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Abstract : This paper investigates the efficiency of the Photovoltaic (PV) array. The proposed model is based on
a DC-DC boost converter and a three-phase grid connected DC-AC inverter. This structure is used to provide the
flexibility of the system and the quality of the generated waves. In order to improve the efficiency of the Photovoltaic
array, a Maximum Power Point Tracking (MPPT) is used to provide a good results if the converter is controlled with
PID compensator. The control of the output voltage is provided by the Pulse Width Modulation (PWM) technique.
The three-level Voltage Source Converter (VSC) regulates DC bus voltage and keeps unity power factor. The results
are presented in this paper using Matlab/simulink, which validate the pracicability of the proposed system.
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1 Introduction

With plenty of energy emitted by the sun, solar
energy is an important alternative and increasingly
source of the electricity production. Using photovol-
taic system, we can directly convert the energy car-
ried by the solar rays into electricity. For their sim-
plicity of implementation, lack of fuel cost and noise,
currently the production of electricity by photovoltaic
systems is considered as an important source for the
production of electricity. These power generation sys-
tems assume a quality of energy, flexibility and cost
effectiveness. Also, the control voltage, the correction
of the power factor and harmonic filtering should be
provided.[1, 2]

There have been many investigations reported on
the control of the boost converter in literature [3, 4].
To enhance the cost effectiveness of the system we
proposed to use MPPT technique and PID compensa-
tor. Therefore, the purpose of this paper is the mode-
ling and control of a grid-connected PV energy conver-
sion system using DC-DC and DC-AC converters. These
converters should allow optimum transfer of energy
produced with quality waves generated by the pho-
tovoltaic generator. This paper is organized as fol-
lows. Section 2 describes the modeling of the PV ar-
ray. Section 3 introduces the modeling and control of
DC-DC Boost converter. in Section 4, the command
and control of DC-AC converter and network interface.
Then, the obtained results using Matlab/Simulink are
discussed in Section 5. Finally, conclusions are drawn
in Section 6.
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2 Modeling of the photovoltaic array

A basic photovoltaic cell is a low-power electric ge-
nerator. To simplify the behavior of a real photovol-
taic cell we proposed to use the model of a cell with a
single diode, figure 1. This model has almost the same
accuracy that gives the model with two diodes in pa-
rallel. [4, 5] |
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L
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Fig.1. Equivalent circuit of a real solar cell

A solar cell can be described by the following equa-
tions for the model with the single diode :
V+ Rl V+ Rl
- O

I = Ly — Lat[exp(

Where I, is the reverse saturation current of the
diode, a is non-ideality factor of the p-n junction,
V: = %, Ry and R; are the intrinsic shunt and se-
ries resistance of the solar cell respectively, I, is the
generated current under a given irradiation and I and
V are the output current and output voltage of the PV

cell.
The single diode model has been simulated using
the Matlab/Simulink. The curve of figure 2 shows
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Fig.2. Current-voltage of a photovoltaic cell.

the current-voltage I(V) of a photovoltaic cell. indeed,
photovoltaic modules are made by series association
in order increase the voltage of the PV generator and
/ or in parallel in order increase the output current
of the generator [6, 7]. A module consists of N cells
in series and in parallel N, cells, the equation of
photo-generated current I, in Standard Test Condi-
tions (G = 1000W /m? and T, = 25C, AM1.5) is given
by :

()

The conduction current of the diode is given by the
following equation :

G
Lpw = (Lpwn + K1A(T)) &~

n

V + Rsl

v )1

I = Isat[exp( (3)

The saturation current of the diode is given by the fol-
lowing equation :
Lien + KiA(T)
Voen + Ky A(T
exp (P ) 1]

(4)

Isat =

The current of the module is given by the following
equation :

V +Rsl

I =1Ly, —1;— 5

Where Rs and R, are respectively the equivalent se-
ries and parallel resistors of the module. In fact, to
simulate the module, we must find the values of these
resistors, since they are not given by the manufacturer
in datasheets [8, 9, 10]. The curve of the figures 3 and
4 show the current-voltage I(V) and power-voltage
P(V) of the photovoltaic module which has parame-
ters shown in the table 1.
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Fig.4. Current-voltage characteristic of the pho-
tovoltaic module.
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Fig.5. Power-voltage parameters of the photovol-

taic module.
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[ul 5 10 35

Lnp 7.61A
Vinp 26.3.61V
Puax 200.143W
Isc 8.21A
Ve 329V
Ky | —0.1230V /K
K; 0.0032A/K
N 54
Np 1
a 1.3
Rs 0.23 Q)
Ry 587.644 ()

TABLE 1 — Parameters of the photovoltaic generator
KC200GT.

3 Modeling and control of DC-DC
Boost converter

The proposed structure consists on two conversion
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Fig.5. Equivalent circuit of Boost Converter.

systems. A boost converter and a voltage inverter are
used to provide the flexibility of the system and the
quality of the generated waves. The connection bet-
ween the generator and the DC bus of the inverter re-
quire an interface to adapt the levels of variation of the
voltage and the current between these two devices.
Controlling the generated power requires varying the
amplitude of the voltage at the ends of the generator,
without changing the voltage at the DC bus. There-
fore, we used a DC-DC Boost IGBT. The converter cir-
cuit is given in the figure 5. The voltage in the output
of the converter is controlled by the PWM modulator
[11, 12, 13, 14]. The voltage of the converter in the
case of continuous conduction is given by :

Vi

Vo=1"p

(6)

Where D is the duty cycle of the Boost converter, which
is defined as the ratio of the time in which the IGBT is
turned-on to the period of a complete switching cycle,
Ts.

To ensure the optimization, the solar system must
be completed by the inclusion of a tracking system for
monitoring the maximum power. The electric power
produced by a photovoltaic panel dependents on sun-
light and with lower degree on cell temperature. These
two variables influence the behavior of the system as
daily and seasonal fluctuations. Therefore, the solar
panel can provide maximum power for a particular
voltage and current. The Perturb and Observe (P&O)
algorithm is well known and continues to be the most
used in commercial MPPT due to its performances. Be-
cause it is simple and requires only measurements of
voltage and current of the PV module [15, 16].

As the PV system (20 strings of 18 modules
KC200GT) is expected to work near MPP, the I-V curve
may be linearized at this point.

As it shown in the table 1 the equivalent voltage
source and series resistance of the solar array linea-
rized at the MPP are obtained : V,; = 922.50 V and
Reg = 2952 Q.
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A voltage mode controlled boost converter running
in continuous conduction mode is more difficult to sta-
bilize than a buck converter due to the boost conver-
ter’s inherent Right Half Plane-zero (RHP-zero). The
boost converter’s double pole and RHP-zero are de-
pendent on the input voltage, output voltage, load re-
sistance, inductance, output capacitance, further com-
plicating the transfer function. Using the state space
averaging model, the small-signal transfer function
from the duty cycle (D) of the switch to the boost
converter output V, in continuous conduction mode
can be derived. Equations 7 through equation 11 are
simplified equations for this model.

_ s
Gyp = Gjo————2= (7)
1+%+§,—2§
V.
Gy = —"
do (1—D)2 (8)
1—D)% (R, —r
1 (1—D)2Rl—|—7’L
Wy = 10
° m\/ R 1o
- (1)
RC T T

Using the transfer function (Equation 7), a PID com-
pensator is designed to improve the performance and
to meet the desired specifications of bandwidth, phase
margin.

The figure 6 shows the feedback compensator struc-
ture. The plot in figure 7 shows the effect of this com-
pensator.

Vo
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Fig.6. Feedback system of Boost Converter.

4 Command and control of DC-
AC converter and network inter-
face

To connect the inverter to the network, we op-
ted for a three-phase three-level system using IGBT
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Fig.7. Effect of PID compensator designed
for the Boost Converter.

switches (Figure 8). The proposed inverter structure
is designed to make use of a three-level topology cal-
led neutral point clamped. The IGBT semiconductor is
used due to its lower switching losses and reduced size
when compared to other power electronic devices. In-
deed, the control of the output voltage is provided by
the PWM technique.
Va
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Fig.8. Inverter structure.
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The three-level VSC regulates DC bus voltage and
keeps unity power factor. In fact, the control system
uses two control loops, an external control loop which
regulates DC link voltage and an internal loop which
regulates active and reactive currents components (I,
and I;). We used PI compensator for each phase in or-
der to control the current of the inverter as it shown in
figure 9. Using this compensator, the transform func-
tion is given by :

Ir _ 1 1

Tref — 1+I%r7.p 1+7.p (12)
K _ R
Ky, — Ly
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Fig.9. Control of inverter current

I; current reference is the output of the DC vol-
tage external control and I, current is set to zero in
order to maintain unity power factor. V; and V; vol-
tage outputs of the current controller are converted to
three modulating signals U, f(,.) used by the PWM
three-level pulse generator.

The synchronization control over the evolution of
the network voltages is based on the three-phase
Phase Locked Loop (PLL). It consists to apply an in-
verse transformation Park on the phase voltages of the
network. The axis component (q) generated by this
transformation is controlled to zero by using the angle
of Park (0,s). In steady state the angle (6,s;) is equal
to the angle (0,) network, figure 10.

vrgref=0
west Pest
C »> f >
vrq
Inverse
Park
. Transform
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Fig.10. Principle of the PLL

High frequency harmonics generated by the inverter
are substantially filtered by using a low pass second
order LC filter (Figure 11). Using this filter, the trans-
form function is given by :

B/ 1
H(P) — V., — 1+3.C5.Rp.p+3.Cs.Ls.p? (13)
with pulse : wg = \/%
~fEf
Lf Rf ia ILa
m T
Cf — Ve

Va

Fig.11. Low pass second order LC filter.
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The equation 14 shows the full state model of
inverter and filter

1 1 11
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To connect the voltage inverter in parallel with the
network and make it works as a power source, it is ne-
cessary to use a filter connecting inductive. The single-
phase equivalent circuit of the system in terms of fun-
damental quantities is shown in the figure 12.
> R

11—

Lr

Fig.12. Network connection filter.

Using the park transformation, the components of
the active and reactive current are given by :

EEER e
dlgr | = R |-
ar —w o) U

The command is realized using to two PI X; and X,
figure 13 :

L

vqr—rVq,- (16)
L

Xy = £ (vdr — Vd;) and Xo = - (ogr = Vg;) (17

In this case, X; and X, are given by :
{X1 = (Kp + %) (1dref — 1dr) — w.igr

_ . (18)
X = (Kp + 1) (Igref — Igr) + w.idr

The figure 14 shows the full detailled command
used to ensure the connection to the network. From

the equations below, the transform function is given
by :

_ idr _ igr Ki+Kp.p
F(P) — Idref T Igref K[+P(%:+Kp)+!12 (19)
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Fig.13. Control of the network interface
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Fig.14. Full detailed control of the network
interface

We can deduct also the values of the active and reac-
tive power and active and reactive reference current :

P, = 3 (vdr.idr + vqr.igr (22)
Qr = 3 (vdr.iqr — vgr.idr)

. 2 (Pr.odr+Q,.vgqr)

idrye = sw (21)
. _ 2 (Pr.oogr—Q,.vdr

Mlref = 37 (Vi V)

A PLL is used to synchronize the Park transforma-
tion on the pulse of the voltage measured on the net-

work. Thus, when the system is in a steady state, the
direct component of the output Park transformation is
an image of the amplitude of the measured voltage,
and the quadratic component is zero.

In addition to the synchronization, a control of the
voltage loop and maintaining the DC bus charged by
compensating for losses has been established. This
loop has as input the reference voltage Uyc(,.r) and
the voltage measured Uj,. It gives the necessary as-
sets to the current output to load the bus to the se-
lected value. The most common option for the control
of this loop is to use an PI corrector as shown in the
figure 15. The Regulation of this voltage is effected by
absorbing or supplying active power to the network.
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Fig.15. Regulation of DC link voltage.

The correction of this voltage must be made by adding
the active fundamental currents in the reference cur-
rents. Following a gap between Uﬁc(re s and U3, the
power (P) at the output of the controller is added
to the fluctuating active power and gives rise to an ac-
tive fundamental current and voltage correcting Uj..
To get the signal (Pf), we have the choice between
a proportional and proportional integral control. The
latter is often preferable because it allows canceling
the static error. In this case, the transform function is
given by :

2K 2K;
ud® _ Tt
Udc%ef p%—@.p-&-% (15)
ot =
With
£ =Kp\ /s
= &p-\/ 2CK;

5 Simulation results

The obtained results using Matlab/Simulink are
discussed in this Section. The figure 16 shows the full
detailed model which contains a PV array delivering a
maximum of 100 kW at 1000 W/m2 sun irradiance.

The boost converter increasing voltage from PV na-
tural voltage (272 V DC at maximum power) to 500
V DC. Switching duty cycle is optimized by the MPPT
controller that uses the (P&O) technique.

A 3-level 3-phase VSC which converts the 500 V
DC to 260 V AC and keeps unity power factor. 10-
kvar capacitor bank filtering harmonics produced by
VSC. 100-kVA 260V/25KkV three-phase coupling trans-
former. Utility grid model (25-kV distribution feeder
and 120 kV equivalent transmission system). For this
detailed model, the electrical circuit is discretized at
1us sample time, whereas sample time used for the
control systems is 100ys.

Figure 18 shows the behavior of the duty-cycle
control.

The converter output voltage is controlled to follow
the reference determined by (P&O) algorithm. the sys-
tem precisely tracks the maximum power and the out-
put voltage of the converter has low ripple as presen-
ted in the figure 17.

The response of the converter controlled by PID
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compensator, shows that the output voltage voltage
rapidly and accurately reaches the reference voltage.

800 T T
600f |1 : : : : : :

A A
wf L —_—
— Vdcref

)

0 Il Il
0 05 1 15

S
Fig.17. Voltage output of the Boost.
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Fig.18. Duty Cycle of the Boost.

The figures 17 to 21show the results of the simula-
tion of the model employing the VSC and its multilevel
control. The output voltage of the filter is sinusoidal.
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Fig.20. Voltage output of the Filter.

The reactive current equals to zero in the steady-
state of the system as it is shown in the figure 20.
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6 Conclusion

This paper has presented the modeling and
control design of two-stage PV system based on a DC-
DC boost converter and a three-phase grid connec-
ted DC-AC inverter. The model of the proposed PV
array uses theoretical and empirical equations toge-
ther with data provided by manufacturer of the PV pa-
nels, solar radiation and cell temperature among other
variables, in order to accurately predict the current-
voltage curve. In order to improve the output effi-
ciency of the PV array, a MPPT is used to provide a
good results if the converter is controlled with PID
compensator. An other objective of the paper was to
develop small-signal models and design of the PID
compensator for the regulation of the PV voltage and
the regulation of DC-link voltage. The results show
that the proposed model and transfer function cor-
rectly describe the dynamic behavior of the studied
PV boost system. The three-level VSC regulates DC bus
and keeps unity power factor.
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7 Appendix
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Fig.22.P&O.
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Three phase inverter Network
,J;I <LI v va |§ N\
IS T >
Vb Ib
(T) Udc L~ > AN
5T TS ZF velle ||,
Ly »- |
T T T
A
YVYY g vy
MLI ABC 50 [e»AB Do | Park Transformation
A
vdr| Var Idr| Iqr
A\ 4 A\ 4
Duty cycle DQ-PLL
Gl fest Inverse Park Transformation
A N1\
Vdc ) 4
Igref @ dr
L — > >
Current bQ
Idref dq ]
@ @ Regulator > ABC
Vdcref

Fig.23. Full detailled model and control
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Fig.24. Full detailled model and control using Matlab/Simulink
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