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Abstract— this paper presents a control for a three phase
three-level neutral point clamped inverter (NPC) for grid
connected photovoltaic (PV) system. The maximum power point
tracking (MPPT) is capable of extracting maximum power from
the photovoltaic (PV) array connected to each DC link voltage
level. The MPPT algorithm is solved by Perturb and Observe
(P&O) method. The MPPT system is integrated with the DC-link
controller so that a DC-DC converter is not needed and the
output shows accurate and fast response. We seek the
achievement of three control objectives: (i) the voltage reference
must be designed so as to achieve maximum power point tracking
(MPPT), (ii) the DC link voltage must be tightly regulated over a
wide range voltage-reference variation, (iii) and the power factor
correction (PFC) requirement must be satisfactorily realized. To
meet these objectives, a Sliding mode control strategy is applied,
based on the nonlinear system model. Then, it is formally
demonstrated that the proposed controller actually meets the
desired control objectives.

Keywords— three-level neutral point clamped inverter
(NPC); grid connected photovoltaic; MPPT; sliding mode; DC
voltage constant; Sliding mode control

I. INTRODUCTION

ITH a spurt in the use of renewable energy sources,

photovoltaic (PV) power generation is being employed

in many applications. Conventionally, a PV system consists of

solar PV array sand electric converters. A PV array is formed
by series/parallel combination of solar modules [1].

Higher power equipment’s require higher voltages, which

limit the maximum DC voltage level. Therefore a new family
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of multilevel inverters has emerged as the solution for solar
applications, as the PV array is directly connected to each
level of the DC link. Different types of topologies are
presented in the literature [2, 3]. This paper uses the NPC
topology since it has the advantages such as: (i) DC-link
capacitors are common to three phases. (ii) Switching
frequency can be low and (iii) reactive current and negative
phase sequence current can be controlled.

Several methods of modulation techniques such as selective
harmonic elimination PWM, sinusoidal PWM, space vector
modulation, sigma delta PWM, closed loop modulation
techniques exist to control the inverter [3].

Furthermore, the increase of average PV system size may
lead to new strategies like eliminating the DC-DC converter
that is usually placed between the PV array and the inverter,
and moving the MPPT to the inverter, resulting in increased
simplicity, overall efficiency and a cost reduction [4].

The power produced by PV panels is dependent upon the
amount of solar irradiance and temperature. The output power
produced by PV panels varies as a function of its operating
point because of the inherent nonlinear current voltage
relationship of a typical PV cell. Therefore, a Maximum
Power Point Tracking (MPPT) algorithm is necessary to
extract the maximum power from PV panels under varying
atmospheric  conditions. Many algorithms have been
developed for MPPT of a PV array [5]. Among the MPPT
techniques, the perturbation and observation (P&QO) method is
the most popular because of the simplicity of its control
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structure. The P&O method moves the operating point toward
the maximum power point by periodically increasing or
decreasing the array voltage. This method gives good results
when the irradiation does not vary quickly.

In grid-connected PV systems (GCPVs). The generated PV
power is fed to the grid by three-level NPC inverter and
controlled by Sinusoidal PWM technique, or it supplies the
linear and nonlinear loads connected at the ac side. In this
structure, DC-capacitor is applied to decouple the generators
and grid. The converter is used to control the transit power in
order to keep the DC-link voltage constant. The control
strategy used in this work is field oriented control (FOC) [6].

However, the controller should accommodate the effects of
uncertainties and keep the system stable under variable
temperature and insulation conditions. The conventional PI-
based controllers cannot fully satisfy stability and performance
requirements. On the other hand, the system is highly
nonlinear and has a large range of operating points. Thus,
linearization around one operating point cannot be employed
to design the controller. Nonlinear control methods can be
used to effectively solve this problem [7].

To control the Grid Connected Photovoltaic Conversion
System (GPVCS) we need robust controller. Sliding Mode
Control (SMC) is a nonlinear control technique derived from
variable structure control system theory and developed by
Vladim UTKIN. Such control solution has several advantages
such as simple implementation, robustness and good
dynamical response. Moreover, such control complies with the
nonlinear characteristic of the switch mode power supplies [8].

The remainder of the paper is organized as follows: the next
section discusses about the systems configuration, the PV array
modeling and its characteristics are described in section-Ill.
Section 1V presents an overview and application of P&O
algorithm. This is followed by the MPPT structure of the
proposed work. In section-V, the modeling converter is
described along with the control strategy by sliding mode
controller and the simulation results are described in section-
VI. Finally, the conclusions are given in the last section.

1. SYSTEMS CONFIGURATION

The proposed system consists of a PV array connected to
the three phase three-level NPC through a DC bus which is
connected to an ideal grid as shown in Fig. 1.

The control structure of the grid-connected PV system is
composed of two structure control.

Control the active and regulate the reactive power injected
into the grid;

A. The MPPT control, whose main property is to extract the
maximum power from the PV generator.

B. The inverter control.

e To control the active and regulate the reactive power
injected into the grid.

e To control the DC bus voltage.
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e To ensure high quality of the injected power. [9];

Three Level
NPC hverter

PN Amay,

Fig. 1. General diagram of grid connected photovoltaic system

I1. MODELING OF PV ARRAY

The basic criteria for modeling a PV device are its electrical
characteristics, i.e., the current and voltage-current
relationship of a PV cell for varying weather conditions.

A solar PV array is developed in Simulink. This array is
used as a source for the maximum power point tracker system.
The PV array makes use of the equations of a typical solar
cell.

The typical model of a solar cell is shown in Fig. 2. The
current and voltage of the solar cell is given as follows:

Ioay = oy — [ — =2l M
P
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Fig. 2. Solar cell electrically equivalent circuit
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Where |,
voltage. The definitions of the parameters are given in Table I.
The equivalent circuit for the solar cells arranged in Np

are the cell output current and

parallel and N series is shown in Fig. 3, array current and
array voltage becomes:
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Where N o represents the number of parallel modules. Note

that each module is composed of N cells connected in series.
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array.

corresponds to the short circuit current of the solar
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Fig. 3. Electrically equivalent of solar array circuit (Np parallel -Ns series)

The output of Simulink model is shows first the V-P
characteristics of PV module, for various irradiation levels Fig.
4, and then V-l characteristics, reference to the key
specifications of the NA-901 module illustrated in Table I, the
results of Simulink PV module show the excellent
correspondence to the model.

V. MPPT ALGORITHM

Maximum power point tracking (MPPT) have already been
mentioned in Introduction, it is necessary to draw the
maximum amount of power from the PV module. We have
chosen to use perturb and observe (P&O) algorithm, based on
the references mentioned before. Also known as the “hill
climbing” method, P&O algorithm is very popular because of
its simplicity and ease of implementation. Basically, the
module current is perturbed by a small increment, and the
resulting change in the power is observed. If the change in
power is positive, the current is adjusted by the same
increment, and the power is again observed. This continues
until the change in power is negative, at which point the
direction of the change in current is reversed [10].

»
I'rmcking with P&O

I)
PV 4
algorithm

*ath of real

MPP

Increasing irradiation

Vi

Fig. 4. Deviation from the MPP with the P&O algorithm under rapidly
changing irradiance

V. MODELING CONVERTER
The inverter control is based on a decoupled control of the
active and reactive power.
A.  The Three-Phase Converter

The topology of three-phase three-level
connected inverter is shown in Fig. 8:

NPC grid
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Where, Vo, Vyq, Vg, are the three-phase symmetrical grid

9

i are the three-phase AC grid current,

voltage, 1,4, Iy, Io

R;., L; are the equivalent resistance and inductance of the
power grid side, respectively, U,,, U, represent the
voltage value of DC bus capacitor C;, C,, U, is the DC

bus voltage. U, is the voltage of node o referring to neutral
point N.
The switching function S, (i=a, b, c) is defined as follows:

if S;;, S;, switchon, S5, S, switchoff, S, =1,if S;,, S,
switch on, S;;, S;,switch off, s, =0, if S5, S;, switch on,
Si1. Sjpswitch off, S; =—1. In the steady state, U, U,

is almost equal, thatis U, =U ., =U . /2.

Phase voltages of the inverter according to switch position
are given in the following equation:

U U
an — %(Zsal - Sbl - Scl)+ %(zsaz - sz - Scz)
4)
U

U (
%(Zsbl - Sal - ;CZ (Zsbz - Saz - Scz)

= U%(zsﬂ —Sp1 — Sa1)+ %(Zscz =Sy, — Saz)

Sa)+

bn

cn

In this inverter circuit, the gating signals of the inverter
switches are generated by using a sinusoidal reference wave
modulated with two triangular carrier waves with the same
frequency but with opposite offset value. This strategy is able
to perform the sinusoidal PWM of the inverter as shown in
Fig. 5.

-

Fig. 5. Sinusoidal PWM for gating signals generation of three-level inverter

In general, modulation index (M) for n level multilevel
inverter is given in the following equation:

M=tm (5)

m—1)A,

Where A is the maximum value of reference voltage

(Vref) and A, is the peak to peak value of triangle
Wave(Vc).



This modulation is a widely extended modulation technique
among voltage sourced converters. By using a triangular
signal and comparing it with the reference signal (an image of
the output voltage that is wanted at the output of the
converter), it creates the output voltage according to the
following law [11]:

5; =11V >wvy; with j=a.bc (6)

Where
v;. ¥, 17, = Reference voltages for each phase

v = Triangular signal

B.  Current Control Modeling

The vector current control in Park reference frame is carried
out by using the synchronized reference with the grid voltage
Fig. 6.

In the synchronous d-q reference frame ,the voltage
equations, the active power and reactive power equations in
the steady state of a three-phase grid-connected PV can be
described as (7) and (8) [12].

a dig .
I’d —R‘r-l.d+ir|‘r- art —m_gf.‘,r;q.+1adg

diy ) ()
'L’-'q. =R_lr"‘-q' + I.J,r?"‘ fdsf.}r:d +1:Ii‘5l

IP= Udgfd-l_ 'lf-'q.gfq. 8

Q:U‘qgfd—l}"dgfq. ( )

If the three-phase grid voltage is ideally sinusoidal without
any harmonics, then in the d, g frame, the grid voltage vector
is given by peo =
L =0 ®

In practice, the grid voltage is no sinusoidal due to
harmonics. Therefore, both v, and V, will not be constant

but have slight ripples whose frequencies and magnitudes
depend on the harmonic components. However, in steady

state, the average value of V. is still equal to zero.

Consequently, (8) can be rewritten as (10). Its active power
depends on the d-axis current, and the reactive power depends
on the g-axis current. Furthermore, in order to achieve unity
power factor fundamental current flow, the q component of
the command current vector is set to zero.
I P = Udgfd
Q = —vagiy
Assuming lossless power transmission between solar array
and grid line, the relationship of instantaneous active power
exchanged between the PV array and the grid is given by
Fop = F = vyiy (11)

This allows one to obtain the relation
;o
te = (12)

(10)

2]

Therefore, the PV power information can be obtained from
the d-axis grid current component by the relation (12).
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Decoupling Compensation Correcteur

Fig. 6. Bloc diagram of the current control

L¢ is the filter inductance, and Ry is the resistance associated
both the inverter output side and grid side inductances [13].

C.  Voltage Control Modeling

The DC reference voltage V. is compared with the sensed
DC voltage across the capacitor V. The DC voltage corrector
regulates the DC bus and sets the active power P, . which
is necessary to charge the capacitor to the desired ;/alue. The
reference active power P is obtained after being added to the

c

P, _rer the power generated by the PV ( Fyppr ). Fig. 7 shows
the bloc diagram of DC voltage control [14].

\' X Vi
> V‘) — k;‘ + —

A

Fig. 7. Bloc diagram of the DC bus control

The instantaneous change indirect bus voltage v is given
by the capacitive current i. integration.

Uge = I 1.dt (13)

With:
fg =g — iy (14)

And
ig= Figg+ Fripg+ Faicg (15)

Fi1, F», F3 are logic functions according to the switch states
given by the grid link control and i, ing, icg, are the three
phase currents supplied to the grid.

D.  Sliding Mode Control

The SM controller has been very successful in recent years
due to the simplicity of its implementation and its robustness
against the uncertainties of the system and external
disturbances in the process. Sliding mode control is to bring
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back the state trajectory to the sliding surface and to advance
on it with a certain dynamic point balance [15].
1) Control Design
The two switching surfaces and are defined by:

31 = lgpep — g
= i (16)
[5: T harsf T g
So:
S =1y per — 1
E i (17)
53 = lgpes — 15

When the sliding mode occurs on the sliding surface, then:
5, =5,=5,=5,=10 (18)
To satisfy the stability equation and to get a sliding mode
control, a possible control variable can be given as:
Vd ref = Vegd + Vi g
L’q_rs*f = Vegq T lhg (19)
Combing (7), (16), (17), (18) and (19) the controls voltage
of d-q axis is defined by:

Vop g = Reig— Lewi, + 13
[ -q_dﬁ i d 1_; g7 g (20)
Vp g = Kgsign(5,)
[veq._q. =_Rf:q._— I.f i g (21)
Vg = qu:gﬂ{.S':]
Where Kz =0 and K, = 0
By the development of eq. (10) we write the eq. (22).
The GSC output currents set value are deduced as:
id paf = T
dg
. _ e (22)
q_ref vag
VI. SIMULATION RESULTS, DISCUSSION AND COMPARISON
Computer  simulation  has  been  done  using

MATLAB/Simulink in order to validate the performance of
the proposed control strategy are described in Fig. 8. For all
simulations, The PV system of 5.6 kW maximal is developed
using 5 parallel connected strings with each string having 13
series connected PV modules. The parameters of the PV
system and electrical power system that are used in simulation

are given in Table-l1. The dc-link capacitors are 1100 pF

each, and the AC filter has an inductance of 37 mH; the
switching frequency is fixed at 10 kHz.
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Fig. 8. System control structure diagram

A. Simulation under constant atmospheric conditions

Simulation results under two atmospheric conditions,
temperature 25°C and irradiance 1000 W/m?, are presented in
Figs. 9.

As can be seen from these figures, the MPPT controller
quickly adjusts voltage references in order to track the
maximum power point.

The power active and reactive follows quietly those
references respectively as shown in Fig. 9(c).

As shown in Fig. 9(d), in the steady state, the grid current
and grid voltage satisfy the unit-power-factor condition. From
the grid current spectrum diagram in Fig. 10, the sliding mode
controller has good performance in harmonic compensation,
and the current total harmonic distortion (THD) is as low as
1.96%.
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Fig. 9. Simulation results under constant atmospheric conditions. (a) DC-link
capacitor voltages ([V]). (b) Voltage for a three-level NPC inverter
(IVD). (c) Active and reactive grid power ([W], [VAR]). (d) Phase a
current and voltage ([A], [V]).
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Fig. 10. THD analysis of phase a grid current.



B.  Simulation under changing atmospheric conditions

In this section, a rapid increase in irradiance from 400W/m?
to 1000W/m2 within a time period of 2 seconds and a change
back to 400 W/m2 at t = 6.5 was simulated . The cell
temperature was kept at a constant value of 25°C. The
obtained results are presented in Figs. 11. These results show a
good robustness of the proposed controller with respect to

irradiation variations.
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Fig. 11. Simulation results under changing atmospheric conditions. (a) DC-
link capacitor voltages ([V]). (b) Active and reactive grid power ([W],
[VAR]). (c) Phase a current and voltage ([A], [V]).

VII. CONCLUSION

In this paper, a nonlinear control of NPC three-level
photovoltaic grid-connected inverter is proposed. the use of a
three level NPC with his simplified control algorithm (SPWM)
as a grid interface gives a good results in term of THD and
power quality, also, the aim was in this work to inject to the
grid a maximum power possible whatever solar irradiance and
temperature condition. The proposed control laws are derived
from the Lyapunov approach using sliding mode controllers.
This sliding mode control strategy has been adopted to obtain
better dynamic performances. The simulation results included
in the paper, indicate that the unity power factor is achieved
and the proposed SMC scheme exhibits better steady state
performance and can reduce the three-level inverter voltage
fluctuation significantly compared to the conventional PI
controller.
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APPENDIX
TABLE I. ELECTRICAL CHARACTERISTIC OF PV PANEL WITH AN
IRRADIANCE LEVEL OF 1000 W/Mm?
Symbol Quantity
STP 080 Model
12/Bb
Vo=21.9V Open voltage
Vmp=17.5V Optimal voltage
Isc=4.95A Short-circuit current
Imp=4.57A Optimal current
Pm=80W Maximal Power
-40°C a Operating temperature
85°C
1195x541x Dimensions
30 (mm)
8 kg Weight

4Gaussian units are the same as cgs emu for magnetostatics; V
= volt, A = ampere, T = temperature, mm = millimeter, kg =
kilogram
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