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General Introduction

General Introduction

Nowadays, the world depends heavily on non-renewable energy sources such as coal, oil
and natural gas. Meanwhile, energy production is a major challenge in the coming years due to
the increasing energy needs, which leads to an increase the environmental pollution caused by
previous sources. As a solution for this crisis, the world has begun to use another type of energy
called renewable energies, for example, wind energy, solar energy, and biomass. Because it is

characterized by unlimited sources and does not affect negatively the environment [1].

Among all renewable energy sources, solar photovoltaic (PV) energy is becoming
increasingly competitive with conventional energy sources. Where, the grid-connected PV

energy is one of the fastest growing and most promising renewable energy sources in the world

[2].

Although the core of a PV system is the PV cell (also known as a PV generator), power
electronics plays a fundamental role as an enabling technology for an efficient PV system
control and interface to transfer the generated PV power to the grid. The functions of the power
converter stage of a PV system include maximum power point tracking (MPPT), DC-AC power
conversion, grid synchronization, grid code compliance (power quality), active and reactive

power control [2].

The purpose of this work is to design an effective control scheme for grid-connected
photovoltaic system using quasi-Z source inverter (gZSl). The gZSI provides a cheaper,

simpler, and one stage approach for PV arrays.
This work is organized into two chapters:

e The first chapter is dedicated to PV systems, particularly grid connected PV systems,
as well power electronics interfacing topologies for these systems and the control
objectives of them.

¢ In the second chapter, we will be modeling and controlling grid-connected PV system

based on qZSI using model predictive control technigue.

Finally, a general conclusion and perspectives conclude this work.
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Chapter I:

Backgrounds on Gnid-
Connected Photovoltaic

Systems

I.1. Introduction

Recently, PV technology has been one of the promising renewable energy due to its ability
to produce electricity without any pollution to the environment. PV systems are considered one
of the most efficient and well-accepted renewable energy sources because of their suitability in
distributed generation, mobile applications, transportation, and satellite systems. In addition,
the PV systems price has decreased steadily over the years especially for the grid-connected

PV-system, given the strong government support by most of the developed countries [1].

In this chapter, a short review on grid connected PV systems is offered to explain PV energy
and present PV systems with their categories. In addition, power electronics interfacing
topologies for grid connected PV systems and the control objectives of these systems are

described respectively.

I.2. Photovoltaic energy

Every day, the sun provides energy to Earth. Human can use this free energy through a
technology called photovoltaics. The word photovoltaics (PV) was first mentioned around
1890, and it comes from the Greek words: photo, ‘phos,” meaning light, and ‘volt,” which refers
to electricity, describing exactly the photovoltaic phenomenon where you can directly convert
light into electricity [2].

PV energy is a clean, renewable source of energy that uses solar radiation to produce
electricity. It is based on the so-called photoelectric effect, by which certain materials can

assimilate photons (light particles) and discharge electrons producing an electric current. For
2
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this purpose, a semiconductor device called PV cell is used, it can be made from
monocrystalline silicon and achieve maximum efficiency between 18 % and 20 % on average.
Or it can be made from polycrystalline silicon and have an average efficiency of between 16 %
and 17.5 %, it is cheaper than the monocrystalline silicon PV cell. PV cell can also be made of
amorphous silicon, but this kind has a disordered crystalline network, which leads to lower
performance (average efficiency between 8 % and 9 %). The current obtained from a PV cell
is a direct current and the voltage is of the order of 0,5 V. Therefore, PV cells are grouped in
series or/and in parallel to build a photovoltaic panel. The serial grouping increases the working
voltage and the parallel grouping increases the current [2].

I.3. Photovoltaic systems

PV systems are solar energy supply systems, which either supply power directly to an
electrical equipment or feed energy into the public electricity grid. PV cells are typically
combined into modules that hold up to 72 cells, a number of these modules are mounted in PV
arrays that can measure up to several meters on a side. In general, a PV system consists of PV
modules and power electronics converters; PV modules are responsible for converting the
sunlight into electricity then the obtained solar power is processed through the power
electronics converters. Usually, a DC-DC converter is employed to regulate the DC power
delivered from the PV modules. Then, the DC-DC converter is followed by a DC-AC converter,
which process the delivered power from the DC-DC stage and feed it to the AC loads. Figure
1.1 shows a typical PV system [1].

DC-DC
converter

AC Load

Inverter

Figure 1.1: A typical PV system.
3
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Principally, PV systems can be divided into two categories according to their application:
e Stand-alone systems.

e Grid-connected systems.

1.3.1. Stand-alone systems

Also known as off-grid PV power system, usually requires a storage battery, this type
generally operates independently of the utility grid, designed and sized to supply certain DC

and/or AC electrical loads.

For DC load application, PV systems utilize single-stage DC-DC power converter, which
plays a major role in changing the PV voltage or current level for tracking the maximum power
point (MPP). For AC load application, a two-stage topology along with battery banks connected
between the two stages is used. In the first stage, a DC-DC converter is used to boost the PV
voltage and track the MPP. In the second stage, the DC-AC inverter is utilized to convert the
DC power to AC power and improve the AC power quality. In case of PV application with a
critical load, battery banks are used to fix the inverter DC voltage and enhance or supply the

required load power [2].

Figures 1.2 and 1.3 show, respectively, the block diagram of the standalone PV system for
DC and AC load.

L \
DeDC DC Load
Converter
~. .~ - )
PV Panel D '
Battery
Vinl I banks
\ ) MPPT

Figure 1.2: Block diagram of a standalone PV system supplying a DC load.

4
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{ N\ 4 N\
DC-pC DC-AC AC Load
Converter Inverter

\ \ y

A
D Battery M "L
Vol Loy banks
—> MPPT System ~— €—
—p] control  €—— ¥} ref

Figure 1.3. Block diagram of a standalone PV system supplying an AC load.

1.3.2. Grid-connected systems
In order to inject the power generated by PV modules into the grid, it must be converted

first from DC power to AC power. So, a power electronics inverter is employed. In addition to
the converting capability, the inverter is used for the MPPT (maximum power point tracking).
Also, a DC-DC converter could be used to boost the PV output voltage and track the MPP.
There are different inverter configurations:

e Centralized technology.

e String technology.

e Multi-string technology.

e AC-module technology.

Figure 1.4 shows the grid-connected PV system technologies. Centralized inverter
technology is considered the first PV grid-connected configuration. PV strings (a number of PV
modules connected in series) are connected in parallel in order to obtain a PV array with the
desired output power and DC voltage level. The PV array output is connected to a single DC to
AC inverter. In this configuration, PV maximum power is delivered into the grid with high
efficiency, small size, and low cost. Although, to fulfil grid requirements, such topology
requires either a step-up transformer, which reduces the system efficiency and increases cost,
or a PV array with a high DC voltage. A high voltage PV system suffers from hotspots (where
a PV module with lower radiation behaves as a load) during partial shading and increased
leakage current between the PV panel. Furthermore, the parallel connected PV strings could
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have different optimum voltages, resulting in multiple peaks on the PV array characteristic
curve. To improve MPPT during partial shading or string optimum voltage mismatch, string
technology is used, where each PV string is connected to an inverter with its own MPPT. This
configuration has few drawbacks, it requires a large number of components and has high
installation costs. The multi-string technology is similar to string technology. The difference is
that a DC-DC converter is installed on each PV string where the outputs of each DC-DC
converter are connected to a single DC-AC inverter. The added DC-DC converter on each string
is employed to track the MPP and avoids having a large DC voltage PV module, this technology
IS expensive because each string has its own converter. In AC-module technology, each PV
module is connected to a different inverter, where the MPP from each module is extracted
separately. This technology is recommended when PV modules with different power rating are

used and it is considered the most expensive [3].

AC Grid
AC AC AC AC AC
DC pC || i DC DC DC
‘[ pc DC
DC DC
£
=
t eeen et e e L Y LT
= AC-module
z technology
Centralized String
technology technology
L |

Multi-String technology
Figure 1.4: Photovoltaic grid interfacing system technologies.

I.4. Power electronics interfacing topologies for grid-connected PV systems

Given to the development of PV technologies, applications of PV in grid-connected
situations have grown rapidly and there has been a progress in the new power inverters
topologies the last few years. The main research efforts have concentrated on the highest
possible efficiency, power density, and reliability of the converter to further increase the overall
performance of the PV installation. In this part, both of single stage and two stage grid

connected PV systems are introduced.
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1.4.1. Single-stage grid-connected systems

A single-stage grid-connected system is illustrated in Figure 1.5. In order to track the MPP
and interface the PV system to the grid, the PV system utilizes a single conversion unit (DC-
AC power inverter). In such topology, PV maximum power is delivered into the grid with high
efficiency, small size, and low cost. However, to fulfil grid requirements, this topology requires
either a step-up transformer, which reduces the system efficiency and increases cost, or a PV
array with a high DC voltage. High voltage systems suffer from hotspots during partial shading
and increased leakage current between the panel, as described in section 1.3.2. Furthermore, it
is complicated to control the inverter because the control objectives such as MPPT, power factor
correction and harmonic reduction. Different types of DC-AC inverters have been applied to
enhance and regulate the performance, such as two-level and multilevel voltage source inverters

and current source inverters [2].

Grid

> |
DC-AC
> Inverter |
S
PV Panel Vv | [Ipv M
Ig Vg
S Control <
system <«

Figure 1.5. Single stage grid-connected PV-system.

1.4.2. Two-stage grid-connected systems

A block diagram of two stage grid-connected PV-system is presented in Figure 1.6. The
first stage is normally a DC-DC converter for extracting maximum power from the PV panel,
the second one is a DC-AC converter for delivering power to the grid, and each of them is
controlled in purpose of reducing load current ripple and keeping the output voltage level at
desired value. The advantages of the two-stage topology lie in the simplicity of designing the
control scheme, since the control requirements are distributed between the two stages.

Furthermore, a PV array with a high voltage output is not required because of the first

7
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amplification stage. This topology suffers from higher power losses, larger footprint and higher

cost than single-stage systems [2].

Grid
> »
DC-DC DC-AC
> Converter > Inverter ‘
S~ .
PV Panel Ipv D M
p Vpe Vel | 1
VP,.
.
Control
MPPT system <«

Figure 1.6: Two-stage grid-connected PV-system.

I.5. Control objectives of grid-connected PV photovoltaic systems

As shown in Figure 1.7, the control objectives of a grid-connected PV system can be
divided into two major parts: PV-side control with the purpose to maximize the power from
PV panels and (2) grid-side control performed on the PV inverters with the purpose of fulfilling
the demands to the grid. In order to maximize the power, it is important to track the most
extreme power point of the PV generator. PV system has a single operating point which can
give maximum power to the load. This point is called the maximum power point (MPP). Hence,
to function the PV generator at its greatest power point, distinctive algorithms can be utilized
such as perturb and observe (P&O), Incremental Conductance (IncCon) which are very popular
because of their simplicity and fast convergence. Also, there are other intelligent algorithms as
fuzzy control, genetic algorithms, etc. But they have some drawbacks, including complex
implementation and difficulties in initial point selection. On the other side, different control
strategies are also applied in a closed-loop for a photovoltaic inverter to generate a gating pulse
signal such as direct power control (DPC) and the reference current extraction methods. In the
last methods, a PI controller is used to regulate the DC-link voltage and estimate the amplitude
of the reference grid currents. It should be noted that the injected grid current is demanded to
be synchronized with the grid voltage, different methods to extract the grid voltage information

have been developed in recent studies like the zero-crossing method, the filtering of grid voltage

8
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method, and the phase-locked loop (PLL) techniques, which give the best performance. PLL is
a feedback control system used generate an output signal when the phase is related to the phase

of input signal, only if frequency, voltage and phase are the same, it creates an output signal

[4].

PV String DC-AC H Filter H Grid ]

A

b= PV inverter .
. S
i P \
8 : : ] i g
v 3 ; MPPT i 1| Modulator f"::' g0
kX : — " iE
zz : l : ¢
2 i 5 : A v s 5
e d ) i g 3 @
i | ¢ | Current control [€—— anti-islanding '
g ! —> '
i RN \_ ' Low-level
Grid interface control

Grid operator
command

= Aux. Grid stability Power quality | :  High-level
: services control

Power system integration

Figure 1.7: General control blocks (control objectives) of a grid-connected PV system.

I.6. Conclusion

In this chapter, we discussed backgrounds on grid-connected PV systems. The PV systems
were partitioned into two types, grid-connected and stand-alone PV systems. Since achieving
higher conversion efficiency is always of intense interest in grid-connected PV systems, both
the single-stage (without a DC-DC converter) and the two-stage (with a DC-DC converter) PV
topologies have been described. Finally, the general control objectives for grid-connected PV
systems are presented. The next chapter will focus on the modeling and control of a grid-

connected PV system.
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Chapter II:
Modeling and Control of a

Grid-Connected PV System

using qZ. Source Inverter

II.1. Introduction
The use of advanced power conversion systems and sophisticated controllers presents an
increasing interest because it improves the energy production and the quality of operation of
grid-connected PV systems. As discussed in the previous chapter, a transformerless single-stage
grid-connected PV system has higher efficiency and lower weight and size; but, by removing
the DC-DC boost converter between the PV generator and the DC-AC voltage source inverter,
the PV array with a high DC voltage is required to fulfil grid requirements. The quasi-Z-source
inverter (qZSI) can overcome this issue due to the following reasons:
e The DC input current of qZSI is continuous which is important for PV application.
e The gZSI voltage boosting capability allows a low-voltage PV array to be grid
interfaced without the need of a transformer or an additional boost stage.
In this context, a single-stage three-phase grid-connected PV system based on a gqZSlI is
presented in this chapter. In addition, an effective control scheme based on advanced technique
> Model predictive control ** for the presented grid-connected PV system is developed.

I1.2 SYSTEM DESCRIPTION AND MODELLING
Following the discussion in the previous chapter, a typical configuration of a single-stage
grid-connected PV system, shown in Figure I1.1, is a promising solution for an effective,

economic and robust grid-connected PV system. The system includes a PV array, a passive

11
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filter (capacitor), which is used to reduce the current and voltage ripple (and hence power), and

a quasi-Z source inverter connected to the grid through passive RL filter.

: : ) A Switching signals,
1 _@ Quasi Z Source }: 8(6) !

\ ) \‘ Inverter T
, ! ; RL Filtre  Utility Grid
PV Array ) 4 '

i . ! R I v
! G : ‘
- N o T — e

Figure 11.1: Studied single-stage grid-connected PV system configuration.

I1.2.1. PV generator model

PV cell models have long been a source for the description of PV cell behavior. The most
common model used to predict the energy production in a PV cell modeling is the single diode
circuit model shown in Figure 11.2. A photocurrent source I, in parallel with a diode, a series

resistance R and a shunt resistance Rgp,.

[pv

A

d vy r Rs A

I ph ? d ! R i va

Figure 11.2. Equivalent Electrical circuit of a photovoltaic cell.

This model includes a current source I,,, which depends on solar radiation and cell
temperature, a diode which the inverse saturation current I, depends mainly on the operating
temperature, a series resistance R and a shunt resistance R, taking into account the resistive

losses. The current—voltage relationship of a PV cell is given by:

12
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q(Vpy+Rslpy) V., + Rl
Ly = lyp —lqg — I, = Ipp — Ip[e akt — —1] —pvR—hSpv (1.1)
S

where:

L, is the cell output current (A).
1,: is the diode current (A).
1.2 is the derived current by the shunt resistance (A).
L,y is the cell photocurrent (A).
I: is the reverse saturation current of the diode (A).
Rgy,: is the cell shunt parasitic resistance (€2).
Rg: is the cell series parasitic resistance ().
V- is the cell output voltage (V).
q: is the electronic charge (1.6 * 10719 J).
k: is the Boltzmann constant (1.38 = 10723 J/K).
t: is the absolute temperature (K).

a: is the diode ideality factor.

PV cells are combined in series and parallel connection to form larger units called PV
modules, which are further interconnected in a series-parallel configuration created PV array.
A PV array, which consists of n; PV cells in series and n,, PV cells in parallel [5], can be

modeled by:

Q(nszv"'(ns/Tlp)RSIPV) nszv + ns/n Rslpv
Iy = nplpn —nplole aktns - 1= (nss );)
np sh

(11.2)

where:
Ly, is the array output current (A).

V- is the array output voltage (V).

I1.2.2. Quasi-Z source inverter model

Recently, the step-up impedance source inverters have been presented as a competitive
alternative to overcome the voltage limitation of the traditional inverter. These inverters do not
convert a DC signal into an AC signal only; also raise the voltage of the source to a higher level.
The qZSI topology was first suggested to overcome the discontinuous input current problem in

13
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the original Z-source inverter by providing continuous input current, which leads to a better
interface for DC sources such as PV cells. The qZSI network uses a combination of two
inductors and two capacitors and a diode as shown in Figure I1.3. Since the switching frequency

is much higher than that of the source, the inductors and capacitors should be low [6].

Ver !
\| Quasi Z Source
/ |+ i Inverter
G, :
Ltiny r{qu H “tﬂLfT WY
+
+ + —

Quasi Z Source network

Figure 11.3: Three-phase QZ source inverter.

The gZSI has three different operating modes: active state, null state and shoot-through
state as illustrated in Figure 11.4. During the active state, shown in Figure 11.4(a), the inverter is
controlled in the same way as a conventional voltage source inverter only without dead time.
On the DC-input side, during the active state the diode will turn ON and capacitor C; will
discharge through inductor L,. In the null state shown in Figure 11.4(b), all three top switches
or bottom switches of the inverter are turned ON which disconnects the inverter output from
the input and providing a freewheeling path for the load current. Inductor L, current will flow
through capacitor C, and the diode. Moreover, the current flowing in inductor L, will charge
capacitor C; via the diode. Finally, as shown in Figure 11.4(c), the shoot-through state occurs
when both high-side and low-side switches in the same phase leg are turned on simultaneously.
During this state, there can be one, two, or all three phases of the inverter short circuited. The
inductor L, will connect to the capacitor C; and the source will connect to the capacitor C,
through the inductor L,. Capacitor C; transfers the energy to the inductor L,, and inductor L,

will be charged from the source and capacitor C, .
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Figure 11.4: Operating modes for QZ source inverter.

15



Chapter II: Modeling and Control of a Grid-Connected PV System using gZ Source Inverter

The three-phase inverter has a total of fifteen valid switch configurations. Figure 11.5 shows
the vector diagram for two phases (o, ) where the fifteen states create as six active-states
vectors (V;, Vs, ... V), two null state vectors (V,), and seven shoot-through state vectors (V).
Many of these states are redundant as they produce the same output voltage vector: the null
states and the shoot-through states can be simplified into one switch configuration for each.
This reduces the controller computation time since less switching configurations need to be
evaluated for the selection of the optimal voltage vector [7].

* L Vv, = (:{ +\/“§ i)X\‘
5 )

1‘3:(—14— —1)><1

cl

(V8]
2

1 3. 1 3.
v, =(— e DXV, Ve :(; s NXv,
& ) ) 3)

Figure I11.5: Voltage vectors for gZSl.

The output voltages can be represented in terms of the space vector as following:

wl N

Vour = (Van +aXVy,+ ancn) (“'3)

73

where = —= +] , and V., Vp,, and V,,, are the phase leg simple voltages.

According to Figure Il. 1, the output voltage vector of the gZSI can be described as follows:

lout

Voue = L4 R (@, 8) + 0y (@, ) (1.9
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where L is the filter inductance, i,,; is the output current vectorof the gZSlI, R is the filter
resistance and v, is the gird voltage vector. So, the voltage of the filter inductance is determined

by:

di;)tut = Vout — R " loue(a, B) —vg(a,ﬁ’) (11.5)

All three operational states of the gZSI will be considered: active, null, and shoot-through, in

L

order to find the output current, the current through inductor L;.
a) Active state:

From figure 11.4 (a), capacitor C, current and inductor L, voltage are given by the following

equations:
dVer ..
Cld—; =iy = i (11.6)
LlW = Vi - VCl (”7)

Where i;,,,, is the input current to the three-phase inverter which is equal to i, in this case
(instantaneously).
b) Null state:
From figure 11.4(b), capacitor C; current and inductor L, voltage can be expressed as:
dVes

Cc1 o= i (11.8)
di
le—Ltl =V, —Vey (11.9)

c) Shoot-through state:

From figure 11.4(c), the capacitor current and the inductor voltage are:

dv, _
c1 dzl =i, (11.10)
L1— ==V (11.11)
Using the Euler method with sampling time T:
diout ~ iout(t)_iout(t_Ts)
dt Ts
aVer . Ve (®)=Vel(E=Ts)
T I, (11.12)
dipy i) =i (€ = T5)
dt T,
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Considering the previous approximation:

e From equation (11.5):

: . T .
Lour (D)@, ) = Tour(t = Ts)(a, B) + [Voue () = Rigue () (@, B) — vg()(a, B)]  (11.13)
From the instant t to t+Ts, the predicted future output current expression will be:

R T
lout(t + Ts)(a, B) = (1 + Z) Tsioue () (@, B) + T (Vout(t +Ts) — vg(t)(a, ;8)) (11.14)

it (t + T) is the output space vector for qZSI, which can be selectively generated through

switches control.

e The expressions for the inductor L, current in each mode of operation for qZSI:

a) Active and null state

Lyizs (t = T9) + Ts(Vin (®) = Ver (O) (11.15)
Ly

i1(t) =

So, the inductor predicted future equation is:

Lipa (8) + Ts(Vour (t + Tg) = Ver (¢ + 1)) (11.16)
L1

i (t+Tg) =

Because the change in capacitor voltage is considerably smaller, the predictive value of
the capacitor voltage can be considered equal to the present value. Therefore, the

equation (I1.16) can be rewritten as:

LliLl(t) + Ts(Vout(t + TS) —Vea (t)) (“17)

i (t+Tg) = 1

b) Shoot-through state

Lyip1(t = Ts) + TsVeq (2)

T (11.18)

i1(t) =

Considering what we mentioned before about the small changing of the capacitor

voltage, the predictive expression of the inductor current is:

Lyip1(t) + TsVeq (0)
Ly

i (t+T,) = (11.19)
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I1.3. Suggested control scheme

Figure I1.6 illustrates the complete control scheme used to control the system in Figure 11.1.
Where the MPPT is utilized to track the maximum power from the PV array using a method
called P&O (Perturbation and observation). Phase Locked Loop (PLL) block ensures that both
grid current and voltage are synchronized, and the PI controller regulates the capacitor C;
voltage and estimate the amplitude of the reference grid currents. MPC algorithm controls the
gZSl by providing proper switching signals each sample time T, based on the future prediction

of the inductance L, current i;; and the output current i,,;.

..........................................................

: Ve DEET ;
il G Quasi Z Source ! Si(6) |

\ - \‘ Inverter T
| } ‘ \ ' RIL Fiitre Utility Grid

PV Array

. P&O ____________________ Predictive Model i
i | Retrens iaﬁ(k+I):iﬂﬂ(k){l—%Ts}ﬁ-%[\'(_k}—eaﬁ(k)] | o Djf o Lo
> o i 1ref lafref And oo abe e
wr if.“‘”(kﬂ)=if,\(k)+%{%1(k)—5léw(kHl—fﬁ-%(k)
E 3=1; Non shoot-through state Tamax = Verny
i §=0; Shoot-through state Ve

\ !

Cost Function minimisation

; . de{0] . R P I (N LTV LT TV PP P rrre ,

s (-1 G 2 -1, k0 .

A the weight factor, &: the non shoot-through factor, &: the switching state factor RS $,(6) E
1

min g=

Model Predictive Control

Figure 11.6: Suggested control scheme for studied grid-connected PV system.

I1.3.1. MPPT algorithm

The output power of PV arrays is always changing with weather conditions, which mean
solar irradiation and atmospheric temperature. It is important to operate PV energy conversion
systems near the maximum power point to increase the output efficiency of PV arrays. Some

MPPT techniques are available such as fractional open-circuit voltage and short-circuit current
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methods, Incremental conductance algorithm ...etc. In this project, we used perturbation and
observation technique, a simple algorithm that operates by periodically perturbing (i.e.
incrementing or decrementing) the array termed current or voltage and comparing the PV output
power with that of the previous perturbation cycle. If the power is increasing, the perturbation
will continue in the same direction in the next cycle, otherwise the perturbation direction will
be reversed. This means the array terminal current or voltage is perturbed every MPPT cycle
until the MPP is reached. When the perturb step is large, the tracking is quick and the power
oscillations are significant. On the opposite, when the perturb step is small, slower tracking is
accomplished with decreased power oscillations. The P&O algorithm will oscillate around the
MPP resulting in a loss of PV power, especially in cases of constant or slowly varying
atmospheric conditions. This problem can be solved by decreasing the perturbation step or
improving the logic of the P&O algorithm to compare the parameters of two preceding cycles
in order to check when the P&O is reached, and bypass the perturbation stage. The basic process
of the P&O algorithm is shown in Figure 11.7.

(a)
A
The operating point is MPP
on the left side of
MPP *-

PV Power (W)

PV Voltage (V)

(b)
A
The operating point is MPP

on the right side of

PV Power (W)

PV Voltage (V)

Figure 11.7: Power-Voltage characteristics of the PV operating points using P&O algorithm.
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The flowchart of the used P&O algorithm in this work is presented in Figure 11.8. It

considers current perturbation instead of voltage or duty cycle perturbation to speed up the

/

[ Sense [, and V), ]

N4

tracking performance [8].

Mesure the PV Power
& DI =II,,'(t) - I[,,,(t-I)

PV Power
increase ?

PV Current
increase ?

PV Current
increase ?

Increase /,,, Decrease /,,, Increase 1, Decrease /,,,

reference reference ‘ reference reference

Figure 11.8: P&O algorithm flowchart.

I1.3.2. Model predictive current controller

Among the advanced control methods that’s more progressed than standard PID-control,
MPC (Model predictive control) is one that has been effectively utilized in industrial
applications. In spite of the fact that the thoughts of MPC were created within the 1960s as an
application of optimal control theory, industrial intrigued in these thoughts begun within the
late 1970s. Early applications of the ideas of MPC in power electronics considered high-power
systems with low switching frequency; the use of higher switching frequencies was not
conceivable at that time due to the expansive calculation time required for the control algorithm.
However, with the advancement of fast and powerful microprocessors, interest within the

application of MPC in power electronics has expanded significantly over the final decade. MPC
21
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describes a wide family of controllers not a particular control technique. The common
components of this kind of controllers are that they use a model of the system to anticipate long
term behavior of the variables until a predefined horizon in time, and selection of the optimal

process by minimizing a cost function.

The MPC procedure is based on the truth that as it were a limited number of conceivable
switching states can be produced by a static power converter and that models of the system can
be utilized to foresee the behavior of the variables for each switching state. A selection criterion
must be defined for the determination of the suitable switching state to be applied, this measure
comprises of a cost function that will be assessed for the predicted values of the variables to be
controlled, calculating of each possible switching state for the Prediction of the future value of
these variables and then selecting the state that minimizes the cost function. This structure has
a few critical advantages:

e Concepts are exceptionally instinctive and understandable.
e |t can be connected to variety of systems.

e The multivariable case can be considered easily.

e Simple consideration of non-linearity within the model.

e Easy implementation of the resulting controller.

However, compared to classic controllers, it has a larger number of calculations, and the

quality of the model has a direct impact on the quality of the resulting controller.

I1.3.3.1. Basic operating of model predictive control

The principle of MPC is summarized in Figure 11.9.

<€— Past Future predictions .

Reference

u(k+I) I l

T L

I I 1 1 I I)

k-1 k k+1 k+2 k+3 k+N

Figure 11.9: Principle of Model Predictive Control.
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Using the system model and the available measurements, the future values of the states of
the system variables are predicted until a predefined horizon in time k + N. By minimizing the
cost function, the sequence of optimal actuation is calculated and the first element of this
sequence is applied. This entire process is repeated for each inspecting instant considering the
new measured data [8].

II1.3.3.2. Control algorithm

The MPC cost function used in this work is comprised of two weighted cost functions
representing the AC output current, and inductor L, current. The output current cost function is

defined as:

gi = lig(t +T5) = ig(t + Ts)| +

izt +Ts) —ig(t+T5)| (120

where ig(t+Ty), is(¢+Ts) are the real and imaginary parts of the future reference output current,
and i, (t+Ty), ig(t+Ts) are the real and imaginary components of the predicted load current.

Furthermore, the cost function of the inductor L, current is defined as:

gip = lif(t+Tg) — iy (t +T5)l (11.21)

where i (t+Ty), i, (t+Ts) are the reference and predicted inductor current, respectively. The

complete cost function incorporates the previous functions into to one:

g =249+ AiLgiL (11.22)

where A;, A;; are respectively the weighting factors for output current and inductor L, current.

For the future inductor L, current, there are two prediction values which can be calculated
from equations (11.17), and (11.19) as shown in Figure 11.11 (one in active state and one in shoot-
through state). The optimal point for the future inductor current is ifll(Z) which minimize the
error. Then, the optimizer will choose the overall optimal state according to equation (11.22), a
proper switching state will be chosen depending on this selection. Similarly for the next instant
t + 2T, the controller will calculate the future points for the variables and the optimizer will
choose the optimal points which is the nearest point to the reference [7].

The same process for the prediction of the AC output currenti,,,; (t), the optimizer chooses
the optimal one of eight prediction states (iﬁl(l) to i§1(8)) calculate from equation (11.14)

which minimizes the cost function.
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Figure 11.10: MPC algorithm for two steps to the future.
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Figure 11.11: MPC flowchart for gZSlI.
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Figure 11.11 shows the selection process of the optimal switching states in each sampling
period, the first step is to measure the variables i,,; (t) and i;;(t), then initialize the algorithm
by setting the optimal cost function (g,,.) to o. After, the algorithm enters the loop. The
controller calculates the predictive value of i,,; (t + Ty) from (14), then check the shoot-
through state and calculate the predictive value i;; (t + T5) from (17) or (19). The controller
starts the optimization by calculating the cost function using (22), thus, the selector chooses the

optimal switching state, which minimizes the cost function.

I1.4. Simulation results

A simulation prototype of a grid-connected PV system based on gZSl has been
implemented Matlab/Simulink in order to check the studied algorithms. The system simulation
circuit is shown in the Figure 11.12. The PV array consists of four PV modules (1Soltech 1STH-
215-P) connected in a 2 (series) x 2 (parallel). PV module parameters are shown in Table I1.1.
Figures I1.13 and 11.14 illustrate current-voltage (I-V) and power-voltage (P-V) characteristics
of the PV module. The system consists also of a qZSI used as boost and conversion stage, a
utility grid which is modelled as a sinusoidal voltage source in series with a resistance R and
an inductance L, an MPPT control to extract the Maximum power from the PV array, a
Proportional- integral (PI) block to control the capacitor C; voltage, an MPC bloc to control the
inverter. The system contains also current and voltage sensors. The electrical parameters of the

grid-connected PV system based on qZSI are listed in Table 11.2.

bo bl

Figure 11.12. Schema block diagram of the developed simulation.
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Table 11.1: PV module parameters.

PV Array Values
Open circuit voltage (V,.) 39V
Optimum operating voltage (Vppp) 36.3V
Short circuit current (Ig.) 7.84 A
Optimum operating current (I,p;,) 7.35 A
Maximum power (P ;) 213.15W
Temperature coefficient of V. -0.36099 %/C°
Temperature coefficient of I, 0.102 %/C°
Cell per module (N ce11) 60

Table 11.2: Electrical Parameters of the grid-connected PV system.

Component Nominal value
Capacitance €4, C,, C3 1100e-6 (F)
Resistance R 0.1 Ohm
Inductance L 10e-3 (H)
Voltage source V,, Vy, V., 50Hz, 100 (V)

Array type: 1Soltech 1STH-215-P;
2 series modules; 2 parallel strings
(a)
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Figure 11.13: Current-voltage (a) and power-voltage (b) characteristics of the PV array for different

temperatures.
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Module type: 1Soltech 1STH-215-P
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Figure 11.14: Current-voltage (a) and power-voltage (b) characteristics of the PV array for different

irradiance levels.

Two tests will be done, first when the irradiation is 1000 W/m2 during a time period of 1
seconds. For the second test, a climate change is considered to ensure that the system works
well in real conditions which means sudden increasing or decreasing in the irradiation. The
irradiation is 1000 w/m2 at the beginning then decrease suddenly to 800 w/m2 in 0.5s, after
0.5s decrease again to 600 w/m2 and then increase simultaneously in 1.5s to 900 w/m2. The

temperature is considered constant (25 C°) in both tests.

% Test1: Fixed climatic conditions (G=1000 W/m2 and T=25°C)

The simulation waveforms of PV power, voltage and current obtained from the PV array
using the P&O based on MPC algorithm are illustrated in Figure 11.15. The irradiance level is
set to 1000 W/m2 during the simulation, it is observed that the MPP is reached at 0.051s and
the PV power is fluctuating around the MPP (848 W-852 W). Figures 11.16 and 11.17 illustrate

waveforms of capacitor C; voltage and inductor L, current successively. We notice that V¢ ,.f
starts to follow the reference voltage (V¢ .o = 150V) at 0.3s and keep following it till the

end, L, current also follows the command (i, ;reference) of P&O algorithm. High frequency
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current ripples are due to the inductor L; charge in shoot-through state and discharge in non-

shoot-through state, the length of shoot-through duty cycle may affect the current ripples.
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Figure 11.15: Waveforms of: (a) PV power, (b) PV voltage and b) PV current array under fixed climatic

conditions.
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Figure 11.16: Waveform of capacitor €, voltage under fixed climatic conditions.
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Figure 11.17: Waveform of inductor L, current under fixed climatic conditions.
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Figure 11.18: Waveforms of grid-injected three-phase currents under fixed climatic conditions.

29



Chapter II: Modeling and Control of a Grid-Connected PV System using gZ Source Inverter

ARARAARRARARR

WYYV Y YV VY Y Y

Phasc (a) Current (A) And Voltage (V)
o
!

10 [~
I I I I I | | | |
0.2 0.22 0.24 0.26 0.28 0.3 0.32 0.34 0.36 0.38 0.4
Time (s)
Figure 11.19: Grid-injected phase (a) current and voltage (iyq & v44).
(@)
FFT window: 1 of 100 cycles of selected signal
6 | T T T T =
&
g
=
=
&n
=
s
0.6 0.602 0.604 0.606 0.608 0.61 0.612 0.614 0.616 0.618
Time (s)
(b)
035 Fundamental (50Hz) = 6.031 , THD=1.97%
: T T T T
0.3

-

= 0.25 —

3

=}

o

g

= 02— —

=]

=}

=

[

S 015 |

X

<

on

<

= 0.1~ —
0.05 (— |

0 2000 4000 6000 8000 10000 12000 14000 16000 18000 20000

Frequency (Hz)

Figure 11.20: FFT analysis of phase (a) output current under fixed climatic conditions.
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From Figures 11.18 and 11.19, which present respectively the three-phase qZSI current
injected to the grid (iyq5¢), and the phase (a) current and voltage (iyq, v44), We oObserve that the
grid currents are in balance, sinusoidal form and strongly follow their references. Furthermore,
single phase current iy, is in phase with the voltage v,,, which verifies the unity power factor
operation. In addition, we observe from figure 11.20 that THD is less than 5% which proves the
high grid current quality in case of constant irradiance 1000 W/m? regard to the international
standards (IEEE-519).

% Test 2 : Sudden changes in the irradiance level

At the beginning, the irradiance level is set to 1000 W/m2, from Figure 11.21, which illustrates
the PV power during the second test, we observe that the P&O algorithm based on MPC current
control reached MPP after 0.051s and the PV power is moving around MPP (849 W — 852 W).
A sudden solar irradiance decrease happened at 0.5s from 1000 W/m2 to 800 W/m?, the
algorithm needed 0.012s to track the MPP and the PV power oscillation was less than 2 W.
After, the irradiance decreased again directly from 800 W/m2 to 600 W/m? at 1s, the MPP is
achieved in about 0.014s and the PV power is fluctuating around MPP (515 W- 518 W). The
irradiance increased to 900 W/mz, the P&O algorithm based on MPC current control tracked
the MPP in 0.015 and the PV power oscillate around the MPP (767.5 W- 770 W). The average
tracking time for current P&O algorithm based on MPC is 0.0136s.
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Figure 11.21: Waveforms of (a) irradiance profile and (b) PV power array during variation in irradiance

level.
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Figure 11.22 shows the capacitor C,voltage while changing the irradiance, we note that the
average response time is 0.2s, every irradiation variation corresponds to a small sharp distortion
in V¢4 that means the good performance of the PI controller.

250

— v

1. " o o ref
Decrease in irradiance
200 —

Capacitor Voltage (V)

Increase in irradiance

50 -

0 | | | | | | | | |
0 02 04 06 08 1 12

Time (s)

Figure 11.22: Waveform of capacitor €, voltage during irradiation variation.

Figure 11.23 demonstrates the inductor L, current waveform i;,(t) during irradiation
variation, i, (t) tracked its reference with high accuracy despite the sudden variation of solar
irradiance level, which explains the effectiveness of the used algorithm, high frequency current

ripples are because of the inductor L; charge and discharge, depending on qZSI operating mode.
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Figure 11.23: Waveform of inductor L, current during irradiance variation.
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Three Phase Output Current (A)
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As shown in Figure 11.24, the grid currents respond to sudden irradiation changes with

keeping their sinusoidal forms due to the competence the suggested MPC algorithm.
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Figure 11.24: Waveforms of grid-injected three-phase currents during irradiance variation.

As presented in Table 11.3, the suggested control scheme for the single-stage three-phase
grid-connected PV system provided high grid current quality under all irradiation change cases
regard to the international standards (IEEE-519).

Table 11.3: Obtained THD under different irradiance levels.

Irradiance
600 800 900 1000
(W/m2)
THD (%) 3.66 2.46 2.33 1.97
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I1.5. Conclusion

In this chapter, a control scheme based on model predictive control for three-phase single-
stage grid-connected PV system using quasi-Z source inverter is suggested and discussed. The
simulation results show a good tracking performance for the maximum power points of the PV
array under sudden irradiance changes. Moreover, the studied grid-connected PV system with
the suggested MPC algorithm injects the PV power with high grid current quality compare to

the international standards (IEEE-519) in different irradiance changes levels.
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General Conclusion

General Conclusion

This work is a Master's thesis in Electronic Industries carried out at the University Of
Mohamed El-Bachir EI Ibrahimi on the optimization of the exploitation of the PV energy. The
objective of this work is to develop an effective control scheme for a photovoltaic system

connected to the utility grid.

In this context, we have presented and modeled a grid-connected PV system, consisting
mainly of a PV array and a quasi-Z source inverter (qZSI). The gZSl is a cheap, simple, and a
single stage approach for PV arrays. In addition, a control scheme based on model predictive
control (MPC) is suggested. The purposes of the suggested controller scheme are :

e Track the maximum power point rapidly and accurately under sudden irradiance
changes.

e Control the voltage capacitor of the gZSI at a desired value to assure a proper
operation for the inverter.

e Ensure a high quality with a reasonable THD value of the injected currents into the

grid.

To show the performance improvement of the suggested control systems, a completed
simulation models have developed using MATLAB/Simulink. The obtained results indicated
the excellent performance of the proposed control schemes.

Nevertheless, the work presented in this thesis opens up a wide range of perspectives. We
can mention the following points:
e Performance test of MPPT controls studied under partial shading conditions.
e Some other MPPT algorithm can be tried and tested.

e Possibility to connect this topology to different other renewable energy sources.
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Abstract:

This work presents a study of grid-connected PV system using qZ-source inverter. This inverter offer the
ability of a booster chopper and an inverter in one conversion stage. In addition, a model predictive control
(MPC) method is designed to control the gZ-source inverter by insertion of shoot-through state with the qZ-
source network together to achieve a best efficiency and reduce the Total Harmonic Distortion (THD). In
addition, the developed control scheme integrated a Perturbation and observation (P&0O) MPPT technique to
assure the functionality of the photovoltaic generator at the maximum power. The global system is simulated
using numerical MATLAB/Simulink software in order to evaluate the suggested control scheme based on MPC.
The obtained simulations results show that the grid-connected PV system using qZ-source inverter controlled
by the suggested scheme provides high control performance regarding international standards (IEEE-519).

Keywords: gZ-source inverter, photovoltaic generator (GPV), Shoot through State, MPC Control, P&0O MPPT
technique, Grid.

Résumé :

Ce travail présente une étude d'un onduleur a gZ source connecté a un générateur PV. Cet onduleur assure les
deux fonctions d'un hacheur booster et d'un onduleur en un seul étage. En outre, une méthode de contrdle predictif
a été utilisée pour contréler I'onduleur a gZ source par l'insertion d'un état de court-circuit avec le réseau a qZ
source afin d'obtenir le meilleur rendement et de réduire la distorsion harmonique totale (THD). De plus, le
schéma de commande développé a intégré une commande MPPT perturbation et observation (P&Q) pour obtenir
un rendement optimal de la puissance du générateur photovoltaique (GPV). Le systéeme global est simulé a I’aide
du logiciel MATLAB/Simulink afin d’évaluer le schéma de commande suggéré basé sur MPC. Les résultats des
simulations obtenues montrent que le systéme photovoltaique connecté au réseau a 1’aide de 1’onduleur a qZ
source commandé le schéma suggéré offre des bonnes performances selon les normes internationales (IEEE-519).

Mots clés : onduleur a gZ source, générateur photovoltaique (GPV), état court-circuit, contréle MPC, commande
MPPT P&O, réseau.
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