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1. INTRODUCTION

Photovoltaic systems convert sunlight into electricity using semiconductor materials. Due to the
endless of the solar energy, daily available and environmentally friendly energy, research about such energy
conversion systems has become an increasingly important issue in recent years. However, low efficiency is
the most important disadvantages of photovoltaic systems despite all aforementioned benefits [1]-[4].

Temperature, insolation, shadow and so on are the factors that effect on efficiency of solar cells.
These environmental condition variations reduce the photovoltaic (PV) output power due to nonlinearity
characteristics of cells. Maximum power point tracking (MPPT) is a concept which has been defined in
addressing the low efficiency of PV systems. Various algorithms have been proposed as yet for MPPT such
as hill climbing and perturbation and observation (P&O) method [5], [6], these two methods are simple in
idea and implementation, but due to performing steady-state oscillations are not accurate enough, which
waste the energy [7]. Other methods such as fuzzy logic control based (FLC) [8] and neural networks [9],
[10] are faster and more accurate, but have high complexity.

Proportional-integral incremental conductance (PI-IncCod)is another algorithm that proposed by K.
YC and et al. in 2001 [11]. Simplicity, ease of implementation and steady-state stability are the important
features of a MPPT controller. Due to these benefits, the PI-IncCond is used in this paper.

Photovoltaic systems consist of a DC-DC converter and a DC-AC inverter. Recently, Z-source
converter is used rather than traditional DC-DC converters such as buck, boost, cuk and buck-boost
converters. In DC-AC inverter section, traditional multilevel inverters such as diode-clamped [12], flying
capacitor [13] and cascaded H-bridge [14] are used. The main disadvantages of diode-clamped multilevel
inverter areunbalanced capacitor’s voltage, using multiple clamping diodes and utilizing more number of
power electronic switches and gate drivers. The flying capacitor multilevel inverter utilizes clamping and
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balancing capacitors instead of diodes to generate output voltage waveform. The flying capacitor structure
also requires a large number of capacitors and insulated gate bipolar transistors (IGBTSs) witch increases the
cost and reliability [15]. The cascaded H-bridgemultilevel inverter is modular. Although this topology is able
to generate high levels, it needs more number of power switches and gate drivers [16]. The suggested
structure needs less number of IGBT switches and gate driver circuits in comparison with the proposed
topology in [17]. Less number of switches has low cost, high efficiency, ease of control and low inverter size
[18]-[21]. In this paper, a novel power electronic converter is designed that needs fewer numbers of elements.

2. PV PANEL MODEL

Figure 1 shows the equivalent model of a typical PV cell that has been fully modeled and explained
in [22]. The simplest model can be depicted by a current source in antiparallel with a diode, although the
resistances Ry (series resistance) and R,, (parallel resistance) depict the non-ideality of the model.
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Figure 1. Equivalent model of the PV panel

Equation (1) shows the mathematical model of PV cell:

Voo +RoI,, ] _1} Vo Ry, )

Via R,

1y =1, —1Io {exp(

Where I, denotes photocurrent, I, is the reverse current of diode, a is diode ideality constant and
V. = NykT/q is the thermal voltage of array with N cells connected in series. It is noticeable that q is
electron charge (1.6027 x 107°C), k is Boltzmann constant (1.3802 x 10723J/K), T is the junction
temperature (in kelvin).

By solving (1), the characteristics of I,,, — V,,, and P,, — 1, curves have been plotted for difference
PV temperatures and insolations in Figures 2 and 3. Figure 2 shows the PV characteristics for different
insolations and constant temperature of 25°C and Figure 3 has been plotted for different temperatures and
constant insolation 1000 (W/m?). It is obvious that the PV output power strongly depends on climate change.
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Figure 2. P,, — V,,characteristics at constant Figure 3. P,, — V,,, characteristic at constant
temperature and different insolations (solid curves) insolation and different temperature (solid curves)
and I,, — Vp,characteristics at constant temperature  and I, — V},,, characteristic at constant insolation and

and different insolations (dash curves) different temperatures (dash curves)
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3. PROPOSED NEW STRUCTURE

Figure 4 represents the basic structure for proposed PV system. This structure mainly consists of
two stages that described in the next subsections. At the first stage a quasi Z-source converter (qZSC) has
been used for increasing the output voltage of PV array and tracking maximum power point using MPPT
control loop, and the second stage includes the basic structure of proposed multilevel inverter with fewer
number of switches and low Total Harmonic Distortion (THD).

\|E

MPPT

Figure 4. Basic proposed structure for PV panel connected to load

3.1. First Stage

At this stage, due to nonlinearity characteristic of PV array and low output voltage ability, a qZSC
has been used for increasing output voltage and tracking point of maximum power by MPPT control loop
[11]. With changing PV insolation and temperature, the PV voltage and current is sensed and MPPT is
realized by changing duty cycle of switchT. It is noticeable that the boosted voltage is divided to
severalidenticalvoltages using capacitors as input inverter voltages for increasing the number of voltage
levels.
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Figure 5. Incremental conductance basic idea on a B,,, — 1, curve

Figure 5 shows the basic idea of incremental conductance method on a P,, — V,,, curve for a PV
module. The slope of the PV power curve is zero at MPP, decreasing on the right of the MPP and increasing
on the left hand side of the MPP. The output power from the PV cell can be given by:

va = va]pv 2

The MPP in the PV module occurs when:

dP
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Considering (2) and (3) [11]:

pv

4
dv,, — dv,,

Py, d(WVpl,,)

From (3) and (4),

dl
I,,+V, —2-=0 (5)
e ay,,

According to Figure 5 and using (5) we have:
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From (6)—(8), it is explicit that the PV array will operate at the MPP when the ratio of change in the

output conductance be equal to the negative output conductance. Figure 6 depicts the flowchart of IncCond
method for PV MPPT [11].
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Figure 6. Incremental Conductance flowchart.

3.2. Second stage

At this stage, a new multilevel inverter has been proposed. Figure 7 shows different switching
modes for generating fivevoltage levels. The output voltage levels of multilevel inverter are 0, —V¢, +V¢,
+2Ve and —2V. As the number of voltage levels increases, the output voltage waveform becomes closer
and closer to a sinusoidal waveform. In this topology, the S, switch must be bidirectional with the capability
of blocking voltage and conducting current in both directions and the S; switch must be unidirectional. The
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proposed scheme for bidirectional switch needs only one gate driver circuits and it is an important advantage
for this scheme.

Figure 7. Different switching modes for generating five voltage levels: a) V, = 0,b)V, = V., )V, =
+2VC,d)V0 = _Vc, e)VO = _ZVC

In order to generating output voltage near a sinusoidal waveform, Figure 4 can be extended as
shown in Figure 8.
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Figure 8. Extended proposed multilevel inverter structure
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If m is the number of bidirectional switches, the number of output voltage levels (Nycyer), IGBTS
(Niggr), gate driver circuits (Ng-iver) @nd dc bus capacitors can be obtained as follows, respectively:

Npeyer =2m+3 )

Nigpr =2m+5 (10)
Nayiver =m+5 (11)
Ncapacitor =m+1 (12)

Considering (9) and (10), (13) can be written as:
NiGar = Niever +2 (13)
Using (9) and (11), we have:

_ NLevel +7

N, driver — 2 (14)

Table 1. Comparison proposed structure with classical inverter structures and proposed topology in [17]
Power electronic components

Structure Clamping diode  Balancing capacitor ~ Gate driver  IGBT  DC bus capacitor
Diode clamped (N-1)(N-2) 0 2(N-1) 2(N-1) (N-1)
Flying capacitor 0 (N-1)(N-2)/2 2(N-1) 2(N-1) (N-1)
Cascade H-bridge 0 0 2(N-1) 2(N-1) (N-1)
Proposed structure in [17] 0 0 N+3 N+3 (N-1)/2
Proposed structure 0 0 (N+7)/2 N+2 (N-1)/2
Also, from (9) and (12),
N, Level -1
N, Capacitor = 2 (15)

Also, in this structure the amount of capacitors voltages are the same and equal with:

1

= ma_2D)"" (16)

Ve

Table 1 depicted some comparisons between classical multilevel inverter structures [12]-[14], [17]
and suggested structure for an N-level (N,.,.; = N) output voltage.
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Figure 9. The number of driver used versus output  Figure 10. The number of IGBT used versus output

voltage levels voltage levels
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Figure 9 and 10 compare the number of required drivers and IGBTSs versus output voltage levels,
respectively. These figures show that proposed structure uses less number of switches and drivers compared
with cascade H-bridge (CHB) and proposed structure in [17].

4. SWITCHING STRATEGY

Different multi-carrier Pulse Width Modulation (PWM) switching strategies are known so far such
as Phase Disposition (PD), Phase Shifted (PS), Phase Opposite Disposition (POD), Alternate Phase
Opposition Disposition (APOD) and many other methods that explained in [23]-[25]. In this paper, APOD
multi-carrier PWM is used. This technique uses (z-1) carriers for z-level phase waveform where every carrier
waveform is in out of phase with its neighbor carrier by 180°. The carriers have same frequency (F,) and
amplitude (4.). The amplitude of the modulator is denoted as (4,,,) and the frequency (E,,).

In multilevel inverters, the amplitude modulation index (m,) and the frequency ratio (m,), are given
by (17) and (18), respectively:

m, = A, [ (m-1)A4, 17)

my=F,IF, (18)

5. SIMULATION RESULTS

The proposed structure for PV power generation system is simulated in MATLAB /Simulink. A
prototype of KC200GT PV array has been selected and its parameters are listed in [22]. The selected
parameters are: C,, = 3000uF, L, = L, = 5mH, C; = C; = 300uF, m; =1, my =30 and a R — L load
with R = 50Q, L = 20mH.

Figure 11 shows the proposed 5-level inverter with the capability of PV MPPT and two divided
qZSC output voltage. This topology uses 7 IGBTs and 6 driver circuits. The solar insolation is 1000W/m?
du(r)ing 0-1 sec, 500 W/m? during 1-2 sec and 800 W/m? during 2-3 sec, but the temperature keeps at T =
25°C.

- To o+

3

Figure 11. 5-level proposed structure

Figures 12 and 13 show the PV panel and qZSC outputs for 5-level structure, respectively. Figure 12
indicates PV insolation, output voltage, output current and output power. It is clear that the maximum power
is extracted from the PV in variation insolation. Figure 13 shows qZSC output voltage and divided voltage to
two identical voltages that each divided voltage is 62V during 0-1 sec, 45V during 1-2 sec and from 2-3 sec
is almost 57V. With decreasing insolation from 1000 to 500 W/m? the qZSC output voltage is reduced by
reducing duty cycle.

New Structure for Photovoltaic SystemApplications with Maximum Power... (Mostafa Barzegar Kalashani)



496 a ISSN: 2088-8694

1400f : : - ——T 40 i .
—Insolation (W/m"~) 35l . | |—PV Panel Output Voltage (V)
1200 T T —PV Panel Output Power (W) 30 | | [ PV Panel Output Current (A)
1000 : ; : : 2SM_ . .
800 - - 20
600F 1 T T i 154
400 i | 1 ' i . L — ! | | | |
2000 g — e 1 s S N el LS 4
b—=%% 1 _135 2 35 3 % o5 1 _ 15 2 25 3
Time (sec) Time (scc)
Figure 12. PV panel outputs
30 140,

] 1 1 1 'l ol 1 1 1
T 2 25 3 0 [E] 1 15 ] 15 3
Time (sec) Time (sec)

(@ (b)

Figure 13. (a) Each capacitor divided voltage, (b) gZSC output voltage
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Figure 14. The reference and carriers signals for 5-level structure.\

Figure 14 shows the reference and carriers signals for 5-level PWM using APOD technique.
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(a) Load voltage and FFT analysis (THD=26.64%).
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(b) Load current and FFT analysis (THD = 5.74%)

Figure 15. Simulation results for 5-level structure with further enlarged display of them

Figure 15 illustrates the load voltage and current with their Fast Fourier Transform (FFT) analysis
waveforms. For more detail in viewing the curves, an enlarged display is explored in figures. Based on
analysis, THD of the load voltage and current are 26.46% and 5.74% respectively. The load current
waveform is almost sinusoidal because the load has inductive property that plays a low pass filter role.

6. CONCLUSION

In this paper, a new structure for photovoltaic system presented. At the first, a PV panel model was
described with details.For boosting and tracking maximum power of PV panel, a quasi-Z-source converter
used. Due to nonleanearty of PV panel characterstic, proportional-integral incremental conductance method
applied to the proposed system and tracking of maximum power wasachieved. For load connecting PV panel,
a new multilevel inverter topology presented with reducing the number of power electronic components.
APOD Multi-carrier method was applied for triggering inverter switches. Finally, simulation results of the
structure verified the performance of the system.
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