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1. INTRODUCTION 

Due to constant reduction in solar price, renewable-energy 

based systems like standalone water pump, electric vehicle 

charging station, etc. are getting popular day-by-day. 

Photovoltaic (SPV) is the leading option for renewable 

energy systems. Since the efficiency of commercial solar 

cells is still less than 23%, it is very important to extract the 

maximum solar power in an optimal way. Low 

maintenance and less installation time for customized 

power rated applications are some of the technical and 

economic reasons that encourage the installation of 

renewable-energy based systems [1]. 

The maximum output of an SPV array at a given 

irradiance and temperature occurs only at a given voltage 

(Vmp) and current (Imp) of the SPV array [2]. A maximum 

power point tracking (MPPT) controller is used to 

determine the control signal required to generate the gate 

pulse corresponding to the maximum power of the SPV 

array. MPPT controllers work with any of the following 

algorithms: perturbation and observation (P&O), 

incremental conductance, open-circuit voltage, short-

circuit current, parasitic capacitance, curve fitting, fuzzy 

logic control, artificial neural networks, and optimization 

control [3, 4]. Among them, the P&O method [5] and the 

incremental conductivity method are widely used. 

For most renewable-energy based applications, a two 

stage DC-AC power conversion topology is preferable, i.e., 

a DC-DC converter followed by a DC-AC converter. 

Variety of DC converters [2, 6–10] are used by different 

researchers for SPV applications but high gain DC-DC 

converters serve the best purpose. However, reduced 

efficiency due to poor reverse recovery and considerable 

conduction loss in the power devices during large duty  
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cycle applications, make these unsuitable for many 

applications. Some solutions have been provided with 

transformer or coupled-inductor based designs to attain 

high conversion gain with reduced duty ratio based 

operation [11–13]. 

 

Again, a voltage overshoot, observed due to the leakage 

inductance in a transformer or couple inductor, reduces the 

overall system efficiency. Further, using some non-

dissipative snubber circuit or active and passive clamp 

circuit, the minimization of the voltage overshoot can be 

minimized. Besides, some switched capacitor, switched 

inductor based non-isolated topologies are also prescribed 

for achieving high conversion gain [14–16]. But all this 

topology enhancement largely increases design complexity 

as well as the overall cost of the system. The high 

conversion ratio can also be achieved by implementing 

cascaded structures [17]. Multiple boost cells are connected 

in cascaded mode which require multiple control circuit 

and component. But again, cascaded converter can also be 

realized using integrating multiple boost converter with a 

single control circuit [18].  

In recent years, the application of Permanent Magnet 

Synchronous Machine (PMSM) has been growing 

immensely, especially in the field of renewable-energy 

based systems due to the improvement in the permanent 

magnet technology [19]. Highly reliable performance with 

better efficiency and noiseless operation with long life has 

made this a good replacement for the existing drive. A 

conventional Voltage Source Inverter (VSI) is preferably 

used as DC-AC power conversion. But it is only capable of 

generating voltages lower than the DC grid voltage. 

Besides that, for high frequency switching application 

shoot-through may cause a considerable issue. This 

problem can be eliminated by using a Z-Source Inverter 

 
ABSTRACT 

 This paper represents two-stage Permanent Magnet Synchronous Machine (PMSM) drive, consisting 

of a multistage DC-DC boost converter followed by a Z-source Inverter (ZSI), suitable for MPPT 

enabled Solar-Photovoltaic (SPV) based application. Available low voltage DC can be boosted up by 

the multistage DC-DC converter through which high gain can be achieved. A traditional ZSI is further 
used in the design to produce the three-phase AC power. The open loop speed control of the PMSM 

drive can be implemented by duty cycle control of the DC-DC converter. Furthermore, an incremental 

conductance (IC) based MPPT is implemented for extraction of maximum available solar power. The 

total system is simulated in the MATLAB Simulink and verification of the voltage and current 
characteristics of the different converters are carried out. Performance analysis of the PMSM drive is 

also carried out. 

 

https://doi.org/10.5281/zenodo.10259779
https://ijmit.org/call-for-paper.php


352 

 

(ZSI) where shoot-through can be used as a boost mode to 

generate greater output voltage [20–23]. 

In this paper an MPPT-based solar-power fed two-

stage PMSM drive is developed using a cascaded DC-DC 

boost converter and a Pulse Width Modulated (PWM) Z-

source Inverter. The total system is simulated in MATLAB 

Simulink and its different characteristics have been 

analyzed. 

 

2. PROPOSED TOPOLOGY 

Fig-1 represents the overall scheme of the proposed work. 

A two-stage power conversion using a DC-DC cascaded 

boost converter and a DC-AC Z-source inverter is used for 

the PMSM drive. 

 

 

Fig. 1: Proposed diagram of overall scheme 

 

A. Maximum Power Point Tracking and its Algorithm 
 

To extract maximum power from solar photovoltaic 

arrays, the concerned system requires to operate at the 

maximum power point (MPP). Temperature and irradiance 

are the two main factors that affect the MPP. Hence, 

determining the value of the MPP is a major point which is 

primarily through three different methods, viz., Perturb & 

Observe (PO) method, Incremental Conductance (IC) 

method and the Three-Point method. Out of the options 

mentioned, the IC method has both, theoretically and 

experimentally, turned out to be the most efficient. 
 

 
(a) 

 
(b) 

 

Fig-2: (a): I-V Characteristic of typical SPV array 

      (b) Change in MPP with change in irradiance 

[24] 
 

The I-V characteristic curve of a typical PV array 

is shown in Fig-2(a). On this curve, there exists only a 

single point where the product of the current and the 

voltage is maximum and is known as the MPP. While, Fig-

2(b) shows the change of the MPP with change in 

irradiance. 

 
 

Fig-3: MPPT algorithm incorporating 

Incremental Conductance [24] 

 

In the incremental conductance (IC) method, the MPP is 

found by comparing the incremental conductance with the 

instantaneous conductance. It can be analyzed that the 

derivative of power with respect to voltage at the MPP must 

be zero. Hence- 
 

dP

dV
=

d

dV
(VI) = 1 + V

dI

dV
= 0  (1) 

By choosing a very small step size, i.e., 
 

ΔI

ΔV
≈

dI

dV
   (2) 

 

Therefore, the condition for the MPP- 
 

ΔI

ΔV
= −

I

V
  (3) 
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Equation-(3) reveals that the operating point is at the MPP 

if the value of incremental conductance is equal to the 

negative of the instantaneous conductance. Therefore, if the 

incremental conductance is lesser than the instantaneous 

conductance, the operating point needs to shift left by 

increasing the operating voltage, to achieve the MPP, and 

vice versa. Fig-3 shows a flowchart depicting the working 

principle of the incremental conductance algorithm. 

 

B. DC-DC Three-Stage Boost Converter 
 

A DC-DC boost converter, shown in Fig-3(a), 

converts a small, fixed DC voltage to a boosted DC voltage. 

There are two modes of operation of the converter: (i) In 

the switch-on state, shown in Fig-3(b), the inductor L1 

provides a short-circuit path and charges while the 

capacitor C1 discharges across the load; (ii) In the switch-

off state, shown in Fig-3(c), the inductor discharges and the 

boost operation occurs as the voltage across the load is the 

sum of Vin and VL1. In the meantime, capacitor C1 also gets 

charged. 

 

 

 
(a) 

 
(b) 

 
(c) 

 

Fig-3: (a) Basic circuit diagram of Elementary Boost Converter; (b) On-

state equivalent circuit; (c) Off-state equivalent circuit 

 

Now, for an elementary DC-DC Boost Converter, if 

Vin be the input voltage and T be the total time period, then 

output voltage of the chopper used in our case, 

1

1
o inV V

k
=

−
   (4) 

and the voltage transfer gain, 

1

1

o

in

V
G

V k
= =

−
    (5) 

where, k is the duty-cycle of the pulse generator. 

Now, to further boost a voltage, multiple stages of this 

elementary boost converter can be used in cascaded format. 

In our case, a three-stage boost was implemented to obtain 

the desired voltage. The circuit diagram and equivalent 

circuits during switch-on and switch-off states for the 3-

Stage DC-DC Boost Converter are shown in Fig-4(a), 4(b) 

and 4(c) respectively. 

In this case, capacitor C1 and C2 are charged to V1 and 

V2 respectively during the switch-off period. V1 and V2 are 

calculated to be, 

( )
1

1

1
inV V

k
=

−
   (6) 

2

2

1

1
inV V

k

 
=  

− 
   (7) 

The voltage across capacitor C3 is increased to V0. 

Therefore, the output voltage is calculated to be: 
2 3

2 1

1 1 1

1 1 1
o inV V V V

k k k

   
= = =   

− − −   
 (8) 

while the voltage transfer gain, 
3

o

in

V 1
G =  = 

V 1 - k

 
 
 

  (9) 

 

 

 
(a) 

 
(b) 

 

 
(c) 

 

Fig-4: (a) Basic circuit diagram of 3-Stage Boost Converter; 

(b) On-state equivalent circuit; 

(c) Off-state equivalent circuit 

 

C. Pulse-width-modulated ZSI 
 

Traditional VSI [5] and CSI cannot operate in buck-

boost mode. Their components are vulnerable to permanent 

damage by high current or voltage stresses. Dead time for 

VSI and overlap time for CSI can cause waveform 
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distortion. The power circuit topology of VSI and CSI are 

not interchangeable. 

 

 
(a) 

 

 
(b) 

 

Fig-5: (a) Basic circuit diagram of a Z-Source Inverter; 

(b) Three modes of operation of ZSI- Null mode, Active mode and 

Shoot-through mode 

 

A ZSI, shown in Fig-5(a), that comprises of two small 

inductors and capacitors, arranged in a specific structure, 

eliminates almost all the problems that arise in a 

conventional VSI or CSI. The network acts as a second-

order filter to suppress voltage ripples, while the inrush 

current and harmonics in the current can be reduced via the 

inductors. The ZSI can operate in either of three modes as 

shown in Fig-5(b). 

 

1. Active Mode: The battery voltage is given to the 

inverter and the load; can be achieved in six different 

ways. 

2. Null Mode: The battery voltage appears directly 

across the load and the inverter is open circuited; can 

be achieved in two different ways. 

3. Shoot-through Mode: The load terminals are short-

circuited by the conduction of both switches in one 

or more legs; can be achieved in seven different 

ways; mode unavailable in traditional inverters. 

 
 

Fig-6: Simple Boost Pulse Width Modulated Gate Firing Signals 

 

In our case, as shown in Fig-6 [25], the Simple-Boost 

PWM technique is used to configure the gate-firing pulses. 

This technique makes use of four different signals- a 3-

phase sinusoidal waveform, a continuous triangular wave 

and two straight DC reference signals. Each phase of the 

sine wave (Va, Vb and Vc), which corresponds to each leg 

of the inverter, is compared with the triangle wave (Vt) 

individually. For every case, where the magnitude of the 

sinusoid is greater than that of the triangle, the upper switch 

of the corresponding leg is turned on and the lower turned 

off. Reverse occurs when the magnitude of the triangle is 

smaller than that of the sinusoid. Furthermore, the two 

straight DC lines, Vp and Vn, are used as upper and lower 

shoot-through lines respectively. Whenever the triangular 

reference signal is greater than Vp or lesser than Vn, shoot-

through occurs. 

In case of SBPWM operating technique of ZSI, we 

know that voltage across the LC-impedance part, 

int DCV = BV    (10) 

where B and d are known as the Boost Factor and duty 

cycle respectively, the values are given as: 

1
B = 

(1- 2d)
    (11) 

where, 

shoot

S

T
d = 

T
    (12) 

(Ts= Total switching time period; Tshoot = Shoot-through 

time; Tactive = Active-state time; Ts = Tactive + Tshoot) 

Now, we know, output voltage of an inverter, 

int

AC

V
V  = M 

2
   (13) 

where, Vint is the voltage across the LC-impedance part of 

the inverter and M is the modulation index given as: 

R

C

E
M = 

E
   (14) 

(ER = Gating rectangular signal; EC = Triangular carrier 

wave signal) 

Therefore, the output voltage of the ZSI, 

DC

AC

V
V  = MB 

2
   (15) 
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DC

AC

V
V = G 

2
   (16) 

 

where,  

G = MB    (17) 

 

and G is known as the Voltage Gain of the ZSI. 

Hence, any desired output voltage of the inverter can 

be obtained by properly selecting the values of M (which 

can be controlled by the values of ER and EC) and B (which 

depends on the duty cycle d) without the need of changing 

the input DC supply to the inverter, VDC, which, in our case 

is the output of the 3-Stage Boost Converter, Vo). 
 

3. DESIGN CONSIDERATIONS 

Designing of inductor L1: One of the primary components 

of this three-stage boost converter is the inductor L1. 

Initially, the inductor gets charged up during on-time and 

discharges during the off-time. The value of the inductor 

can be calculated from the Equation-(18) 

1

in
1

L

V
L  = kT

Δi
   (18) 

So, the value of the inductor is primarily dependent 

on the duty cycle of the operating switch signal and the 

magnitude of the ripple current. Considering the input 

voltage as a constant value, the change in the inductor 

value, due to variation of duty cycle (30% to 75%) and 

current ripple (2% to 10%), can be observed in Fig-7. It is 

seen that the value of the inductance is reduced as the 

current ripple increases. Therefore, a very small current 

ripple in the inductor may result in a large value of the 

inductance. Furthermore, as the value of inductance 

increases with the duty cycle, the maximum value of the 

duty cycle is bound within 75% to limit the inductor value 

up to 10mH. 

 
 

Fig-7: Variation of inductance of L1 with change in duty cycle 

and current ripple 
 

Designing of inductors L2 and L3: Similarly, the values of 

inductors L2 and L3 are also calculated using Equation-(19) 

and Equation-(20) respectively. For both the cases, the 

maximum operating duty cycle is bound up to 75%. The 

variations of the values of L2 and L3 with duty cycle and 

current ripple are shown in Fig-8 and Fig-9. 

2

1
2

L

V
L  = kT

Δi
   (19) 

3

2
3

L

V
L  = kT

Δi
   (20) 

 

Fig-8: Variation of inductance of L2 with change in duty cycle 

and current ripple 
 

 

Fig-9: Variation of inductance of L3 with change in duty cycle 

and current ripple 
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4. SIMULATION AND RESULTS 

To demonstrate the performance of the above 

proposed topology, a MATLAB Simulink model of the 

entire system was developed, as shown in Fig-10. 

The 3kW DC-DC converter was designed for an input 

voltage of 48V.  Further, a cascaded connection of a DC-

DC boost converter and a Z-source inverter is made. Six 

MOSFET switches, S1-S6, used in a three-leg 

configuration, represent three different phases. Besides 

that, two capacitors, C4 and C5 and two inductors L4 and L5 

forms the Z-topology of the inverter. A Pulse Width 

Modulated (PWM) signal of frequency 20 kHz is 

developed with a modulation index of 1 using a separate 

subsystem and transferred to the ZSI. Finally, a round rotor 

type three-phase PMSM drive is connected to the inverter. 

The details of the components are provided in Table-1. 

 

Parameter Element Value 

Panel 

Specificat

ion 

Input panel power Ppv 175W 

Open circuit voltage Voc 53.99V 

Voltage at MPP VMPP 46.63V 

Short circuit current Isc 4.17A 

Current at MPP IMPP 3.78A 

Temp coefficient of 

Voc 

Voc -0.3616 %/ºC 

Temp coefficient of Isc Isc 0.0415 %/ºC 

Rated output voltage (DC-DC 

Converter) 

Vo 250V 

Inductance L1 10mH 

L2 20mH 

L3 30mH 

L4 and L5 1mH 

Capacitance C1 110uF 

C2 120uF 

C3 2uF 

C4 and C5 2mF 

Operating Frequency fdc 5kHz 

finv 20kHz 

PMSM 

(Round Rotor) 

Rrotor 0.36Ω 

Rinductance 1.67Ω 

Pole pair 4 

 

The SPV output voltage and power at MPP for different 

irradiance levels are shown in Fig-11(a) and Fig-11(b) 

respectively. For an irradiance of 1000W/m2, the 

photovoltaic array outputs approximately 160W at an 

operating voltage of around 55V. Even when the irradiance 

level falls to half the previous value, to 500W/m2, the SPV 

still operates at about 100W-40V, owing to the 

incorporation of the incremental conductance technique. 

Thus, the IC-MPPT control exploits the SPV at maximum. 

Fig-12 shows the DC-DC boost converter output power for 

varying input from the photovoltaic array and almost no 

power-loss is realized. 
 

 

Fig-10: Simulation diagram of proposed topology 

Table. 1 Component Details 
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(a) 

 
(b) 

 

Fig-11: For varying irradiance at maximum power point (MPP): 

(a) SPV output voltage; (b) SPV output power 
 

 
 

Fig-12: DC-DC Converter output power for varying input from SPV 

 

Fig-13 shows the variation of output voltage and current 

with respect to 50% duty cycle of the power switch for an 

input voltage of 48V. An output voltage of 248V with 2.5V 

voltage ripple and output current 12.4A with 0.2 current 

ripple is observed with 50% duty cycle. In Fig-14, the gain 

of the converter, i.e., output voltage is shown against the 

input voltage. 

Voltages across C1 and C2 are shown in the Fig-15. Fig-16 

shows the charging and discharging of the three converter 

inductor currents with peaks of 101.5A, 51A and 25.5A 

respectively across L1, L2 and L3 respectively. 

 

  
Fig-13: DC-DC Converter parameters with 50% Duty Cycle: 

(a) Gate Voltage (b) Output Voltage (c) Output Current 

 

 
Fig-14: DC-DC Converter: (a) Input Voltage (b) Output Voltage 

 

 
Fig-15: Different Capacitor Voltages of DC-DC 

Converter: (a) C1 (b) C2 
 

   
Fig-16: Different Inductor Currents of DC-DC 

converter: (a) L1 (b) L2 (c) L3 
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Fig-17: DC-DC Converter parameters with 30% Duty Cycle: 

(a) Gate Voltage (b) Output Voltage (c) Output Current 

 

Output characteristics of the DC-DC converter are 

shown in Fig-17 for duty of 30%. An average output 

voltage of 125V with 1V voltage ripple and an average 

output current of 6.3A with 0.1A current ripple are seen. 

The output of the inverter phase voltage is shown in the 

Fig-18. Finally, the angular velocity, torque, and the current 

of the PMSM drive is represented by Fig-19. A very low 

Total Harmonic Distortion (THD) is achieved and shown 

in Fig-20. 
 

 
Fig-18: ZSI output phase voltages 

 

 
 

Fig-19: (a) Voltage across PMSM (b) Stator Current of PMSM 

(c) Rotor Speed of PMSM (d) Torque Waveform of PMSM 

 

 
Fig-20: THD of the ZSI output Voltage 

 

A comparative analysis of the proposed converter has 

been shown in Table-2. A boost interleaved buck-boost DC-

DC converter with single-phase VSI is proposed in [26]. 

Besides, a switched linear topology based high gain dc-dc 

converter is proposed in [27] and a dual input dc-ac converter 

along with a high gain step up dc-dc converter is proposed in 

[28]. The gain of the DC-DC converter used in the proposed 

topology is better the topology proposed in [26, 27]. As the 

Z-Source Inverter is used in the proposed topology, reduction 

in the voltage and current stress in the active power switches 

can be achieved compared to all the other proposed 

converters. Besides that, better harmonics reduction is also 

observed in the proposed converter compared to [27, 28]. No. 

of active and passive switches used in the proposed converter 

is also less, resulting in a more compact overall design and a 

reduced development cost. 

5. CONCLUSION 

This paper represents a two stage PMSM drive based on a 

DC-DC and a DC-AC converter.  The salient features of the 

converter can be described as  

Successful implementation of MPPT for maximum power 

extraction. 

• Successfully reduce the inductor current ripple in DC-

DC multilevel converter. 
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• Design the MPPT fed Z-source inverter and 

implementation of modulation index control. 

• Achieved minimization of THD in inverter output 

voltage. 

A positive output cascaded boost DC-DC converter is used 

where minimum number of active switches are required. 

Besides, a PWM controlled Z- Source inverter is used to 

convert the power and transfer it to the PMSM drive.A 

change in the duty cycle, from 30% to 75%, is introduced 

in the DC converter and the variation of output voltage, 

from 130Vto 250V is verified through simulation. Finally, 

the characteristics of the PMSM are also studied. In future 

this topology can be realized replacing the DC battery with 

solar-photovoltaic cells as the input source. An MPPT 

controller can also be introduced along with PWM 

controller for maximum power extraction. 
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Bidirectionality Yes No No No 

Voltage and current stress High High High Low 

Inverter Operating Frequency 20kHz NA 20kHz 20kHz 

General  Active and Passive 

Components 

Used 

Capacitor 3 1 4 5 

Inductor 3 4 5 5 

Active and 

Passive 
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8 11 12 7 

Switching losses Low High High Medium 

Renewable Energy Applications Yes Yes Yes Yes 

THD Minimization Good NA Medium Very Good 

Table. 2 Comparative Analysis 
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