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Abstract

This paper proposes the use of Z-source inverter with amodified carrier based
pulse width modulation technique for photovoltaic systems. In this modified
technique, two carrier waves and three reference waves are used to produce
the required switching pulses. This paper manifests that the Z-source inverter
can boost DC voltage when needed, perform maximum tracking and minimum
output distortion, and interface with photovoltaic system. The control method
is analyzed to exhibit the novelty of features. The control algorithm is
corroborated by simulation and experimental results. A comparison in
harmonic distortion between the new and traditional pulse width modulation

techniquesis performed.
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Nomenclature

A : Diode ideality factor

B : Boost factor

ds : Shoot-through duty ratio

E : Band-gap energy of the semiconductor
I : Photovoltaic output current

Iy : Photocurrent

l : Saturation current of PV cell

|

. Reverse saturation current
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: Short circuit current of PV call

8

k : Boltzmann's constant (=1.38x102J/K)
K, . Cell’ s short circuit temperature coefficient
M : Modulation index

N, : Number of cells connected in parallel
N, : Number of cells connected in series

q : An electron charge (=1.6x10°C)

R, . Seriesresistance

R, > Shunt resistance

THD : Total harmonic distortion

To - Shoot-through time period

T . Switching time

T. : Cell’sworking temperature

Ty : Cell’ s reference temperature

\% : Photovoltaic output voltage

Ve > Output peak phase voltage

Voc : Open circuit voltage of PV cell

Voft : DC offset voltage

Vit . Peak of the carrier wave

Vs . DC voltage across impedance network
VS - Voltage source inverter

ZS| . Z-source inverter

A : Solar insolation

Introduction

The conventional fossil fuel energy sources such as petroleum, coal and natural gas
which meet most of the world's energy demand today are being exhausted rapidly.
The renewable energy sources are attracting more attention as an alternative energy.
Among the renewable energy sources, the photovoltaic (PV) energy is being widely
utilized because of the ubiquity, abundance and sustainability of solar radiant energy.
These photovoltaic cells or solar cells directly use the energy from the sun to generate
electricity. In PV based power conditioning systems, the interface converter system
acts as a key component. Presently, the voltage source inverter (VSI) is employed as
the interfacing converter. But there are severa disadvantages of such an inverter: a) It
isonly a buck converter for DC-AC power conversion. When the PV array voltage is
lower than the required AC voltage, an additional DC-DC boost converter is needed
to obtain the desired AC output. The additional boost converter increases the system
cost and reduces the overall efficiency. b) The two switches from the same arm of the
inverter cannot be gated on simultaneously. Otherwise, a shoot-through will destroy
the devices. ¢) Dead-time must be employed, which will cause output current
distortion.
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Z-source inverters (ZSI) have been recently proposed as an alternative power
conversion concept, which overcome the above-mentioned disadvantages of voltage
source inverter. Fig.1. shows the main circuit of the Z-source inverter. It employs
a unique impedance network coupled between the power source and the converter
circuit that consists of a split-inductor L, and L, and capacitors C; and C, connected
in X shape. This unique impedance network allows the Z-source inverter to buck or
boost its output voltage, and also provides it with unique features that cannot be
achieved in voltage source inverters [1]-[2].

Many pulse-width modulation (PWM) control methods have been developed and
used for the traditional three phase voltage source inverter. The traditional VSl has six
active vectors when the dc voltage is impressed across the load and two zero vectors
when the load terminals are shorted through either the lower or upper three devices.
These total eight switching states and their combinations have spawned many PWM
control schemes. On the other hand, Z source inverter has additional zero vectors or
shoot-through switching states that are forbidden in the traditional VS, both switches
of any phase leg can never be gated on at the same time or a short circuit (shoot
through) would occur and destroy the inverter. The new Z-source inverter (ZSl)
advantageously utilizes the shoot through state to boost the dc bus voltage by gating
on both upper and lower switches of a phase leg and produce a desired output voltage
that is greater than the available dc bus voltage [3]. In addition the reliability of the
inverter is greatly improved because the shoot through due to misgating can no longer
destroy the circuit. Thus it provides a low-cogt, reliable, and high efficiency single
stage structure for buck and boost power conversion.
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Figure 1: Z-Source inverter

In [1], the operation principle and the shoot through duty ratio control using
simple boost control method have been described in detail. In this paper, a new carrier
based PWM technique is proposed for the Z-source inverter which lowers the
distortion in the output AC voltage.
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Traditional PWM Techniquesfor Z-Source | nverter

For an output voltage boost to be obtained, a shoot-through state should aways be
followed by an active state, i.e., shoot through states should be incorporated without
affecting the active states. Thus, minor modifications in the traditiona three phase
sinusoidal PWM technique will yield various PWM  control strategies for the ZSI.
There are three traditional PWM control strategies for ZSI. They are smple boost
control, maximum boost control, and maximum constant boost control methods.

Simple Boost PWM

The simple boost control method employs two straight envelops equal to or greater
than the peak value of the three phase sinusoidal reference signals to control shoot-
through duty ratio in a traditional sinusoidal PWM. The circuit is in shoot through
state when the high frequency triangular carrier is greater than the upper straight line
envelope or lesser than the lower straight line envelope. In this method the voltage
stress across the switches is quite high, which restrict the  obtainable voltage gain
because of the limitation of device voltage rating. As during shoot through all the
switches are ON, switching losses are high.

Maximum Boost PWM

The maximum boost control is quite similar to the traditional carrier-based PWM
control method, but this control method maintains the six active states unchanged and
turns all zero states into shoot through zero states. The circuit isin shoot through state
when the triangular carrier wave is greater than the maximum curve of the reference
or lesser than the minimum curve of the reference. This method turns all the zero
states into shoot through state thus minimizing the voltage stress across the switches.
However it causes shoot through duty ratio to vary in each cycle, thus increasing the
ripple content in inductor current. When the output frequency is low, the inductor
ripple becomes significant and a large inductor is required. This increases the cost and
size of the circuit [4].

Maximum Constant Boost PWM

In maximum constant boost control method the straight envelops of simple boost
control method are replaced by two sinusoidal signals of three times the frequency of
sinusoidal modulating signals. Thus this method involves three reference sinusoidal
signals and two shoot through envelopes. The circuit enters shoot through state
whenever the high frequency triangular wave is greater than the upper shoot-through
envelope or lesser than the lower shoot-through envelope [5]. This method achieves
maximum boost while keeping shoot through duty ratio constant al the time, thus
reducing ripple content in inductor current compared to maximum boost control
method.

Proposed Double Carrier PWM Technique
This method employs three phase sinusoidal reference signals, V,, Vi, and V¢ and two
triangular waves of high frequency as carrier signals. One of the carrier wave is with
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zero dc offset value whereas the other carrier wave is up-shifted to certain dc offset
voltage (Voff ) to control shoot through duty ratio. Gating pulses which are obtained
by comparing lower triangular wave (with zero dc offset) and reference wave is given
to the upper leg devices of inverter circuit, whereas the pulses obtained by comparing
upper triangular wave and reference wave is inverted and given to the lower leg
devices of inverter circuit [6]. Fig.2. shows double carrier control waveforms.

In the other control methods modulation index has to be minimum to get
maximum boost factor. But the voltage stress increases with minimum modulation
index. This limitation is eliminated in the newly proposed double carrier control
method.

This control method has the following features over the other traditional control
methods
e Unlike other methods, the boost factor is made independent of the modulation
index.
e Number of shoot through states per cycle of carrier wave is increased when
compared to other methods.
e Switching loss is reduced as only one of the phase legs is gated during shoot
through states.
e |t involves aternative active state and shoot through state and no zero states.
Hence, it reduces the ripple content in inductor current.
e The voltage stress across the switches is reduced as modulation index could be
kept high.
e This method enhances the fundamenta voltage by reducing the total harmonic
distortion.
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Figure 2: Double carrier PWM waveforms

Given its many benefits, this paper now examines the relationship of voltage
boost and dc offset voltage.
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Asdescribed in [1], the voltage gain of the Z-source inverter can be expressed as,

V
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T,/T=d, istheshoot through duty ratio.

In double carrier control method, shoot through duty ratio is varied by varying the
dc offset voltage and is derived as

Voff
d, = v )
Unlike other traditional control methods, in double carrier control the duty ratio
depends only on the dc offset voltage and hence completely independent of the
modulation index. In this method of control to get finite voltage gain, dsshould be
less than 0.5.

Photovoltaic Array and MPPT

PV cell isbasicaly ap-n junction fabricated in athin wafer or layer of semiconductor.
The electromagnetic radiation of solar energy can be directly converted electricity
through photovoltaic effect. The simplest equivalent circuit of a PV cell consists of a
photo current (1), a diode (D)), a parallel resistor (Rs,) expressing a leakage current,
and a seriesresistor (Rs) describing an internal resistance to the current flow, is shown
inFig.3.
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Figure 3: Equivalent circuit of aPV cell
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Since a typical PV cell produces less than 2W at 0.5V approximately, the cells
must be connected in series-parallel configuration on a module to produce enough
high power. A PV array is a group of several PV modules which are electrically
connected in series and paralel circuits to generate the required current and voltage.
PV system naturally exhibits a non-linear 1-V and P-V characteristics shown in Fig.4.
which vary with the radiant intensity and cell temperature.

Catput Cutrent (A

[V Curve

Catput Power (W)

—
W
(vl

Catput Voltage (V)

Figure4: Typica I-V and P-V characteristics of PV

The voltage-current characteristic equation of the array becomes as follows:

v IR NV e
+
N, N
I=N,1, ~NL(exp g |-y De (4)
KT, A Ry,

The photo current mainly depends on the solar radiant intensity and cell’s
temperature, which is given as

o =[le + K (T, - T )4 (5)

The cell’ s saturation current varies with cell temperature is described as

Is= Ir{Ljs ex % (6)

Tref kA

Since the Z-source inverter based PV power system is directly connected to the
load, the PV power system is controlled to transfer maximum power from the PV
array to the load circuits continuously. Because of the non-linear characteristics of PV
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modules, the maximum power cannot be achieved by directly connecting the PV
models. Tracking of the maximum power point (MPP) must be used to effectively get
the maximum output power [7]-[9]. Here the simple perturbation and observation
method of MPP tracking is used.

Simulation and Experimental Results

A typical 42W PV module is taken for modeling. The module has 36 series connected
polycrystalline cells. The key specifications of the module at a reference temperature
of 25°C arelisted in Table .

Table 1: Specifications of PV module

Characteristics SPECIFICATION
Open circuit voltage (Voc) 21.6V
Short circuit current (ls) 255A
Voltage at Peak Power (V) 17.8V
Current at peak Power (1) 2.35A
Peak power (Pmax) 42W

The model of the PV module is implemented using a Matlab program. The
developed model takes solar insolation and cell temperature as input parameters and
outputs the I-V and P-V characteristics under various conditions. Fig.5. and Fig.6.
show |-V and P-V characteristics of the PV module with various solar insolation and
temperatures.
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Figure5 (a): I-V output characteristics of PV module with different solar insolation
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The photovoltaic output voltage changes mainly with temperature, while the
photovoltaic output current changes mainly with insolation. When the temperature
rises, the PV output power decreases with a constant insolation. With constant
temperature specified, the PV output power increases when the insolation increases.
Thus the main function of the interfacing the Z-source inverter is to extract the
maximum power out of the PV at any given temperature and insolation. In the Z-
source inverter, the output voltage can be controlled to the desired level by controlling
the shoot-through time period. Thus the shoot-through state is used to control the
MPPT.

The Z-source inverter interfacing the PV is developed in Matlab/Simulink. In this
paper, four numbers of PV modules are connected in seriesto make a PV array, which
acts as the DC source to the Z-source inverter. The inductors in the impedance
network limit the current ripple through the devices during boost mode with shoot-
through. The capacitors in the impedance network absorb the voltage ripple and
maintain areasonably constant voltage across the bridge [10]. For both ssmulation and
experiments, the impedance network elements are designed with the following values:
L;=L,=3mH and C;=C,=1000uF. The switching frequency is 5 kHz and the
fundamental frequency is 50Hz. The semiconductor devices in the inverter bridge are
selected based on the current through them and the maximum voltage across them.
Here IGBTs are taken as the switching devices. The complete system is ssimulated and
the output voltage and current waveforms are shown in Fig.7.
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Figure 7: Simulation waveforms
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Harmonic analysis on the output voltage is performed and the total harmonic
distortion is calculated as 6.82%. Harmonic spectrum of output phase voltage is
shown in Fig.8.

Fundamental (80Hz) =69.37 , THD= B.82%
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Figure 8: Harmonic spectrum of output phase voltage

A laboratory model of Z-source inverter is constructed (Fig.9.). The same
parameters used in simulation are used. Fig.10. and Fig.11. show experimental results.
The firing pulses for the two switches in one phase leg of the Z-source inverter are
shown in Fig.10. The output line-to-line voltage is shown in Fig.11.

Figure 9: Experimental setup
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Figure 10: Switching pulses obtained in experiment
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Figure 11: Experimental output line voltage waveform

Fig.12 shows the experimental harmonic spectrum of the output line voltage of the
Z-source inverter.
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Figure 12: Harmonic spectrum of output phase voltage

In this double carrier PWM, there are six shoot-through states distributed in a
switching cycle, whereas in other traditional PWM technigues only two shoot-through
states are inserted in a switching cycle. So in the proposed PWM technique, the
switching frequency viewed from the impedance network is very high. It reduces
distortion in the output waveforms. The variation of THD on the output voltage with
the voltage gain for the traditional and proposed PWM methods are analyzed. The
comparison is shown in Fig.13. Since al the zero states are converted into shoot-
through states, the high value of voltage gain can also be achieved.
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Figure 12: THD comparison of al PWM methods
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Conclusion

Z-source inverter with a new modulation technique is proposed. In this new
technique, more shoot-through states are inserted during the carrier wave period, and
offer a better boost factor and lowers distortion. By controlling the DC offset voltage,
the shoot-through duty cycle and hence the PV array output voltage is controlled and
the maximum power point tracking is achieved. So the proposed system substantiates
the boost and inversion in single stage with maximum power tracking and minimum
harmonic distortion. Theoretical analysis and control algorithm are presented in this
paper. The photovoltaic array is modeled and developed in the Simulink environment.
Using Matlab/Simulink software package the  Z-source inverter with the PV is
simulated to verify the proposed algorithm. The frequency spectrum and the total
harmonic distortion of the output voltages are obtained. Also the presented concepts
are verified experimentally using a laboratory prototype. A comparison is made in the
THD of the output voltage between the new control and traditional control methods.
The results show that the new proposed double carrier PWM technique gives
minimum THD. So the proposed control is very promising for photovoltaic
applications.
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