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Abstract
In this paper, we are considering the problem of controlling a single-phase 3-celles inverter with LC
output filter connected photovoltaic systems. The control objectives are: i) achievement of the maximum
power point tracking (MPPT) for the PV array ii) ensuring a good convergence of the voltages across the
flying capacitors iii) generating a perfectly sinusoidal voltage to the inverter output with amplitude and
frequency fixed by the reference signal. The controller is designed using the backstepping approach in its
adaptive versions and the Lyapunov stability argument. The whole system is described by 6th order
nonlinear mathematical model and controlled by using the backstepping approach and tools from
Lyapunov stability. To demonstrate the performance of methods, some results of the overall system
simulations are presented under MATLAB/Simulink software.
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1. INTODUCTION
In the last years, new energy sources have been proposed and have been developed due to the dependency and
constant increase of costs of fossil fuels. On other hand, fossil fuels have a huge negative impact on the
environment. In this context, local generation of heat and electricity and the local use of renewab le energy resources
are considered as some of the most pro mising options to provide a more secure, clean and more efficient energy
supply. Among these renewable energy sources, photovoltaic (PV) technology has received a great attention because
of distinctive advantages such as simplicity o f allocation, high dependability, low maintenance, absence of fuel cost
and lack of noise. In addit ion to these factors, there are other advan tages such as the declining cost and prices of
solar modules. Hence, the need to master series connection has grown because of the increased market of h igh power applicat ions and the significant decrease in semiconductors performance with the voltage ratin g. Thus, twenty
years ago, Meynard and Foch (1992a), (1992b ) have proposed the mu lticellular, also called converter flying
capacitor mu lticellu lar (FCM), as a mult ilevel converter. Recently, this topology becomes one of the solutions used
for the conversion of energy for strong powers in the industrial workp lace. This kind of power converters is used in
large scale PV applications for its superior advantages such as lower switching power dissipation, lower harmonic
distortion and lower electromagnetic interference (EMI) outputs.
Several strategies for control have been proposed in the literature in order to improve the characterization of this
converter for examp le: sliding modes in (Morvan et al., 2004; A met et al., (2011, 2012); Djemaï et al., 2016), hybrid
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control in (Elmetennani et al., 2016; Ben miloud et al., (2016a, 2016b)), predictive control in (Patino et al.,
(2008,2011); Defay et al., (2007, 2008)) and passivity based control in (Cormerais et al., 2008).
In general, the power converter interface fro m the DC source to the load or to the grid consists of two-stage
converter: the DC/DC converter and the DC/AC converter. The DC -DC converter, wh ich is used to buck, boost,
buck-boosts the PV output voltage of PV panels as well as MPPT. In so me paper, such as (Elmetennani et al., 2016),
authors suggested the mult icellular inverter instead of a classical DC–DC converter for boosting the output voltage
with self MPPT capability to eliminate DC– DC converter, to take advantage of the properties of its particular
topology, by sharing the constraints in voltage while working in high voltage installations. In the classical solution
with two -stage converter, the DC/DC converter requires several additional devices producing a large amount of
conduction losses, sluggish transient response and high cost while the advantages of the single stage converters are:
good efficiency, a lower price and easier imp lementation. Despite the effect iveness of this approach, two -stage
inverter systems tend to be exceedingly large and expensive. A single-stage topology could help to reduce the
number of co mponents, thereby reducing the physical size, increasing efficiency and facilitating imp lementation
(Wu et al., 2011). An alternative solution could be the use of a single-stage converter where the DC/DC converter is
avoided and in order to ensure the necessary DC/ DC voltage level the PV array can be a string of PV panels or a
multitude of parallel strings of PV panels.
In this paper, a new configuration of single phase, single-stage inverter system based on the FCM converter is
proposed to increase the number of output voltage levels and as a result, reduce the output voltage THD with
reduced ratings and losses of flying capacitors and semiconductors. We propose a nonlinear control of single-stage
photovoltaic multicellular inverter system using backstepping approach and Lyapunov stability tools. The rest of the
paper is organized as fo llo ws: the description and the modeling of the system are presented in section 2; section 3 is
devoted to the controller design. Finally, the controller performances are illustrated through simu lations under
MATLAB/Simulink software in Section 4.

2. SYSTEM DESCRIPTION AND MODELING
2.1 Presentation of PV system
The proposed power system, presented in figure 1, is composed of a PV source with two DC link capacitors C1 and
C2 on the DC side, a mu lticellu lar inverter and a low-pass output filter on the AC side in order to minimize the
harmonics d istortion of current and voltage. The structure of the serial mu lt icellular inverter co mprises 3 elementary
switching cells in series, each switching cell of the converter is composed of pairs of complementary switches and
controlled by a binary input signals  i and  i , where  i  1 (  i  0 ) ind icates that the ith upper switch is closed
(open) and the ith lower switch is open (closed). Between the two cells, a floating capacitor is inserted for high input
voltage constraint share among the cells. The safe and proper functioning of the power converter directly depends on
the suitable distribution of the voltages across each cell. That is why it is important to realise an internal regulation
of the voltages across the terminals of the two capacitors.
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Figure 1. PV system with 3-cells inverter
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2.2 PV array Model
Photovoltaic cells use the photovoltaic effect to convert sunlight irradiations energy to electric energy . Thus, the PV
model used in this paper is based on the equivalent circu it (Bon koungou et al., 2013) shown in Figure 2. This is the
simp lest equivalent circuit of a solar cell. The current source and d iode represent the ideal behaviour of a solar cell,
and the series and shunt resistors are used to model real-world losses such as current leaks and resistance between
the metallic contacts and the semiconductor.

Rs
Id

I
r

Iph

I
+

Rp

V

Figure 2. PV module equivalent circuit
where
 Iph is the photocurrent (generated current under a given radiation).
 Rs is the series resistance.
 Rp is the shunt resistance.
 I denotes the PV array output current.
 V is the PV output voltage.
Using Kirchhoff’s current law, the photovoltaic current equation can be represented by the equations (1a -d) as
follows:
I  I ph  I d  I r
(1a)
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where:
Tr is the reference temperature; T is the cell temperature;
K is the Boltzman’s constant and q is the electron charge; Ki is the short circuit current temperature coefficient at Isc;
λ is the solar radiation; γ is the ideality factor; EGO is the band gap for silicon.
Io , Ior and Isc represent respectively the cell reverse saturation current, the cell saturation current at Tref and the short
circuit current at 298,15K and 1 kW/m2 .
The photovoltaic generator (PVG) (also called PV array) is an assembly of many PV panels connected in Ns series
and Np parallel panels in order to provide the desired values of output voltage and current required for part icular
applications. The output voltage and current of a PVG can be given by the following equations:
Vm  N sV
(1e)

Im  N p I

(1f)

The PV array module considered in this paper is co mposed by a solar panel array of 22 solar panels. The
corresponding electrical characteristics are listed in Table 1.
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Table 1. Electrical specifications for the solar module
Parameter
Symbol
Value
Maximum Power
200 W
Pm
Short circuit current
8.21 A
Isc
Open circuit voltage

Voc

32.9V

Maximum power voltage

Vm

26.3 V

Maximum power current
Number of series cells

Im

7.61A
54

Nsc

2.3 PV system modeling
Applying Kirchhoff’s laws, the general model of the PV chain with 3 cells converter under study is given by the
following set of differential equations:
v
C f v0  iLf  0
(2a)
R
L f iLf = 1 -  2  vc1   2 -  3  vc2   3 v1 - v0
(2b)

C vc1  (  2 - 1 ) iLf

(2c)

C vc2  3 -  2  iLf

(2d)

C1 v1  i pv  1 iLf

(2e)

C2 v2  i pv  1  1  iLf

(2f)

 i  0 ,1, i  1,2 ,3

where iLf , i pv v0 , v1 , v 2 and vci i  1,2 

represent respectively measured values of the conductor current, the

current generated by PV array, the output voltage, the voltage across the Dc link capacitor capacitors Ci i  1,2  and
Fly ing capacitor C . R , C f and L f represent respectively the resistive load, the filter capacitor, and the filter
inductance.
For control design purpose, it is more convenient to consider the follo wing averaged model obtained by averaging
the model (2a-d) over one switching period.
x
C f x1  iLf  1
(3a)
R
L f x2 = u1 - u2  x3  u2 - u3  x4  u3 x5 - x1
(3b)

C x3  u 2 - u1  x2
C x4  u3 - u 2  x2

(3c)
(3d)

Where x1 , x 2 , x 3 , x4 , x 5 and u i denote the average values, over cutting periods, of the signals v0 , iLf , vc1 , vc 2 ,

v1 and  i  0 ,1, i  1,2 ,3 .
Note that the mathemat ical model (3a-d) is nonlinear becaus e of the products involving the state variables and input
signals. Taking into account these nonlinearities, a nonlinear controller using the backstepping approach will be
done in the next paragraph.

3. CONTROLLER DESIGN
3.1 Control objectives
In order to define the control strategy, first one has to establish the control objectiv es, which must be formulated as
following:
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i. A perfect MPPT. Specifically, the controller must enforce the voltage the average value of the voltage V pv
*
provided by the solar array to track as possible a given desired value of the reference voltage V pv
. To achieve

this objective, we use the well-known "Perturb and Observe algorithm" to generate the reference voltage signal.
ii.Regulate the capacitors voltages at its desired reference value.
x*3 =

x*4 =

*
V pv

(4)

3
*
2V pv

3
iii.generate a sinusoidal voltage in the network with amplitude and frequency fixed by the reference signal:
x1* = V 2 sin( t)

(5)
(6)

3.2 MPPT Control Algorithm
To ensure the correct operation of PV module at its maximu m power point as the temperature, insolation and load
vary, we use well known “perturb and observe algorithm (P&O). This algorith m uses simp le feedback arrangement
and little measured parameters. It is based on the following criterion: if the operating voltage of the PV array is
perturbed in a given direction and if the power d rawn fro m the PV array increases, this means that the operating
point has moved toward the MPP and, therefore, the operating voltage must be further perturbed in the same
direction. Otherwise, if the power drawn fro m the PV array decreases, the operating point has moved away fro m the
MPP therefore, the direction of the operating voltage perturbation must be reversed and, when the stable condition is
arrived the algorithm oscillates around the peak power point. (Jain and Agarwal, 2004; Atallah et al., 2014) The
algorith m steps are described as shown in the following flo wchart (figure 3) (Bhandari et al., 2014).The algorithm
first calculates the power (P) by sensing the voltage and current. Then it provides a perturbation in the voltage based
on the change of power, where the delta Vpv is known as the perturbed voltage, If delta Vpv is large, the convergence
is fast but that causes large fluctuation in the steady state power and vice versa. The oscillation causes undesirable
losses of PV power during steady state.
In order to maintain the power variation s mall the perturbation size is remain very small. The technique is advanced
in such a Style that it sets a reference voltage of the module corresponding to the peak voltage of the module.

Figure 3. P&O flowchart.
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3.3 Nonlinear controller design
Backstepping is a recently developed design tool for constructing globally stabilizing control laws fo r a certain class
of nonlinear dynamic systems.it is a recursive procedure, which breaks a design problem for the full system into
sequence of design problems for lower order systems. Backstepping desig ns by breaking down co mplex nonlinear
systems into smaller subsystems. Then designing control Lyapunov functions and virtual controls for these systems
and finally integrating these individual controllers into an actual controller, by stepping back through the subsystem
and reassembling it from its component subsystems. (Arun Kumar et al., 2015)
Following the backstepping technique, the controller is designed in two steps.
 Step 1:
Let us define the following tracking error:
z1  C x3  x*3

z2
z3



 C x  x 
 C x  x 
*
4

4

f

(7b)

*
1

1

(7a)

(7c)

with x 3 , x4 and x1 are respectively the measured capacitor voltage and the measured output voltage x*3 , x*4 and

x1* represent respectively the desired trajectories of x 3 , x 4 and x1 .
Deriving z 1 , z 2 and z 3 with respect to time yields and accounting for (3a) and (3c-d), implies:
z1 = u2 - u1  x2 - C x*3

(8a)

x*4

(8b)

z2 = u3 - u2 x2 - C

x 

(8c)
z3 =  x2 - 1  - C f x1*
R

We need to select a Lyapunov function for such system. As the objective is to drive its state  z1 , z 2 , z 3  to zero, it is
natural to choose the following function:
(9a)
V1 = 0.5 z12 + 0.5 z22 + 0.5z32
Its time derivative is given by the following equation:
(9b)
V1 = z1 z1 + z 2 z2 + z3 z3
2
2
2
The choice V = - z -  z -  z , where  i i  1,...,3 are positive constants of synthesis , leads to a Lyapunov
2

1

1

2

2

3

3

candidate function whose dynamics is negative definite. In v iew of (9b) and using (8a -c) this suggests the following
choices:
(10a)
u2 - u1  x2 - C x*3   1 z1

u3 - u2  x2

- C x4*   2 z 2

(10b)

x 

*
(10c)
 x2 - 1  - C f x1   3 z3
R


if we choose x 2 as virtual control input , we deduce the stabilizing function namely x*2 :
x
x*2  3 z3  1  C f x1*
(11)
R
As x 2 is not the control input, a new error variable z 4 between the virtual control x 2 and its desired value x*2 is
introduced:
z4  L f x2  x*2
(12)





Then, using (11) and (8c), dynamics of error z 3 became:

z3 

z4
  3 z3
Lf

(13)

In the same way
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z z
V1 = -1 z12 - 2 z 22 - 3 z32  3 4
Lf

(14)

 Step 2:
The objective now is to enforce the error variables z1 , z 2 , z3 , z4  to vanish. To this end, let us first determine the
dynamics of z 4 , we obtain:

z4  u1 - u2  x3  u2 - u3  x4  u3 x5  x1  L f x*2

(15)

We are finally in a position to make a convenient choice of the parameter update law and feedback control to
stabilize the whole system with state vector z1 , z 2 , z3 , z4  Consider the augmented Lyapunov function candidate.
V2  V1  0.5 z42
Its dynamics is given by:
V2 = V1  z4 z4

(16a)
(16b)

z
V2 = -1 z12 - 2 z22 - 3 z32  z4 ( 3  z4 )
Lf

(16c)

As our goal is to make V2 non-positive definite V2 = 1 z12  2 z22  3 z32  4 z42  0 , this suggests choosing that
the bracketed term, on the right side of (16c), is equal to  4 z4 :

z4  4 z4 

z3
Lf

(17)

The equations (15) and (17) lead to:
z
 4 z4  3 = u1 - u2  x3  u2 - u3  x4  u3 x5  x1  L f x*2
Lf

(18)

where  4 is a positive constant of synthesis.
Finally, the control input can be solved from the following system equations.

u2  u  x3  u3  u2  x4  L f
1

x*2  x1 

u3 









u 2  u3 

C x*4  2 C x4  x*4
x2

u1  u2 

C x*3  1 C x3  x*3
x2

x5



C f x1  x1*
Lf



4



L f x2  x*2


(19)
(20)
(21)

4. SIMULATION RESULTS
The proposed control system will have the structure shown in Figure 4. The controller will be synthesized by a
technique using Backstepping approach, and validated through simu lations performed using the Matlab/Simulink
and its SimPower SystemToolbox.
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Figure 4. Control block for multicellular inverter
The characteristics of the controlled system are listed in table 2. Backstepping controller parameters, wh ich proved
to be convenient, are given values of table 3, and the simulat ion results have been obtained under standard climatic
conditions (1000 W/m² and 25°C).and the resulting control performances are shown by Figures 5 to 8.
Table 2. Main parameters values of simulated circuit
Components
Flying capacitor
Dc link capacitors
Filter capacitor
Filter inductor
Load impedance

symbol
C
C2 ,C1
Cf
Lf
R

Value
4000 µF
3 mF
9 µF
1 mH
35 Ω

Table 3. Backstepping controller parameters
Parameter
λ1
λ2
λ3
λ4

Value
180
400
8000
2000

Figure 5. PV voltage with its reference
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Figure 6. Actual and desired voltage of cell-1’s flying capacitor (v C1 )

Figure 7. Actual and desired voltage of cell-2’s flying capacitor (v c2 )

Figure 8(a). Actual and desired output voltage v 0

Figure 8(b). Zoom of output voltage v 0

Figure 5 shows the evolution of the converter input voltage, in particular it is noted that this voltage follows the
reference voltage generated by the “P&O” algorith m. The capacitor voltages vc1 and vc2 shown in Figures (6-7)
converge towards their desired values given by (4) and (5), after 0.27 seconds they reach their references voltages.
Figure 8 shows that the output voltage v0 is sinusoidal reaches the desired voltage 220 2 sin( 100  t) at time 0.275
seconds.
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5. Conclusion
The present paper is focusing on the problem of controlling single stage mu lticellu lar inverter. The latter is
described by sixth order nonlinear averaged model. The synthesis of the regulator was achieved by having
recourse to advanced tools of nonlinear control such as stability in the sense of Lyapunov. It is formally shown
by simu lation under Matlab/Simulink that the proposed controller guarant ees the desired tracking performance
and satisfies all the objectives for which it was designed, namely: i) maximu m power point tracking (MPPT) of
(PV) module; ii) Regulat ing the voltages of the capacitors to their desired reference levels and iii) generating a
sinusoidal voltage at the output.
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