 Sliding condition and achievement mode
The Lyapunov function is positive definite
1 1
V(s)==sTs=—33 19
(s) 5 5% (19)

The derivative with respect to time is:

V(s)=5.8=50 =5 (Af:g — Assign (3 )) (20)
According to the direct method of Lyapunov, the s sliding
surface is attractive if the derivative is defined:

V(s)<0
We have:

V(s)<0=> %5 (Afy — Assign(55)) <0 (21
Then:

. Az > Afssix; >0
V(s)<0= . (22)
Az >—Af;5i%3 <0
This implies that V&3, it is sufficient that Az > |Afi|pax SO
that 7 (s) <0.
If we assume that Af; is bounded, that 1s to say that

observational errors and errors in the system parameters are
bounded, then simply check the following condition:

Aj

max

or

e T ’blxl -bx
e BB

This condition ensures the attractiveness of the sliding
surface s =3; =0, it depends on committed parametric

A3 > |60£3 —boxj

A max (23)
+‘b1~\'2 —byx;

max

errors on the load and observation errors. The shiding field is
under the R state space where % . %, verifying condition

7 (s)<0.

The observer gains take the form:

A] =—A.5 (51

i}l (24)
AZ = .357

h

These are interesting alternatives, since they cancel
when the v, associated voltages become unobservable
g — u; = 0. During this time interval, the intermediate
voltage observed during the x-,, previous command
sequence is unchanged.

T is a critical parameter that must be precisely adjusted,
because it sets the dynamics of the observer during the
sliding mode.



5.4.3 Simulation results

Now the results obtained from the operation of the sliding
mode observer are presented here.

The value of the observer gain is calculated directly
from (23) Ay = 3.5 - 10° A/s and it is sufficient to ensure the
attractiveness of the sliding surface:

S=A~‘3 =0.

The A; and A, gains are set to force the dynamics of the
error sliding mode. The theoretical dynamic of the floating
capacitor voltage depends on the maximum load current and
the value of the floating capacitor:

d IYF |]<‘i:|

— max 2 5
dr c (25)

Taking mto account (24), the T time constant must be:

r=— (26)

The result of A; and A observer gains are equal to:
AI.Z =-2.106V/s.

The parameters of the converter are:

Cl = Cg = SOILIF
L=05mH
R =10Q

E=1,500 V with 7., = 80 A.
We obtained the following results.

Figure 13  Estimate of the v, floating voltage by the super
twisting observer (see online version for colours)
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Both Figure 13 and Figure 14 have the observed voltages
and the measured voltages across the capacitors. The initial
conditions of the observer are zero, apart from transient
parts the estimated voltages are very close to the measured
voltages.

The graph reveals that the floating voltage across
capacitors obtained from the super twisting sliding mode
observer is closely matched with those obtained through
measurement. Hence, this suggests the viability of use of
state estimation concept for series multi-cells converters in
real world.

Figure 14  Estimate of the v,, floating voltage by the super
twisting observer (see online version for colours)
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6 Conclusions

The paper shows that the multi-cell converters constitute a
well-adapted system for the implementation of a higher
sliding modes control law.

We then studied the higher order sliding mode observer
to the observer based this time on the use of the instant
model of the converter, and is to converge to the path of the
system on a sliding surface of which the error of current
estimate is zero. On this surface, the order of the system is
lower, and earnings observations are determined to impose
the dynamics of convergence of other variables.

The adopted technique facilitates the generation of the
voltages image across capacitors of the converter simply by
measuring the current. It is found that the technique
possesses the finite time convergence error. The validity of
the controller is successfully demonstrated through
simulation results for both the mentioned properties of the
technique.

Furthermore, authors have reached consensus for
realisation of a series multi-cell three-phase converter as
future work and also to validate experimentally the results
obtained in this paper.
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