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Abstract 

 

This paper presents a comparative analysis of single-phase transformer-less 

photovoltaic inverters and the topologies are compared in terms of efficiency, DC current 

injection and regulation. A model of cascaded multilevel inverter and Z-source inverter is 

built in MATLAB/SIMULINK and its performance is analyzed. Phase disposition control 

scheme is used for pulse generation for cascaded multilevel inverter and maximum boost 

control is used for Z-source inverter. The effects of intensity and modulation index on the 

output voltage are studied through simulation and prototypes of the inverters are implemented. 

The simulation, and the experimental results are presented in this paper. 
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1. Introduction 
 

Nowadays, the high price of 

gasoline and increased demands on clean 

energy, renewable based generation are 

receiving more attention. Renewable energy 

sources (RES) include solar energy, wind 

energy, bio-fuel, geothermal energy, 

hydrogen and fuel cells. These sources are 

abundant and utilization of them creates 

zero emission. The power generated from 

the renewable energy systems are tied to the 

utility grid [1] and [2]. In remote places 

where there is less/no feasibility of utility 

grids, renewable energy systems provide 

electricity to the isolated region. These 

isolated renewable energy systems can be 

employed to power residential applications 

or low power industrial applications.  

For renewable energy sources, the 

output voltage and power typically depends 

on a variety of uncontrollable factors, for 

example: radiation intensity determines the 

obtainable voltage and power output of a 

solar panel, wind speed determines the 

voltage and power of a wind electrical 

generator, and the output voltage and power 

of a fuel cell changes with operating 

temperature, fuel and air flow rates [3] to 

[5]. To obtain the required voltage output 

for varying input conditions, power 

conditioning systems (PCS) are introduced 

as an interfacing scheme with the renewable 

energy systems [6]. The conventional PCS 

uses a PWM inverter and a tap changing 

transformer to convert the low voltage DC 

power output of the PV modules into AC 

power of required voltage and frequency [7] 

and [8]. Use of a transformer increases the 

system cost and decreases the overall 

efficiency of the system. The existing power 

conversion topologies used in PCS consist 
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of boost converter and a voltage source 

inverter. The boost converter enhances the 

low voltage output from the RES during 

low input conditions and the inverter 

converts the DC power into AC of required 

voltage and frequency. 

A two stage conversion system also 

increases the system cost and decreases the 

efficiency of the system. To eliminate the 

boost conversion stage, multilevel inverter 

[MLI] topologies and Z-source inverter are 

proposed in the literature [9-10] and [20]. 

The advantages of MLI are well recognized 

for high power, medium voltage 

applications. Depending on the number of 

levels, filters can be avoided or filter effort 

is significantly reduced. For low power, low 

voltage applications, where switching 

frequency limits are not as restrictive, the 

higher number of switching devices for 

multilevel topologies has to be justified. 

Multilevel converters therefore have the 

potential to become an interesting 

alternative not only for high, but also low 

power applications [11-17]. The different 

multilevel inverter topologies are [9]: 

 Cascaded multilevel inverter. 

 Diode clamped multilevel 

inverter. 

 Capacitor clamped multilevel 

inverter.  

Among the three topologies, 

cascaded MLI is more suitable for PV 

inverter since the output of the each PV 

panel is connected to each bridge of the 

MLI. There are different modulation 

strategies for switching the multilevel inver-

ters. Carrier-based pulse width modulation 

(CBPWM) methods are preferred due to the 

low harmonic distortion waveform charac-

teristics [18-19]. CBPWM is based on the 

comparison of a reference input, which is 

usually a sinusoidal waveform, with some 

triangular waveforms. For an level inverter, 

n-1 triangular carrier waveforms are 

compared with sinusoidal reference wave-

form. Comparison among the n-1 carriers 

and reference waveforms by some special 

rules determine the switching of the voltage 

level to be attained. 

In MLI, as the level increases, the 

firing circuit becomes complex and the cost 

of the system increases. The Z-source 

inverter can overcome the above problems. 

When the thyristors in the same leg are fired 

(shoot-through), energy is stored in the 

inductor, which is used to boost the input 

voltage during the non-shoot-through state. 

Therefore the inverter does both the buck 

and boost operation. Further, the shoot-

through state caused by the electromagnetic 

interference will not destroy the circuit. 

Therefore a more reliable single stage 

power converter for both buck and boost 

operation is achieved. There are different 

firing schemes for Z-source inverter 

presented in [21].  A simple control for the 

Z-source inverter is discussed in [20]. The 

relation between voltage boost and 

modulation index is discussed in [22]. 

In this paper, a comparative study of 

the MLI and Z-source inverter topologies is 

considered. A MATLAB/SIMULINK of the 

topologies is developed. The voltage, 

current and power variations are studied for 

various solar intensities. The effects of 

modulation index are also analyzed. The 

performances of the schemes are compared 

in terms of output voltage, total harmonic 

distortion and efficiency, and the results are 

presented.  

2. Cascaded Inverter 

 
The single-phase n-level configu-

ration of a cascaded multilevel topology is 

shown in Fig 1(a). The modular structure of 

the MLI leads to advantages in terms of 

manufacturing and flexibility of applica-

tion. Applications and control techniques of 

this topology have been discussed in a 

number of papers [11-17]. Each inverter 

has a separate DC source ( dcV ) for each 

individual inverter bridge. Each unit can 

generate a three-level output, + dcV , 0 or -
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dcV . The multilevel inverter’s output vol-

tage anV  is equal to the sum of the output 

voltages of the individual inverter bridge 

units ( 1V , 2V ,…Vn in Fig1(a)) and can be 

controlled to produce a staircase sine 

waveform [Fig 1(b)]. 

 
Fig. 1 (1a) Cascaded multilevel inverter 

topology (1b) Staircase sine output of 

cascade eleven level inverter. 

 

The number of possible voltage 

levels at the output generally defines the 

multilevel inverter topologies. In the case of 

this cascaded topology, the staircase sine 

waveform in figure 1(b) represents an 11-

level multilevel inverter with five FBI units 

in series and a line frequency of f=1/T. The 

switching phase angles n  (n=1, 2,…., 5) 

can be calculated offline for discrete values 

of the modulation index (MI) to minimize 

harmonics. 

 

3. Z-Source Inverter 

 
The Z-source inverter consists of a 

Z-impedance network along with the 

inverter circuit [21]. Fig. 2 shows the circuit 

diagram of Z-source inverter. The Z-

impedance network consists of L and C 

components connected in an X fashion. The 

firing control of the Z-source inverter 

includes the shoot through states. The Z-

source inverter advantageously utilizes the 

shoot-through state to boost the DC bus 

voltage by gating on both the upper and 

lower switches of a phase leg. Fig. 3 shows 

the Z-source network during the shoot-

through state. The inductor is energized and 

the inductor voltage increases due to the 

increasing current. The capacitor is 

connected in parallel to the inductor and its 

voltage is boosted during this state. 

 
Fig. 2  Z - source inverter. 

 
Fig. 3 Z-source network during the 

shoot through state. 
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During the non shoot through state 

this boosted voltage appears across the 

inverter.  

The peak DC link voltage across the 

inverter bridge is expressed in (6):  

             .Vi BVo      (1) 

where B is the boost factor which is given 

by (2) 

1

01 0
1 2

T
B

TT T
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   (2) 

The boost factor is greater than or equal to 

1. 

The output peak phase voltage from the 

inverter is expressed in (3) 

 . .
2

Vo
Vac M B    (3) 

 

4. Firing Scheme 
 

A. Multilevel inverter 

There are several pulse width 

modulations [11] based on sine-triangular 

comparisons with voltage-shifted or time 

shifted carrier for a multilevel converter. 

For each technique the following 

parameters introduce degrees of freedom: 

1) The frequency modulation in-

dex,
fM , with 

fM = cf / 0f , where cf  is 

the frequency of the carrier signal and 0f  is 

the frequency of the modulating signal. 

 2) The amplitude modulation index, 

aM , with aM  defined for each modulation 

technique in Table 1, where 0A  is the 

amplitude of the modulating signal and 

cppA , is the peak to peak value of the carrier 

(triangular) signal. 

Carrier disposition schemes, which 

include Alternative Phase Opposition 

Disposition (ADOP), in Phase Disposition 

(PD) and Phase Opposition Disposition 

(POD), are given in reference [18]. For n-

level phase voltage, n-1 carrier waves are 

required in the carrier disposition scheme. 

The phase shift of each carrier wave is 180
o
 

alternately in the APOD scheme. But the 

carrier waves are all in phase in the PD 

scheme. For the POD scheme, carrier waves 

are in phase above and below the zero 

voltage. Fig. 4(a) - 4(d) shows the modula-

ting signal and the carrier waves for the 

five-level inverter. Phase Shifted (PS) 

scheme, as shown in Fig. 4(d), shifts four 

carrier waves by 90
o
 in order to provide 

five-level PWM pattern in each phase. 

Among the discussed techniques, the PD 

technique has less harmonic distortion on 

line voltages. The PD technique puts the 

harmonic energy directly into a common 

mode carrier component, so that the 

harmonics are cancelled in line voltages 

[19]. 
 

 

 
Fig. 4 The PWM Schemes for the multilevel 

inverter (4a) APOD scheme (4b) PD scheme 

(4c) POD scheme (4d) PS scheme. 

 

Table 1 Amplitude modulation indices for the 

various multi-carrier modulation techniques. 
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B. Z-source inverter 

The various firing control tech-

niques of the Z-source inverter are: 

a. Simple Boost control technique 
The simple control uses two straight 

lines to control the shoot through states as 

shown in Fig. 5. When the triangular 

waveform is greater than the upper 

envelope,Vp , or lower than the bottom 

envelope, Vn , the circuit turns into a shoot-

through state. Otherwise it operates as 

traditional carrier based PWM. Some 

traditional zero states are not utilized in this 

control. The shoot through duty ratio 

obtained in this method decreases with 

increase of modulation index and the 

resulting voltage stress across the device is 

relatively high. 

 
Fig. 5 Simple Control scheme. 
 

The boost factor is given by (4):  
1 1

1 2 / 2 1
B

To T M
 

 
  (4) 

 

The voltage gain is given by (5): 

/ 2 2 1

Vac M
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Vo M
 


   (5) 

b. Maximum boost control 

The maximum boost control fully 

utilizes the zero states and turns all 

traditional zero states into shoot-through 

states. Fig. 6 depicts the maximum boost 

control. Compared to the simple boost 

control, the possible operation region is 

much wider, and for any given voltage gain, 

a higher modulation index can be used, 

which means lower voltage stress across the 

switches. 

 

Fig. 6 Maximum Boost control strategy. 
 

The boost factor is given by the equation 

(6): 

1

1 2 / 3 3
B

To T M


 

 
   (6)  

             

The voltage gain is given by equation (7): 

/ 2 3 3

Vac M
MB

Vo M


 


   (7) 

 

5. Simulation Results 

 
To study the performance of the 

cascaded multilevel inverter and Z source 

inverter, simulations were performed in 

MATLAB/SIMULINK with the configure-

tion shown in Fig. 1 to Fig. 2 with the 

following parameters: Modulation index= 

0.3 to 1, switching frequency= 10kHz, 

Intensity=40 to 100mW/cm
2
, output RMS 

voltage =230V and the load is 0.9 PF RL 

load. The simulation result for the Phase 

disposition (PD) technique for eleven levels 

is shown in Fig. 7 for an MI of 1. To 

produce a firing pulse for an eleven level 

inverter, ten carriers with a frequency of 10 

KHz are compared with the sinusoidal 

reference waveform of 50 Hz. In this 

method, carriers are the same in frequency, 

amplitude and phases, but they are just 

different in DC offset to occupy continuous 

bands. Output voltage and current of a 

cascaded three level inverter is shown in 

Fig. 8. At the minimum intensity of 40 

mW/cm
2
, the rated output voltage of 230V 

is achieved for an MI of 0.93. As the 

intensity increases, the MI is decreased to 

maintain the output voltage constant. 
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Fig. 7 Phase disposition scheme for eleven 

level inverter.  

 

 Fig. 8 Output voltage and current of 

cascaded three level inverter. 

 

 
Fig. 9 Output voltage and current of 

cascaded five level inverter. 

 

Fig. 10 Output voltage and current of 

cascaded seven  level inverter. 

    

 

 
Fig. 11 Output voltage and current of 

cascaded nine level inverter. 

  

 
Fig. 12 Output voltage and current of 

cascaded eleven level inverter. 

 

Table 2 Comparison of different levels of 

cascaded inverter at 40 mW/cm
2
. 

 
 

Table 3 Comparison of different levels 

of cascaded inverter at 100 mW/cm
2
. 
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It is observed from Table 2, Table 3 

and Fig.13 that the percentage of total 

harmonic distortion decreases with increase 

in the number of levels.  The minimum 

THD of 20.93 % is achieved at eleven 

levels when compared to three levels. 

Fig. 13 THD (%) for different levels at 

minimum intensity of 40 mW/cm
2
. 

 

Firing pulses generated for Z-source 

inverter with the maximum boost firing 

scheme for an MI of 0.8 with boosting 

factor (B) of 2.47 is shown in Fig. 14. To 

produce the firing pulse for a Z-source 

inverter, a sine wave of frequency 50 Hz is 

compared with the triangular wave with the 

frequency of 10 KHz and two straight lines, 

and the pulses are given to the 

corresponding gates of the thyristors. The 

two straight lines are used to control the 

shoot through states.    

 
  

 
Fig. 14 (14a) Modulation Technique (14b) 

Firing pulse for Z-source Inverter. 

 

The output voltage and current of 

Z-source inverter without filter and with 

filter of L=1mH, C=50µF is shown in Fig. 

15 and Fig. 16 At the maximum intensity of 

100 mW/cm
2
, the rated output voltage of 

230V is achieved for an MI of 0.75 with 

boosting factor (B) of 1.78.  

 
Fig. 15 Output voltage and current of Z-

source inverter without filter. 

 

 
Fig. 16 Output voltage and current of Z-

source inverter with filter. 

 

The steady state results for mini-

mum solar intensity of 40 mW/cm
2 

of and 

the optimum MI of 0.69 to maintain the 

output voltage constant is shown in Table 4. 

From Table 4, the THD of Z-source inverter 

is reduced by using filter. 

 
Table 4 Comparison of Z-source inver-ter 

with and without filter at 40 mW/cm
2
 and 

0.69 MI. 
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Table 5 Comparison of eleven level 

cascaded, eleven level diode clamped and 

Z-source inverter 0.9 PF, 1.5 kVA, 230V. 

 

The comparison of cascaded MLI 

and Z-source inverter topology is shown in 

Table 5. From Table 5, the number of 

panels required to produce the output RMS 

voltage of 230V, 1.5 kVA  for Z source 

inverter is less when compared to MLI 

inverter.  

 

6. Experimental Results 
A. Cascaded five level inverter 

 
(a)

 
(b) 

Fig. 17 (a) Block diagram (b) Experimental 

set up of cascaded five level inverter.   

 
Fig. 18 Firing pulse of cascaded five level 

inverter. 

 

 
Fig. 19 Cascaded five level inverter output 

voltage for MI of (a) 0.8 (b) 0.6. 

 

B. Z-source inverter 

  CT60AM-18F IGBT is used in the 

single phase H bridge inverter.  

 

 
Fig. 20 Experimental set up of Z-source 

inverter. 
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Fig. 21 Firing pulse of Z-source inverter. 

  

 
Fig. 22 Capacitor voltage of Z-source 

inverter. 

 

 
Fig. 23 DC link voltage of Z-source 

inverter. 

           

 
Fig. 24 Z-source Inverter output voltage for 

a shoot through state (24a) zero second 

(24b) 1.2 millisecond.  

 

Experimental work on a cascaded 

five level inverter and a Z-source inverter 

was carried out and the experimental set-

ups are shown in Fig. 17 and Fig. 20. The 

procedure is repeated for different voltage 

for five, seven, nine and eleven levels and 

the corresponding waveforms are shown in 

Fig. 9 to Fig. 12. The steady state results for 

varying solar intensity and optimum MI to 

maintain the output voltage constant is 

presented in Tables 2 and 3 and the total 

harmonic distortion for different levels of 

cascaded multilevel inverter is shown in 

Fig. 13. The firing pulses to the gate circuit 

of five level inverter are shown in Fig. 18. 

The output voltage of a five level inverter 

for the input of 40V at MIs of 0.8 and 0.6 

are 26.1V and 24.8, respectively. The 

output waveforms are shown in Fig. 19. The 

Z-parameters used in Z-source inverter are 

L=3mH, 5A and C=470micro F, 600V. The 

firing pulses to the gate circuit of Z-source 

inverter are shown in Fig. 21. The capacitor 

voltage and DC link voltage for Vin=40V 

are 60V and 104V for a shoot-through 

period of 1.2ms and 0.214ms, respectively. 

The waveforms are shown in Fig. 22 and 

Fig. 23. The output voltage of Z-source 

inverter for the input of 40V at zero shoot-

through state and the 1.2ms shoot through 

period are 24V(peak) and 100V(peak), 

Vrms=72V. The output waveforms are 

shown in Fig. 24. 

 

7.   Conclusion 

 
Based on the simulation and 

experimental results, it is found that the Z-

source inverter achieves better performance 

with a single inverter and reduced the 

number of panels, when compared to the 

cascaded MLI. Since the Z-source inverter 

boost, and inverts the input DC in a single 

stage, its firing circuit is simple. Therefore, 

the Z-source inverter is identified to be the 

best topology for a PV inverter. 

 

8. Abbreviations 
 

M  =  Modulation index 

V0  =  Output Voltage in volts 

n  =  Number of levels 

rms =  Root mean square 

VDS(max) = Maximum drain-source 

voltage 

ID(max) = Maximum drain current 

R DS (on) = Drain–source resistance  

tr  =  Rising time in seconds 

tf  =  Falling time in seconds 
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Vin =  Input voltage in volts  

C  =  Capacitance (µF) 

L  =  Inductance (mH)   

RMS = Root Mean Square 

PF =  Power Factor 

mW = milli watt 

kVA= Kilo volt ampere 

MLI = Multilevel Inverter 

RL = Resistive Inductive load 

kHz = kilo Hertz 

 

9. Appendix 
 

Specification of BP 380 Photovoltaic 

Module 
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