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Abstract: This paper proposes a Z-source micro-inverter system for photovoltaic systems. The operation
principle, control method, and characteristics of the system are presented. A comparison between the new
and traditional system configurations is performed. Advantages and disadvantages of different topologies
and other research work have also been undertaken. Facts and figures of Solar Energy installations in India
and World have been taken into account while preparing this project. Simulation and experimentation done
in MATLAB Simulink are also shown to verify the proposed circuit and analysis along with the results.
Index Terms: Micro inverter, MPPT, Photovoltaic (PV), power conditioning unit (PCU), Z-source inverter,
Z5l.

I. INTRODUCTION
PV inverter will play an unprecedented role in the increasing market in near future. Due to environmental
concerns, more effort is now being put into clean distributed power like geothermal, wind power, fuel cells, and
photovoltaic (PV) that directly uses the energy from the sun to generate electricity. Energy from renewable
sources, such as solar and wind, is gaining interest as the world’s power demand increases and non-renewable
resources are depleted. A large component of this demand is from industries and houses connected to the electrical
grid. Because of this, attempts are made to raise the percentage of energy sourced from renewable sources into
the grid. Photovoltaic (PV) energy sources increase the renewable content because of their ubiquitous nature and
extended life time due to an absence of moving parts.
India is densely populated and has high solar insolation, an ideal combination for using solar power in India. With
about 300 clear, sunny days in a year, India's theoretical solar power reception, on only its land area is about 5,000
trillion kilowatt (kwh) per year. By end September 2014, the installed grid connected solar power had increased
to 2,766 MW, and India expects to install an additional 100,000 MWp or 100 GWp by 2022. Hence, India has
tremendous opportunities for development of renewable energy resources especially solar energy.
This is a MATLAB based project for converting DC voltage generated by solar panels in suitable AC voltage for
domestic purpose. A single PV and a micro-inverter form the ac module which feeds quality power from the solar.
Our basic concept on making this project is based on Z-source inverter to obtain required AC voltage from DC
voltage. It features a compact size, economical cost and compatibility with solar panels, which make this micro-
inverter much useful and reliable than widely used technologies of central or string inverter. A low dc voltage
from the PV panel is given as input to the micro inverter, like the small scale inverters these micro-inverters would
transform this dc voltage to ac feeding it to the grid.
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Fig. 1. Traditional PV system topologies: (a) dc—ac with step up transformer and (b) dc—ac with dc-dc
boost. With this new topology, the proposed PCU offers the following advantages over the traditional
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PCUs: 1) The dc-dc booster and the inverter have been combined into a single-stage power conversion; 2)
the distortion of the ac output-voltage waveform is reduced in the absence of dead time in the PWM
signals; and 3) the micro-system removes the possibility of low power generation due to the shading effect
and due to presence of defective panels in the string.

Il. BASICS OF PCU FOR RESIDENTIAL USE

A solar inverter, or PV inverter, or Solar converter, or Power Conditioning Unit (PCU) converts the variable
direct current (DC) output of a photovoltaic (PV)solar panel into a utility frequency alternating current (AC) that
can be fed into a commercial electrical grid or used by a local, off-grid electrical network. It is a critical component
in a photovoltaic system, allowing the use of ordinary AC-powered equipment. Solar inverters have special
functions adapted for use with photovoltaic arrays, including maximum power point tracking and anti-islanding
protection. Thus the basic functions can be summed into the following:
1) To convert the dc voltage into ac voltage;
2) To boost the voltage, if the PV array voltage is lower than

the grid voltage;
3) To insure maximum power utilization of the PV modular.
Fig. 1 presents the two very commonly used converter system configurations in practice. In Fig. 1(a), a transformer
at line frequency is utilized to boost or step-up the voltage after the dc—ac inverter. Generally, a line frequency
transformer is has huge size, loud acoustic noise, and high cost.
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Fig. 2. Proposed Power Conditioning Unit (PCU) using Z-source for PV systems.

Furthermore the inverter has to be oversized to cope up with the wide PV array voltage change. The KVA rating
of the inverter becomes twice if the PV voltage varies at a 1:2 range. So in order to eliminate the transformer and
to keep the required KVA rating of the inverter low, in many applications, a high frequency dc-dc converter is
used to boost or step-up the voltage to a constant value as shown in Fig. 1(b). Unfortunately, the switch in the dc—
dc converter is very costly and an efficiency killer of the system.

I1l. CHOICE OF INVERTER

Solar micro-inverter is an inverter designed to operate with a single PV module. The micro-inverter converts the
direct current output from each panel in to alternating current. Its design allows parallel connection of multiple,
independent units in a modular way. Micro-inverter advantages reside mostly on single panel power optimization,
independent operation of each panel, plug-and play installation, improved installation and fire safety, minimized
costs with system design and stock minimization.

The Z-source converter (ZSC) is an alternative power conversion topology as shown in Fig. 2 that can both buck
and boost the input voltage using passive components. It uses a unique LC impedance network with split inductor
and capacitor connected in X shape, for coupling the converter main circuit to the power source, which provides
a way of boosting the input voltage in a single stage, a condition that cannot be obtained in the traditional voltage
source or current source inverters. With the impedance network, the Z-source inverter can advantageously use the
shoot through states to boost the overall voltage. Additionally, with the ability to handle the shoot through state,
the inverter system becomes more reliable and robust. The inductors and capacitors in the Z-source are both being
energy storage devices, enable optimized designing to ensure small size and low cost. It also allows the use of the
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shoot-through switching state, which removes the need for dead-times that are used in the traditional inverters to
avoid the risk of damaging the inverter circuit.

IV. CLASSIFICATION OF SOLAR INVERTERS
The inverter which feeds the grid by receiving input from the PV module has a chief responsibility of feeding
sinusoidal input to the grid. The technologies used to design such inverters are centralized inverters, string
technology, and multi-string technologies. At present micro-inverter technology is gaining popularity.

A. Centralized Inverters

A large number of PV modules were interfaced to the grid in centralized inverters as shown in Fig. 3(a). The PV
modules are in a form of string, which are series connections of modules. There is no need of amplification since
each module generated sufficiently high voltage. Then higher power levels were reached by parallel connections
of string through diodes. This topology has the following advantages:

1) Low capital price per watt,

2) High efficiency,

3) Comparative ease of installation — a single unit in some scenarios.
While the limitations are like:

1) DC cable losses,

2) PV modules mismatch,

3) Loss of power due to centralized MPPT,

4) Complexity in designing.

These increased the investment cost and decreased the efficiency. Alternate modules were developed to overcome
these disadvantages.

B. String Inverters

A string inverter is the type most commonly used in home and commercial solar power systems. It is a large box
that is often situated some distance away from the solar array. Depending on the size of the installation, there may
be more than one string inverter present as shown in Fig. 3(b). VVoltage amplification is not necessary since the
input is high enough. Here there are no losses due to diodes, here the overall efficiency is increased and installation
cost is reduced. However enlarging this system is complex due to its structure.
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Fig. 3. Classification of inverters: (a) Centralized technology, (b) String technology, (¢) Multi-string
technology, (d) Micro-inverter technology

Advantages of string inverter can be summed as:

1) Allows for high design flexibility,

2) High efficiency & Robust,

3) 3 phase variations available,

4) Low cost and remote system monitoring capabilities.

Disadvantages can be summed as:
1) No panel level MPPT,
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2) No panel level monitoring,
3) High voltage levels present a potential safety hazard.

C. Multi-string Inverters

Fig. 3(c) depicts the multi-string inverter. Here each string has its own converter all of which is connected to a
common inverter. Here each string can be controlled individually. It is easy to expand the system by just plugging
in dc-dc converter into existing plant. Efficiency is more and designing is also flexible. Pros of this topology can
be elaborated as:

1) High design flexibility and easy expansion,

2) High efficiency,

3) High control

Cons of multi-string topology are:

1) High dc voltage levels present a potential safety hazard,
2) Complexity in design,

3) No panel level monitoring.

D. Micro-Inverters

Solar micro-inverter is a converter designed to operate with a single PV module. The micro-inverter converts the
direct current output from each panel in to alternating current. Its design allows parallel connection of multiple,
independent units in a modular way. A 2011 study at Appalachian State University states that individual integrated
inverter setup yielded about 20% more power in un-shaded conditions and 27% more in shaded conditions
compared to string connected setup using one inverter. Micro-inverter boons reside in:

1) Single panel power optimization,

2) Independent operation of each panel,

3) Plug-and play installation and easy expansion,

4) Improved installation and fire safety,

5) Minimized costs with system design and stock minimization.
While the disadvantages reside in:

1) Higher Complexity in design,

2) Lower life of inverter,

3) Heating problems with the inverter.

V. PRINCIPLE OF OPERATION OF PROPOSED CONVERTER

Compared with the topologies in Fig. 1, in the proposed system, there is neither bulky transformer nor a dc—dc
converter to boost the voltage in the circuit. The size and cost are minimized. As no dead time is needed, the
control accuracy and THD can also be improved. Additionally, the split-phase Z—source inverter naturally inherits
all the advantages of the split-phase six-switch inverter. Compared with the direct inverter systems the ZSI has a
minimum KVA requirement. For the inverter system with a PV voltage change of 1:2 range, a 10-kW PV system,
needs a 20-kW inverter to cope with the voltage change. Using the proposed system of Fig. 2, the required KVA
rating of the -source inverter remains the same 10 kW for a 10-kW PV system. Therefore, by utilizing the ZSl,
the volume, the cost as well as the number of active switching devices are minimized.

Because of the single stage operation, the efficiency of the system can be greatly improved. In summary, the
proposed system:

1) Has only one stage to realize inversion, boost, and maximum power tracking;

2) Has the minimized number of switching devices;

3) Needs no dead time;

4) Can have shoot through state in the inverter;

5) Inherits all the advantages of the six switch inverter system;

6) Has independent control of each panel and higher efficiency.

Operation of ZSI in continuous conduction mode (CCM) is based on two states:
o Shoot-through state
o Active state

Table I shows the nine switching states and their vector representations, where the switching function Sy (x =
1, 2, 3, or 4) is defined as 1 when switch Sy is on and as
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0 when switch Sy is off. Thus, when two active vectors

({1 0}, {0 1}) are taken, the PV voltage is applied to the load through two inductances (L1 and L2); when two
null vectors ({0 0}, {1 1}) are taken, the load terminal is shorted by either the upper or lower switches creating a
shoot-through and known as shoot through zero states. During these periods of time, the output voltage of the
inverter is zero, i.e., zero states.

For the Z—source inverter, the basic idea of control is to turn zero states into shoot through states and keep the
active switching states unchanged, thus we can maintain the sinusoidal output and at the same time achieve voltage
boost from the shoot through of the dc link These zero vectors are present in the Z-source inverter, whereas they
are forbidden in the voltage source inverter. Both unipolar and bipolar modulation is possible for inverter section.
Unipolar technique is preferred, since it produces fewer harmonic compared with bipolar method. For the Z-
source inverter, the unipolar technique permits higher modulation index with lower dc bus voltage.

TABLE I: SWITCHING STATES OF THE Z-SOURCE INVERTER

Switching States 55 S5z 53 S
Active {1 0} 1 1] 0 1
Active {0 1} 0 1 I 0

null {000} 0 1 0 I
null £1 1% 1 0 I )
Shoot through 1 1 0 I
Shoot through I 1 I
Shoot through ] ] | ]
Shoot through 1 { 1
Shoot through I 1 |

Fig. 4 shows the boost control method of the ZSI. Phase legs are controlled by SPWM to synthesize ac output,
and the shoot-through command, and are used to boost voltage as desired. When the carrier is greater than the
modulated wave line, phase leg “1” goes to shoot through state, whereas phase leg “2” goes to shoot through state
when the lower modulated wave line is greater than the carrier. The voltage boost of the ZSI is achieved by
increasing the shoot-through duty ratio, while the ac output voltage is regulated according to the modulation index.
However, there is a compromise between the shoot-through duty ratio and the modulation index: if a large
modulation index is used, only a small shoot-through duty ratio can be utilized and vice-versa.

v, = Msinwt, (M <[0.1])

s1 : 1 ! M
S2
S3_ T 1 Il Ji 11 I LI LJ L

S4—mr 5 O N B el PO
zero state

Fig. 4. Proposed method of simple boost control
VI. ANALYSIS OF IMPEDANCE (Z) NETWORK
The inductors which can be wounded around the same core, have the same inductance, and the capacitors and
have the same capacitance, assuming that the inductors L1 and L2 and capacitorsC1 and C2 have the same
inductance and capacitance respectively, the Z-source network become symmetrical. The relationship between
the output ac voltage and input dc voltage is found as:
Vou= MB.V,/2 @)

Where Vo is the output peak voltage, V, is the PV output voltage, B is the boost factor, M is the modulation
index of H-bridge inverter, which is defined by:

M = Vpeak Ny (2)
1.) Shoot through state:

From the symmetry and the equivalent circuits, we have:
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L1 = L2
V(31 = ch = Vc (3)
Vu=Vee=VL

Given that the inverter bridge is in the shoot-through zero state for an interval of T,, during a switching cycle, T
and from the equivalent circuit given in Fig. 5, one has:

Vc = V|_
Vg =2Vc Vi=0; 4)

Fig. 5. Equivalent circuit of the Z-source inverter in shoot-through state
2.) Active or nonshoot-through state:

Consider that the inverter bridge is in one of the nonshoot-through states for an interval of Ty, during the switching
cycle. From the equivalent circuit, Fig. 6, one has:

Vie=V,-V, (5)
Vd = Vo

Vi = Vc -- VL= Vc— (Vo—VC)

Vi=2Vc - Vo (6)

Where Vo is the DC source voltage and:
T=To—-T1 (7)
The average voltage of the inductor over one switching period should be zero in steady state, thus we have:

V= [{TOVC + Tl(Vo - Vc)}/T] =0
V.= (T1Vo)/T + (To - Tl)Vc/T =0
VclVo=Ti(T1--T) 8)

Similarly the average DC link voltage across the inverter bridge can be found as follows:
From equation 6:

Vi = (ZVchlT) — (T1V0/T)
2Ve = Vo 9)
From equation 8:

T1.Vo/(T1 -- To) = 2Vc. T1/(T1 -- To)
VC = Vo.Tl/(Tl -- To) (10)

The peak DC-link voltage across the inverter bridge is:

Vi=2Ve—Vo=T/T1--To).Vo=B.V, (11)
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Where B = Boost Factor:
B=T/(T1--To)>1 (12)
The output peak phase voltage from the inverter:

Vout = M.Vil2 = M.B.V,/2 (13)
The output voltage can be stepped up and down by choosing an appropriate buck - boost factor (M.B) which varies
from 0 to A.The boost factor B is determined by the modulation index M. The boost factor B can be controlled
by duty cycle of the shoot-through zero state over the nonshoot through states of the PWM inverter. The shoot-
through zero state does not affect PWM control of the inverter. Because, it produces the same zero voltage to the
load terminal, the available shoot- through period is limited by the modulation index.

1
Ll

L2
Fig. 6. Equivalent circuit of the Z-source inverter in nonshoot-through state

VIl. SIMULATION AND RESULTS
The Z-source inverter can be operated in both boosts and buck operations depending on values of ‘M’. If M is
greater than 0.5 it acts as boost inverter, if M is less than 0.5 then it acts as buck inverter. The block diagram in
fig 7 shows the SIMULINK implementation of Z — Source micro-inverter.

H-Bridge
- Impedance(Z) =4
PV Output et~} y DC/AC Grid
Network [y e s —— = Gri
shmer Converter
SPWM Control Measurements

Fig. 7. Block diagram of the system

TABLE Il : TOTAL HARMONIC DISTORTION (THD) Vs OVERLAP ANGLES

S.No. | Overlap Angle (in | THD (%) Peak Voltage (in
degree) Volts)

1 30 44.93 23.8

2 60 23.17 46.49

3 90 12.05 59.9

4 120 8.99 62.8

5 150 8.88 69.23

6 180 8.37 63.84

The table above lists the value of THD and peak voltage for different values of overlap angle. Overlap angle can
be defined as the angle measure of the overlap of firing pulses for switch S; and Ss. The fig. 9 depicts the firing
circuit used in Simulink experiment, while fig. 8 gives experimental circuitry of the Z-Source Inverter.
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Fig. 11 Output with lower boost factor and higher harmonic content
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Fig. 12. Output waveform generated by the experimental circuitry with controlled boost factor and
harmonic content.

VIIl. CONCLUSION

In this paper, a new PV power conditioning unit (PCU) based on Z-source micro inverter is studied. The proposed
system realizes the boost and inversion in one single power stage, thus minimizing the number of switching
devices. The Z-source inverter employs a unique impedance network to couple the inverter main circuit to the PV
source and thus providing unique feature. The control methods with the insertion of shoot-through states of Z-
source micro inverter have been studied. Micro-inverter and other inverter technologies with its pros and cons
have also been discussed. The proposed scheme under simple boost control is simulated with the help of
MATLAB/ SIMULINK and the simulation results are obtained. From the results it has been observed from the
outputs that 150° shoot through gave the highest boosted voltage level while the harmonic content was in
acceptable limit by using proper filters.

By using the boost operations of Z-source micro inverters we got the increased voltage levels thus transformers
and switching devices of lower ratings can be used which makes them cost effective for domestic and rooftop use
in rural areas. Rather than using transformer and other equipment’s to boost the voltage, we can have transformer
less topologies by directly boosting the voltage to 230V AC with proper designing of Z-source inverter and filters
for higher harmonic content. It seems that single stage micro inverter provides a good room for research as it
reduces the cost as well as size and increases the reliability and life of the system. With the advanced features, the
proposed system is very promising for future PV power conditioning applications.

IX. REFERENCES

[1] M. Calais, J. Myrzik, T. Spooner, and V. G. Agelidis, “Inverters for single-phase grid connected photovoltaic systems-an
overview,” in Proc. IEEE 33rd Annu. Power Electron. Spec. Conf., Jun. 2002, vol. 4, no. 23-27, pp. 1995-2000.

[2] T.-F. Wu, C.-H. Chang and Y.-K. Chen, “A multi-function photovoltaic power supply system with grid-connection and power
factor correction features,” in Proc. IEEE 31st Annu. Power Electron. Spec.Conf., Jun. 2000, vol. 3, no. 18-23, pp. 1185-1190.

[3] J.Wang, F. Z. Peng, J. Anderson, A. Joseph, and R. Buffenbarger, “Low cost fuel cell converter system for residential power
generation,” IEEE Trans. Power Electronics, vol. 19, no. 5, pp. 1315-1322, Sep. 2004.

[4] F. Z. Peng, “Z-source inverter,” IEEE Trans. Ind. Appl., vol. 39, no. 2,pp. 504-510, Mar /Apr. 2003.

[5] K. H. Hussein, I. Muta, T. Hoshino, and M. sakada, “Maximum photovoltaic power tracking: An algorithm for rapidly changing

atmospheric conditions,” Proc. IEEE, vol. 142, no. 1, pp. 59-64, Jan. 1995.

- ______________________________________________________|
AIJRSTEM 16-328; © 2016, ANRSTEM All Rights Reserved Page 94



Rohit Walia et al., American International Journal of Research in Science, Technology, Engineering & Mathematics, 16(1), September-
November, 2016, pp. 86-95

[6] M. Shen, A. Joseph, J. Wang, F. Z. Peng, and D. J. Adams, “Comparison of traditional inverters and Z-source inverter,” in Proc.
IEEE Power Electron. Spec. Conf., Jun. 2005, pp. 1692-1698.

[7] R. Krishnan and S. Srinivasan, “Topologies for uninterruptible power supplies,” in Proc. IEEE Int. Symp. Ind. Electron, Budapest,
Hungary, 1993, pp. 122-127.

[8] C. G. C.Brancol, C. M. T. Cruz, R. P. Torrico-Bascope, F. L. M. Antunes, and L. H. S. C. Barreto, “A transformerless single phase
on-line UPS with110V/220V input output voltage,” in Proc. 21st Annu. IEEE Conf. Expo.Appl. Power Electron, Mar. 19-23, 2006,
pp. 348-354.

[9] F. Z. Peng, X. M. Yuan, X. P. Fang, and Z.M. Qian, “Z-source inverter for adjustable speed drives,” IEEE Power Electron Lett.,
vol. 1, no. 2, pp. 33-35, Jun. 2003.

[10] P. C. Loh, D. M. Vilathgamuwa, Y. S. Lai, G. T. Chua, and Y. W. Li,“Pulse-width modulation of Z-source inverters,” in Conf.
Rec. 39th IEEE IAS Annu. Meeting, Oct. 3-7, 2004, vol. 1, pp. 148-155.

[11] T.-Q. Vinh, T.-W. Chun, J.-R. Ahn, and H.-H. Lee, “Algorithms for controlling both the DC boost and AC output voltage of Z-
source inverter,” IEEE Trans. Ind. Electron., vol. 54, no. 4, pp. 2745-2750, Aug. 2007.

[12] S. B. Kjaer, J. K. Pedersen, and F. Blaabjerg, “A review of single-phase grid-connected inverters for photovoltaic modules,” IEEE
Trans. Ind. Appl., vol. 41, no. 5, pp. 1292-1306, Sep./Oct. 2005.

[13] T. K. Kwang, S. Masri, “Single phase grid tie inverter for photovoltaic application,” Proc. IEEE Sustainable Utilization and
Development in Engineering and Technology Conf., pp. 23-28, November 2010.

[14] S. Jian, V. Agarwal, “ A single-stage grid connected inverter topology for solar PV system with maximum power point tracking,”
IEEE Trans. Power Electronics., Vol. 22, No. 5, pp. 1928-1940, Sept 2007.

[15] S. Araujo, P. Zacharias, and R. Mallwitz, —Highly efficient single-phase transformerless inverters for grid-connected photovoltaic
systems,| IEEE Trans. Ind. Electron., vol. 57, no. 9, pp. 3118-3128, Sep. 2010.

[16] H. Patel and V. Agarwal, —A single-stage single-phase transformer-less doubly grounded grid-connected PV interface,| IEEE
Trans. Energy Convers.,vol. 24, no. 1, pp. 93-101, Mar. 2009.

[17] Y. Huang, M. Shen, F. Z. Peng, and J. Wang, —Z-source inverter for residential photovoltaic systems,| IEEE Trans. Power
Electron., vol. 21,no. 6, pp. 1776-1782, Nov. 2006.

[18] S. V. Araujo, P. Zacharias, and R. Mallwitz, "Highly eflicient single-phase transforrnerless inverters for grid-connected
photovoltaic systems," IEEE Transactions on Industrial Electronics, vol. 57, pp. 3118-3128, 2010.

[19] D. Cao and F. Z. Peng, "A family of Z-source and quasi-Z-source DC-DC converters," in Twenty-Fourth Annual IEEE Applied
Power Electronics Conference and Exposition, 2009. APEC 2009, 2009, pp. 1097-1101.

[20] Q. Li and P.Wolfs, “A review of the single phase photovoltaic module integrated converter topologies with three different DC link

configurations,” IEEE Trans. Power Electron., vol. 23, no. 3, pp. 1320 1333, May 2008.

AIJRSTEM 16-328; © 2016, AIJRSTEM All Rights Reserved Page 95



