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1. INTRODUCTION

Photovoltaic power generation is becoming increasingly important, because it does not cause any
fuel cost, when compared with other renewable energy resources. Photovoltaic (PV) systems need inverter to
act as power conditioning unit between the source and load. These inverters have to handle various power
quality issues due to PV source fluctuations, which impose stringent requirements for inverter topologies and
their controls. [1] — [3]

Z Source Inverter (ZSI) employing an impedance network consisting of inductors and capacitors,
coupled with inverter main circuit to the variable DC source, which overcomes the voltage fluctuation
problems caused by inherent characteristics of the photovoltaic systems. ZSI features a wide range of voltage
gain which is suitable for many applications. [4] — [7] ZSI can be used to realize both DC voltage boost and
DC-AC inversion in a single stage, an economical approach for photovoltaic applications. [8, 9]

The work reported in this paper is organized as: Mathematical model of photovoltaic panel in
section 2, Topology description of single phase Z source inverter along with control strategy in section
3.Simulation and experimental results are presented in section 4. Finally, conclusion is reported in section 5.
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2. MATHEMATICAL MODEL OF PV PANEL

PV panel converts the photo energy of sunlight to DC variable voltage. The amount of power
extracted by a PV panel depends on its operating DC voltage. The maximum power point tracking (MPPT) is
capable of extracting maximum power from the PV panel which is influenced by the solar insolation level
and atmospheric temperature which are described in [10] — [13] A PV panel is formed by series—parallel
interconnected identical PV cells. PV cell is represented by single diode model as shown in Fig. 1 in which a
current source is kept in parallel with a diode and a series resistance.

practical PV device

Figure 1. Single diode model of PV cell

The basic current equation of the PV cell is given by

I =l - |sat|:exp(%j - 1} (1)

where | and V are the output current and voltage of the PV cell, I, is the light generated current, I is the PV
cell saturation current, q is the charge of an electron, K is Boltzmann’s constant, A is the ideality factor of the
p-n junction, and T is the PV cell temperature (degrees Kelvin).

From Eqgn. (1),

v _ AKT In(lpv+lsat-l ) @
q Isat

The output power of the PV cell, P is expressed as

P=V {lpv - |sat[exp[s—IZT) - 1} €))

Simulations are carried out for mono crystalline PV panel of 30Wp as mentioned in Table 1. Its performance
is obtained for standard test conditions (i.e) solar insolation, G=1000 W/m? and temperature, T =25° C. The
diode ideality factor is chosen as 1.3.Various operating conditions of PV panel in terms of V¢ and Isc are
given as test data, loaded as a look up table in the simulation environment. Following results are obtained for
the given conditions as mentioned in Table 2.

Table 1. Simulation parameters of 30 Wp PV panel Table 2. Simulation results for 30 Wp PV panel
Parameters Values Simulation results Obtained values
Output Power, Prax 30Wp Shunt resistance Rp_min 22.40 Q
Voltage at maximum power, Vi, 12V Rp_max 44.21Q
Current at maximum power, Iy, 250 A Series resistance Rs_min 0.37Q
Rated open circuit voltage, Voc 16 V Rs_max 160 Q
Rated short circuit current, lsc 30A
Ideality factor, A 1.3
Temperature, T 25°C
Solar Insolation, G 1000 W/m?
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From Table 2, it is observed that maximum power transfer from source to power conditioning system
happens when the values of R, and R, should be high and low respectively. The values of R, and R usually
not given by the manufacturers in the PV panel data sheet, which is needed for PV system designing. The I-V
and P-V curves of 30Wp PV panel can be seen in Figure 2 and Figure 3 respectively.
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Figure 2. Simulated | — V Curve Figure 3. Simulated P —V Curve

The DC voltage obtained from the PV panel is fed to the input of ZSI and inverted AC output voltage can be
obtained with better performance. The details of the same are explained and validated through simulations
and experiments in the subsequent sections.

3. CIRCUIT ANALYSIS OF SINGLE PHASE Z SOURCE INVERTER

Z source inverter consists of two inductors (L; and L,) and two capacitors (C; and C,) connected in
X shape to couple the inverter to dc voltage source obtained from photovoltaic systems. The operation of ZSlI
has two operating modes: non-shoot-through mode and shoot-through mode. In non-shoot-through mode,
ZSI has six active vectors, when dc voltage is impressed across the three-phase load and two zero vectors
when either the lower or upper three switching devices are conducting. In shoot through mode, load terminals
get shorted, as both upper and lower switching devices of any phase leg of the inverter conducts. When the
input voltage is high enough to produce desired output voltage, shoot-through zero state is not used and
ZSI performs buck conversion, the same way as voltage-source inverter. When the input voltage is low, shoot
through zero state is used to boost the voltage; therefore, ZSI performs as a buck—boost inverter.The voltage
boosting capability of ZSI is due to energy transfer from capacitors to inductors during the shoot-through
state. As the capacitors may be charged to higher voltages than the input source voltage, a diode is required
to prevent discharging through the input source [14, 15] as shown in Figure 4.

va| —KF —k]

Yiw —p—
=N 3 3 =]
| kLD I
L2
Figure 4. Z source single phase inverter

The average of dc link voltage across the inverter bridge is identical to capacitor voltage because the average
of an inductor voltage becomes zero and capacitor voltage is dependent on the shoot through time.The gain
expressions can be derived under different switching states [16] as follows:

Shoot —Through(Sx = Sx' = ON, x = A, B,orC; D = OFF)

v =V Vv, =05v, =2V, v, =V, -2V, 4)
i =—ig ;i =i —ig; i, =0 ®)

Nonshoot — Through(Sx = Sx’, x = A, B,orC; D =ON)

v =V, -V, v, =2V, -V, v, =0;Vv, =V (6)

i, =i +i.;i =i —i. ;i =0 )

The state space averaging on (4) and (6) yields the
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Ve BV, (8)

; Peak dc Voltage, ﬁszm =

Capacitor Voltage,V, = 1-T,/T

——— o’ v
1—2T,/T

dc

s

Peak ac output Voltage, #=M 2 = B(M LZGC)
Here Tof/T refers to the shoot through ratio, M refers to the modulation index and B refers to the boost factor.
The diode blocking voltage is given by

v, =V, /@Q-2T,/T) 9)
The inductor voltage is given as

L Ly -1

L=V, during shoot through; v, = -V &
(1-21,/T)

-V, during non shoot through (10)
“(@-2T, /T)

Any modulation method as discussed in [17,18] can be adopted to control the ZSI. Simple boosting switching

scheme is employed for switching action of this ZSI due produce voltage boosting actions.Fig. 5 illustrate the

Matlab/Simulink block model of simple boost switching scheme which is applied for the inverter.

Figure 5. Switching sequence block diagram

4. CIRCUIT ANALYSIS OF SINGLE PHASE Z SOURCE INVERETER
4.1. Simulation results

The operation of ZSI are analyzed in steady state and its performances are validated using simulated
results obtained in MATLAB/Simulink, where the solver is chosen as variable step discrete with step of 1.0
us with the following system parameters: Vg =12 V; Ly and L, =15 mH C;and C, = 4700 uF and the
switching frequency, ;=20 kHz and resistive load of R =500 Q. The MOSFET models whose internal
resistance Ry, = 0.1Q and snubber resistance Ry = 10° Q are used for the switching devices. Figure 6 shows
the capacitor voltage waveforms of capacitors C; and C, having the equal values of 25 V each. The output
phase voltage of value 46 V is obtained through simulation across the load without filter as given in Figure 7.
The obtained results verify that the ZSI produces better voltage boosting and inversion ability for the passive
components used in the Z network.
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Figure 6. Simulated capacitor voltage waveforms (C; Figure 7. Simulated output voltage waveform
and C,)
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4.2. Experimental results

To demonstrate the performance of ZSI, an experimental prototype was built in laboratory with the
same parameters as used in the simulation. Fig. 8 shows the experimental setup of the proposed inverter setup
which includes power MOSFETS, driver boards, impedance source networks, A/D conversion, serial
communication and high performance FPGA unit. Simple boost PWM pulses are sent to the gate driver
circuit. For the laboratory prototype, 12V is given as input to the Z source network from PV panel. Power
supply unit is employed separately from laboratory conditions for the operation of control/functional units of
the inverter.The bridge rectifier IN4007 in the power supply unit is used to convert AC voltage into DC
voltage. A LM 7805 regulator is used to fed a 5V supply to Field Programmable Gate Array (FPGA)
processor and LM 7812 regulator regulates the inverter driver circuit operating voltages.

> ,‘Q P
p ”
1 i
power supply unit<<— I V 9 Ak
S oo\ ¢
A “r

L, power conditioning unit

FPGAUNIt =1
Inverter unit

Figure 8 Experimental setup

SPARTAN 3E FPGA processor is used for generating PWM pulses and fed to MOSFET IRF 840
switches. The pulse width can be incremented or decremented based on the variation in the duty cycle given
to the optocoupler 6N137. PWM pulses from the FPGA are fed to the optocoupler for isolation of control /
power circuit to avoid the over current conditions. Optocoupler output signal is inverted from original PWM
input signal by the use of NOT gate 4584.1R2110 is used to drive the MOSFET switches. High frequency
diode BYQ28 is used and both the anode in them are shorted to split the current for reducing the inherent
fault. Figure 9 and Figure 10 show the experimental results obtained from ZSI. For 12 V input DC voltage, Z
network boosts the voltage level up to 46 V and made available at DC link voltage, which is to be fed to the
inverter. After inverting action by ZSI, the peak to peak voltage across the load is obtained as 93V for the
resistive load of 500 ohms.
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Figure 9. DC input voltage waveform Figure 10. Peak to peak output voltage waveform

The ZSI inverts the boosted DC voltage and output AC voltage of 46.6 V is made available across
the load, when it is measured without filter as shown in Fig. 10.These results correspond to the theoretical
analysis and simulation results. The proposed ZSI acheives high boost inversion, upto the order of 4. The
proposed ZSI based PV power generation system can be scaled up for grid connected system, because it
transfers the maximum power from the PV panel to grid without any additional MPPT algorithm.

5. CONCLUSION
The operation of Z source inverter is carried out in steady state condition to analyze boosting and
inversion capability through simulation and experimental results. The obtained experimental results verify
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the analysis and discussion of proposed approach to the operation of ZSI for photovoltaic system. The
proposed inverter can realize buck/boost, inversion and power conditioning in a single stage with improved
reliability and it can be applied to the entire spectrum of power conversion. When ZSI connected to the grid
supply, it requires to the address the concerns involving power regulation, harmonics reduction and power
factor correction for various applications which are left to the readers.
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