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Abstract.This paper presents a new control strategy of a photovoltaic system, which consists of a
photovoltaic generator PVG coupled to a three phase load and three phase grid by a three phase voltage
source inverter VSI without DC-DC converter. The controller is designed by using Backstepping method
based on d-q transformation of a new model of the global system. The main goals of this control strategy
are to achieve the maximum power point MPPT with very good precision and the unity power factor in level
of the grid power flow. Mathematical analysis demonstrate the asymptotic stability of the controlled system
and simulation results proved that the controller has achieved all the objectives with high dynamic
performance in presence of atmospheric condition changes. Moreover, the proposed controller shows a very
good robustness under system disturbance, which presents the most important advantage of this controller
compared to the other control strategies. Furthermore, this controller can operate with a high efficiency with

any kind of the load.

Introduction

Sustainable energy sources are a very good solution in
the global energy problem. In this way, photovoltaic
system is one of the most important energy solutions; the
energy generated by photovoltaic system represents a large
part of the total amount of energy produced by renewable
energy sources [1], [2]. There are two types of photovoltaic
systems which are the autonomous system and grid
connected photovoltaic system. In the last years, the
photovoltaic system connected to grid becomes more used
due to need of supplying the world rise in demand for
electric energy [3].

This paper presents an advanced control strategy using
Backstepping method of a three phase grid connected
photovoltaic system feeding non-linear load without DC-
DC converter. The main goals of this control strategy are:

-Achieving the maximum power point tracking MPPT.
-Operation near the unity power factor.

-Control the power flow between the Photovoltaic
Generator PVG and the grid.

There are many research efforts to realize these
objectives [3]-[7]. But, they have not been able to achieve
the goals with a good performance and they haven’t
considered all the constraints of the photovoltaic system
(abrupt variation of climatic conditions and system’s
perturbation).
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The proposed control strategy has achieved the MPPT
with a very good precision and fast response time during
abrupt atmospheric conditions changes. The controller
permits also to compensate precisely the load reactive
power, which guarantees the unity power factor operation
of the system. Moreover, the proposed controller has
presented a very good robustness in presence of system
perturbation. Mathematical analysis and simulation results
will demonstrate all the performance of this control
strategy.

The next section of this paper presents the system
description and mathematical model of the global system.
Section III illustrates the control strategy of the studied
system and gives a mathematical analysis. Section IV
shows the simulation results. Finally, a short conclusion
will be presented.

1.System Description and modelling

The system consists of a photovoltaic generator PVG
coupled to a three phase grid via an input capacitor C,,
Voltage Source Inverter VSI and low pass filter (LR). A
three phase load is coupled also to the system, this load can
be supplied by the PVG power if it’s enough, if it isn’t
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enough the load will be supplied by the grid and the PVG
at the same time. In case there is no sunlight, the load will
be supplied by the grid and the inverter will just
compensate the Reactive Power caused by the load. The
proposed PVG system is given in figure 1.
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Fig. 1. Photovoltaic generator connected to a three phase grid
feeding any kind of alternative load.

The PVG power P, is defined by:
B, = v, X i, (1
Where v, and i, are the PVG voltage and current.
The mathematical model of the studied system is given
by:

p _ 1Pk _ 1P

at ~ Covpy  Cpvp 2.9

dig _ _r, _1 1

e e e (2.b) @
di T, 1 1

d_tbz_zlb__eb +—vlJ (2.0)

di T.
—£ = =7l e +1 v (2.d)

Where ff is the |nverter ﬂ(ctlve Power, (i, iy, i.) and
(va, vp, V) are the inverter currents and voltages, (e,, ey, €c)
are the grid voltages, C,, is the imput capacitor, L is the filter
inductance and r is the filter resistance

The park transformation of the previous model gives the
following simplify model:
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g, Iq) are the inverter current components in the d-q
axis, (Vd, Vq) are the PWM references in the d-q axis,
(Eqr Eq) are the grid voltages components in the d-q axis
and w is the grid pulsation.

with P is the park’s matrix transformation defined

abc
by [8]:
sin (8) sin (6 — 2?“) sin (8 — 4?“)
Pk = 2| cos (8) cos(8—-2) cos(0-2) | (4)
: 1
1 ! :

0 represents the phase angle of the grid calculated by
the PLL technique [9].

After having modelling the system, the next section will
illustrate the design of the control strategy.

2.Control strategy

The Backstepping method [10] has been selected to
design a control strategy able to realize the following

objectives with a very good performance and high
robustness.

-Tracking the maximum point of the power produced by
the PVG and convert all this power on Active Power.
-Compensate Reactive Power and harmonic distortion
caused by the load.

All these goals must be achieved under abrupt
atmospheric condition changes and system’s perturbation
(load harmonic pollution and system parameters
disturbances)

2.1. MPPT and Active Power controller

The output selected to be controlled in order to achieve
the MPPT is the derivative of the PVG power with respect

to the PVG voltage defined by:
8Py _ . Oip
v, b + v, v Q)

This output must converge to zero in order to track the
MPP with a very good precision [11], [12].
The Backstepping control law linked to the first output is
developed as follows:

Firstly let’s define the first tracking error as follows:

8Py dip
€ = o — 0=ip +vp— v 6)
Using (3), the derivative of &, can be developed as in

7):

s = (2%, Ph\(LPy_ 113
& = (2 E + Vp 0Vp2) (Cp v Cp vp 2 Edld) (7)
The first Lyapunov function can be defined by:
1

Vl = E 812 (8)
Its derivative is as follows:

1 13

L1251, ©)
The derivative of the Lyapunov function must be

negative. For that a virtual control law « is selected to get

the following relation:

di 0%i 1P 113
( —p+vp—2)( ~———ZE4a) = -k
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10
Where:

a = (Id)desired (11)

k, is a positive constant.

By using (10) the expression of a is:
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vz (13)

By applying this control law the derivative of the first
Lyapunov function is necessarily negative and its
expression is given by using (9), (10) and (11):

V, = =k, &2 (14)

Equation (12) supposes that the virtual control law

a is equal to the current direct component 4. But, in the

reality there is an error between them. This error is defined
by:

E=lhj— «a (15)

So,

=g +a (16)

By integrating (16) in (9) and using (10), the novel
expression of V; is given by:

. ai 8%

V, = —k,&,2 — ( ﬁ+ vp Tp’;)é%%Edslsz (17)

Therefore, V; is no longer necessarily negative. For
that a second Lyapunov function is proposed defined by:

Vy = Vi + g2 (18)
Its derivative is given by:
V, =V, +¢&,¢, (19)
By using (16) the derivative of €, is given by:
g, =lg— 6==Tlg+ wlg —1Eg+7Vy— @ (20)

By integration (17) and (20) in (19) the final expression
of V, is as follows:

. di %ip\ 1 13 r
V, = —k,&% — L4y —B|——2E.¢ (——I +
2 11 avp p(’)vp2 Cpvp 2 d*1 L d

1 1 .
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In order to stabilize £, and &, to zero, V, must be
strictly negative. For this end, the following equality is
imposed:

ai 8%ip 1 13 r

- ( ﬁ + Vpﬁ)gngdsl + (_Eld + a)lq -

—k,¢, (22)

Where k, is a positive constant.

By integrating (22) into (21), the desired form of V, is
given by:

V, = —k;&;% — k,&,° (23)

By using (22) the expression of real control law which
guarantees the desired form V, is as follows:

ai 0%i 113
= — 2_p V, —z ——=E4& —
Vd L[ k2£2 + ( dvp + p 0vp2 Cp vp 2 a1

(—fla+wlg —TEq —a)] (24)

By applying this control law, V, is necessarily negative
and €; converge asymptotically to zero, which guarantees
the achievement of the MPPT with a very good precision
and fast response time. Moreover, the input voltage is
constant, therefore all the PVG power will be converted by
the inverter on Active Power which means that the Active
Power delivered by the inverter is maximized.

After have been maximized the inverter Active Power,
the next step consists of controlling the inverter Reactive
Power.

2.2. Reactive Power controller

The goal in this subsection is to compensate the
Reactive Power caused by the load. For that, the inverter
must inject Reactive Power Q; equal to the Reactive Power
caused by the load Qy, in order to achieve the Unity power
factor in the level of the power exchanges between the grid
and the rest of the PVG system. The load and the inverter
Reactive Power are given by using the mathematical
expressions in dq0 frame as follows [13]:

Q= —2Eqlq, (25)
Qi = —>Eql, (26)
Where:
Iy lla
)2
I le
Knowing that the relation below must be achieved :
Q=20 @7

So, the reference Iy.¢ of the second output I can be
calculated by using (26) and (27) as follows:
2
Iqref =- a QL (28)
The Backstepping controller of the second output I is

designed thereafter:
Let’s define the following tracking error:

& = Iq - Iqref (29)
And its corresponding Lyapunov function:
Vs =2e? (30)

By using (29) and (30) the derivative of the Lyapunov
function is given by: _ _

Vs = €363 = &5(I; — Iyref) @D

This expression can be developed by using (3) of I as

follows:

> . r 1 1
Vs = g3ty = &5 (— Ty —wlg —1Eq + 7V, —

l} qref ) (32)
The derivative of Vq must be negative. For that the
following relation is proposed:
— 1y = 0lg = 7 Eq + Vo = Igrey = ks (33)
Where k; is a positive constant.
Therefore, the new expression of Vq is given by using
(32) and (33) as follows:
Vy = —k3es? (34)
So, Vs is negative.
By using (33), the control law V is given by:
Vo = L|~kses + lg + 1y + 2By +lgrey|  (35)
The quadratic control law Vg forces V5 to be negative
and &5 to converge to zero, which guarantees the
asymptotic convergence of I, to its reference Iger. And
finally, the compensation of Reactive Power and harmonic
component caused by load with a very good performance.

The following figure presents a block diagram of the
PVG system and the Backstepping controller.
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Fig. 2. Block diagram of the PVG system and the proposed
Backstepping controller.

The control law V4 and V; are used to generate the
PWM references R, Ry, and R, by applying an inverse dq0
transformation. The PWM outputs L,, |, and p; are used
to generate the switching signals of the inverter
Gy7,G,7, G33 able to achieve the controller objectives
with a very good performance.

Where:

_ (1 - Gjs:on; Si_:off
Mi=1.3 = {O — Si,:off; S;_:on

This performance of the Backstepping controller will
be illustrated in the next section by using the simulation
results under MATLAB/SIMULINK.

3.SIMULATION RESULTS AND
ANALYSIS

In this section, simulation results are proposed to
demonstrate the performance and robustness of the
Backstepping controller. The scenarios used in this
simulation are presented in fig. 3. It considers an abrupt
irradiation and temperature changes. At 2s, it proposes also
the disturbance of the input capacitor €}, amount by 40%
of its principal value and at 2.5s the scenarios presents a
load current harmonic pollution by 6% of its fundamental
value.

The peak power of the PVG used in this simulation is
about 55,940KW at standard atmospheric conditions..

The nonlinear load could have been any kind of load.
In fact, the Backstepping controller is designed
independently of the kind of load. In this simulation an
inductive load has been used which is supposed to be
saturated between 2.5s and 3s.

Table I shows the parameters of the system and the
Backstepping controller.

TABLE I. PARAMETRES OF THE SYSTEM AND THE

CONTROLLER

Grid voltage: 380V
Grid frequency: 50 Hz

Fig. 4 shows the PWM references. The notice is that the
waveform of these references doesn’t contain fluctuation or
distortion. Distortion and fluctuation can saturate the inverter
switching by produced a high frequency of the PWM control
signal.

The behavior of the first output gvﬁ is shown in fig. 5.
p

It converges asymptotically to zero under the scenarios
conditions, which guarantees the achievement of the
MPPT with an excellent precision and fast response time
and height robustness in front of the system’s disturbance
as illustrated in fig. 6. The static and dynamic
performances of the MPPT are better than those obtained
in the references [3-7].

Fig. 7 shows that all the PVG power has been
converted on Active Power by the inverter. Indeed, the
inverter Active Power converges exactly to the PVG
power.

Fig. 8 presents the Active Power flow between the
inverter, the grid and the load. It is clear that the load
Active Power is stable. This last is supplied by the inverter
Active Power in case if it’s sufficient and the rest of the
inverter Active Power is injected in to the grid. In the other
case, the load is supplied by both of the grid and the
inverter Active Powers.

Fig. 9 shows the curve of the second output /,, which
converges very quick to its reference with very good
precision. This realization compensates the Reactive
Power and harmonic distortion caused by the load under
hard conditions as illustrated in fig. 10. This fact is very
attractive. Indeed, the Reactive Power in level of grid
power flow is null as illustrated in fig. 11. Therefore, the
UPF is achieved and the grid current is in phase with the
grid voltage under atmospheric condition changes, system
parameters disturbance and load current harmonic
pollution as demonstrated by fig. 12, fig. 13 and fig. 14 .
Moreover, the quality of the wave form of the current
injected in to the grid is better when compared to that of
the grid current presented in [4-5] and [7]. This last
contains an important harmonic distortion which generates
power losses and system disturbances.

Fig. 15 shows the grid current harmonic spectrum. It
has been verified that using the control strategy proposed,
it is possible to eliminate the harmonic distortion of the
grid current.
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Fig. 15. Grid Current harmonic spectrum in phase ‘a’.

4.CONCLUSION

This paper presented an advanced control strategy of a
three phase load and grid connected PVG system without
boost converter. This control strategy is designed by using
Backstepping method based on Lyapunov stability
approach and dq0 transformation of the PVG system
model. The main focus of this controller is to achieve the
MPPT and UPF under any conditions. The best advantage
of this controller is its robustness in the presence of abrupt
atmospheric condition changes and system’s disturbance
and its inconvenience is the difficulty of the MPPT
controller implementation due to the long mathematical
equations of the control law, which needs some attention
to avoid the errors. Mathematical studied has been proved
the Lyapunov stability of the global PVG system and
simulation results illustrated that the controller has realized
the MPPT and the UPF with a very good precision and fast
response time under abrupt conditions changes, which
demonstrates the performance and robustness of the
proposed controller. The next step will be devoted to
assemble a laboratory prototype of a PVG system
controlled by this control strategy.
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