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Abstract-In this paper, the Enhanced Z-Source Switched 

Capacitor Multi-Level Inverter (EZSC-MLI) is presented, which 

can generate a greater number of levels and magnitude in output. 

The proposed MLI has greater recognition due to its low 

harmonic profile, fewer switching components, compact size, low 

switch stress, isolated DC supply, high efficiency, and low cost. A 

high voltage boost factor is achieved by using the Z-Source. The 

Switched Capacitor module is used for charging all the capacitors 

to equal voltage magnitude based on a self-balanced scheme. The 

proposed topology for grid integration requires dual control 

loops, a primary voltage control loop, and a secondary current 

control loop. The performance of the proposed 7-level topology 

for grid integrated systems is verified with multi-carrier 

advanced modulation schemes and by simulations carried out in 

Matlab/Simulink. 

Keywords-distributed energy resources; multi-carrier 

modulation techniques; multi-level inverter; impedance source; 

renewable energy sources; switched capacitor 

I. INTRODUCTION  

Nowadays, sustainable and Renewable Energy Sources 
(RESs) like wind energy and photovoltaic (PV) stacks have 
been highly recognized as precious substitutions of fossil fuels 
due to their commercial merits and reliable operation. RESs 
integrated with power-conditioning systems play a vital role in 
satisfying the energy demands of a micro-grid system [1]. To 
improve the energy generation statistics, Distributed Energy 
Resources (DERs) are introduced. They have less size and 
easily interfacing methodology. DERs improve the overall 
system performance by reducing total loss, transformers, and 

additional devices. Among the DERs, PV stacks are the most 
promising technology [2]. Generally, a high-voltage gain DC-
DC boost converter is required to transform the low-voltage 
output of the PV to high voltage, which is integrated to the 
micro-grid by a DC-AC inverter [3]. The maximum duty ratio 
is restricted due to parasitic resistances and this decreases the 
overall system stability, causes grounding issues and high dv/dt 
on switches/diodes.  

The above mentioned problems of the two-stage module are 
discarded by employing an X-shaped impedance circuit, which 
consists of two inductors and capacitors [4]. With the modish 
power semi-conductor device, several well-known inverter 
modules have been amalgamated into grid systems. MLIs are 
categorized as Diode Clamped (DC-MLI) [5], Flying Capacitor 
(FC-MLI) [6], and Cascaded H-bridge (CHB-MLI) [7].  

The main reasons for producing a number of levels in 
voltage are: to increase the RMS quality, to decrease the dv/dt 
stress, and to eliminate large size filters. In MLIs, isolated 
multiple DC or virtual DC-links are obtained by using 
transformers or capacitors with the contribution of various 
switching components. Producing high voltage levels with a 
low number of isolated DC power supplies and fewer switching 
devices is the main challenge [8-10]. The suitable approach to 
limit the DC power supplies is to utilize the capacitors. Yet, 
additional charge balance strategy is used to intercept the 
discharging issues [11-13]. Generally, MLI topologies are 
governed by both fundamental and high switching frequency 
modulation schemes [14]. The topology with symmetrical and 
asymmetrical voltage sources is illustrated in [15]. Three phase 
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modular topologies are presented in [16-18] with reduced 
complexity and losses and improved performance. Balanced 
grid voltage was achieved using the LVRT (Low Voltage Ride 
Through) control approach in [19]. During a fault state, 
reactive power is given to ensure protection. The Shunt Var 
Compensator (SVC) controller was used, it was automatically 
engaged when a grid fault occurs. 

This paper proposes the novel, simple, and efficient EZSC-
MLI topology, which is validated by using advanced multi-
carrier pulse-width modulation schemes. Dual control loop is 
used for controlling the voltage and current in the micro-grid 
system.  

II. THE PROPOSED CONCEPT 

The configuration of the proposed PV-based EZSC-MLI 
with grid integrated scheme is depicted in Figure 1. From left 
to right, the scheme consists of a PV cell, impedance network, 
Switched Capacitor (SC) module, and a 7-level MLI with dual 
loop control scheme. The PV supplies energy and feeds the 
impedance circuit, which transforms the low DC voltage to 
high DC-link voltage, maintained constant based on the active 
and shoot through states. The common DC-link voltage is 
powered by the respective capacitors in the SC module and the 
entire system is integrated to the micro-grid system through the 
7-level inverter. The simplified MLI topology is controlled 
using advanced modulation schemes. The working and 
implementation of each unit are described below. 

 

 

Fig. 1.  Configuration of the proposed inverter. 

A. PV Source  

A PV cell relies on the photo-electric effect to generate 
electrical energy. A PV cell is similar to a natural diode. When 
the energy of sunlight is more than the semi-conductor energy 
gap, current travels via the external circuit system. Based on 
power level requirements, the PV cell is integrated in parallel 
and/or in series to attain high current and/or voltage.  

��� = ��� − (�� 	exp 
 (���������)
��� � − 1) − 	���������

���
�    (1) 

where Ipv is the current flowing in PV cell (A), Isc is the reverse 
saturated diode's current (A), K is Boltzmann’s constant, N is 
Diode's ideality factor, Q is the charge of the electron, T is 
junction's temperature, Rsh and Rs are the shunt and series 
resistances of the PV cell (Ω), VPV is the PV voltage at the 
output terminal (V). 

B. Z-Source and Self Balancing Module  

Generally, VSI accomplishes the buck conversion, which 
restricts its usage in several areas, such as DER. To amplify the 
PV input voltage, a two-stage boost conversion methodology is 
used, which requires additional switching devices, stage and 
control scheme. Using an impedance network in X-shape will 
reduce the complexity. High voltage gain is achieved at output 
terminals by furnishing shoot through state. This state is 
possible when the lower and upper switches in the same leg are 
conducted simultaneously and it is not possible while using a 
multi-level inverter. The Z network with single switch is 
proposed, since it reduces the complexity of control. The 
voltage across the traditional ZSI is: 

����, !"# = 2 × �& − ���    (2) 

Boost factor (Bf) and the peak AC voltage (�') are given by: 

(), !"# = *
*+ -×.��

.
    (3) 

�', !"# = (), !"# × ���    (4) 

where VL and Vpv are the voltage across the Z source inductor 
and the input. Various methods are used to overcome the 
unbalanced voltage problems such as, feedback methods [20] 
or the regulated switching pattern scheme [21]. The SC 
balanced technique is very popular because it does not require a 
feedback method or continuous monitoring. The proposed 
switched capacitor module consists of two input capacitors Cs1, 
Cs2, three output capacitors C1, C2, C3, and six switches Sc1 to 
Sc6. The modes of operation are depicted in Figure 2.  

In Mode-I (Figure 2(a)), all odd numbered switches will 
conduct. The capacitors Cs1, Cs2 charge the C1 and C2 

capacitors, thus the voltage across the C1 (Vcs1) is Vc1 and the 
voltage of capacitor C2 is Vcs2. In Mode-II (Figure 2(b)), all 
even numbered switches will conduct. The capacitors Cs1, Cs2 

charge the C2 and C3 capacitors, thus Vcs1=Vc2 and Vcs2=Vc3. The 
voltages across Cs1, Cs2, C1, C2, and C3 are: 

���* = ���/ = 0�12
/ 3    (5) 

��* = ��/ = ��4 = 0�56
/ 3    (6) 

where �#�  is the output voltage of the Z network. The 

maximum available output voltage across the inverter �',78� is: 

�',78� = ��* + ��/ + ��4    (7) 

�',78� = 0�:;
/ 3 + 0�:;

/ 3 + 0�:;
/ 3    (8) 

�',78� = 04
/3 . �#�      (9) 

From (8) and (9), it is clear that voltage is balanced and 
boosted by 1.5 times. The capacitors Cs1, Cs2 are powered by 
the ZSI module. The output of the Z network is given by the 
SC module. By considering the boost factor of 1.5, (4) and (5) 
can be rewritten to get the boost factor and the peak output of 
the enhanced Z network with the self-voltage balancing 
network. 

(),=8> = *.?
*+ -×.��

.
    (10) 
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�',=8> = (),=8> × (�78)    (11) 

where @�>/@ represents the duty ratio of shoot through state, 
the peak output voltage of EZSC-MLI is 1.5 times greater than 
TZSI with and/or without shoot through state.  

The graphical representation of Boost factor vs Tsh/T and 
peak voltage vs Tsh/T for TZSI and EZSI topologies are 
depicted in Figures 3 and 4. If the shoot through ratio lies in 
between 0 to 0.4, the design procedure for passive devices is 
the same for the two ZSI modules. For any given Tsh/T, the 
peak output voltage and the boost factor of EZSC-MLI are 
constantly 1.5 times higher than TZSI's, hence this network is 
named as an enhanced network [14]. If Tsh/T is 0.4, the boost 
factor of TZSI is 5 and EZSC-MLI is 7.5 and the 
corresponding peak output voltages are 500V and 750V (for 
input voltage of 100V). The proposed 7-level EZSC-MLI is 
integrated to a micro-grid. 

 

 
Fig. 2.  Operating modes of the SC circuit: (a) Odd number switching, (b) 

even number switching. 

 

Fig. 3.  Boost factor vs TCD/T. 

 

Fig. 4.  Peak voltage vs @�>/@. 

C. ControlLloops 

In the proposed concept, dual control loops are utilized, i.e. 
the primary voltage control loop and the secondary current 
control loop. The aim of the primary loop is to regulate the 

output voltage of the Z-source network, by changing the shoot 
through duty ratio as specified in (10). This maintains the MLI 
voltage constant and greater than the grid voltage. A reference 
voltage signal is obtained by comparing the PV voltage and the 
grid voltage. The outcome is compared with the triangular 
carrier signal to produce the shoot through state duty ratio. The 
aim of the current loop is the injection of the reference current 
to the grid within the harmonic standards of IEEE-519. Grid 
synchronization requires the inverter output voltage, frequency 
and phase should match with the grid. This is furnished by 
single-phase Phase-Locked Loop (PLL) circuitry.  

The PLL circuit generates the required phase sequence and 
fundamental frequency as a current shape (Isin) which is 
multiplied with the reference magnitude of current (Iref) 
established as final reference current (Iref*). Iref* is compared 
with the actual grid current (Iact) and the outcome is imparted to 
the Hysteresis Current Controller (HCC) for the generation of 
the switching states to the H-bridge module [22] in the 7-level 
MLI. The ON/OFF states of the respective switches in the H-
bridge module are highly demanded based on the reference grid 
current. 

III. MODULATION SCHEME 

The working principles of the 7-level MLI are level 
generation and polarity generation. The level generation 
module has three switches S1, S2, and S3, which convert the 
constant DC-link voltage to DC levels. The switching sequence 
for DC-level generation of the 7-level MLI is depicted in 
Table. I. On the other side, polarity generation has four 
switches, SA, SB, SC, and SD, which convert the DC-level 
voltage to AC voltage and are controlled by the secondary 
current control loop. The switching sequence for polarity 
generation is depicted in Table II, where N represents the ON-
state of the switch and F represents the OFF-state of the switch.  

TABLE I.  SWITCHING STATES OF DC-LEVEL GENERATION 

Vo S1 S2 S3 

Vdc N F F 

2Vdc/3 F N F 

Vdc/3 F F N 

TABLE II.  SWITCHING STATES OF POLARITY GENERATION 

Vo SA SB SC SD 

0 F/N N/F F/N N/F 

Positive N N F F 

Negative F F N N 

 

The switches in the level generation scheme are controlled 
by advanced modulation schemes, such as the level-shifted 
multi-carrier modulation (LSPWM) scheme, the phase-angled 
(PAPWM) scheme, and the variable switching frequency 
(VSFPWM) scheme. 

A. The Multi-Carrier Level-Shifted PWM (LSPWM) Scheme 

In the well-known control action of LSPWM, all respective 
carriers are shifted by time. For n voltage levels, n-1 carriers 
are pre-requisite adjoining each other for the production of the 
switching pattern. The peak amplitude of triangular carrier 
wave-shape is differed and it is equivalent to the reference 
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sinusoidal voltage as a summation of all carrier-waves. High 
switching frequency is used. Generally it depends on 
multiplication factor and fundamental frequency. The 
frequency value of the carrier is measured by: 

E� = F) × E)    (12) 

where E�  denotes carrier frequency (Hz), F)  denotes the 

multiplication factor, with an odd value more than 11, and E) 

denotes the fundamental frequency value (Hz). The modulation 
index of the pulse-width modulation scheme is: 

F�" = �G
�; (HIJ)

    (13) 

where �!  �� denote the peak amplitudes of reference and carrier 
triangular wave-shapes. The production of switching states is 
done by relating the reference and carrier wave-shapes. When 
the reference wave is greater than the carrier wave, a particular 
switch is in the ON state and/or when it is less than the carrier 
wave, a particular switch is in the OFF state. The LSPWM 
schemes are: Phase Disposed (PD), Phase Opposed Disposed 
(POD), Alternate Phase Opposed Disposed (APOD). The PD 
based carrier waveform is depicted in Figure 5. 

 

 

Fig. 5.  PD modulation scheme. 

B. Multi-Carrier Phase-Angle Shifted PWM (PAPWM) 

The PAPWM scheme shown in Figure 6 is the same with 

level-shifted modulation. All the carriers have equal switching 

frequencies and different peak amplitudes, which are vertically 

disposed by a certain phase-angle to vanquish the phase 

imbalance issues and unbalanced voltages [22]. The disposed 

phase-angle (∅ps) is given by, 

∅LC = 4MN°

PQ (R+*)    (14) 

 

 

Fig. 6.  PAPWM scheme. 

C. Multi-Carrier Variable Switching Frequency (VSFPWM) 

The VSFPWM scheme is the same with the level-shifted 

modulation scheme. All the carriers have different peak 

amplitudes and unequal switching frequencies such as 

5050Hz, 7050Hz, and 9050Hz. These frequencies are selected 

with respect to the multiplication factor. This modulation 

technique has better minimization of harmonic distortions and 

low switch stress and increased efficiency, while it requires 

low-rated filter units. The VSFPWM scheme is depicted in 

Figure 7. 

 

 

Fig. 7.  VSFPWM scheme. 

D. Modified Modulation Scheme 

A unique modulation scheme is introduced by utilizing PA 

and VSFPWM schemes for getting optimal switching states. 

All the carriers in the proposed modulation scheme have 

different peak amplitudes which are vertically disposed by the 

respective phase-angles and have unequal switching 

frequencies such as 5050Hz, 7050Hz, and 9050Hz with 

respect to the multiplication factor. The advanced modulation 

scheme is depicted in Figure 8. 

 

 

Fig. 8.  Advanced PD modulation scheme. 

IV. SIMULATION RESULTS 

The performance of the ZSI based 7-level SC-MLI fed grid-
integrated system with several modulation schemes is validated 
in Matlab/Simulink and is developed with the help of the 
operating parameters shown in Table III. Figure 9(a) shows the 
complete Matlab model, Figure 9(b) shows the hysteresis 
controller, and Figure 9(c) shows the controller for generating 
shoot through pulses. 

TABLE III.  OPERATING PARAMETERS 

Parameter Value 

PV Source Vpv =100V 

Grid Voltage & frequency Vg=230V, Fg =50Hz 

Impedance source L1=L2= 10mH. C1=C2= 0.01F 

DC-link voltage 150V 

Switching frequency 10KHz 

DC-link capacitor Cdc= 0.01F 

Capacitors C1=C2= C3 = 0.01F 
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(a) 

 

(b) 

 

(c) 

 

Fig. 9.  Matlab/Simulink model. 

(a) 

 

(b) 

 

(c) 

 

(d) 

 

(e) 

 

Fig. 10.  Performance of the 7-level improved ZSI based SC-MLI using the 

proposed advanced modulation technique. (a) Voltage across the capacitors, 

(b) 7-level output Voltage, (c) output current, (d) output Voltage and current-

in phase, and (e) THD of the output Voltage. 

A. Performance Evaluation of the Proposed Topology with 

Advanced Modulation Techniques in a Standalone System 

Figure10 shows the simulation outcome of the 7-level ZSI 
based SC-MLI with advanced modulation scheme. From 
Figure 10(e), it is observed that the harmonic content in the 
output voltage is high at odd multiples of the fundamental 
frequency. The PV input voltage 100V is transformed into 
150V DC-link voltage by the SC module. The DC-link 
capacitor voltages are maintained constant and balanced for 
achieving the significant 7-level output. The THD of the output 
voltage is 12.54%. The performance of the proposed 7-level 
SC-MLI is evaluated by classical and the proposed PWM 
schemes. It can be seen that the proposed advanced modulation 
scheme has better features. The THD analysis of the 
modulation schemes is depicted in Figure 11. 

 

 

Fig. 11.  THD analysis of the considered modulation schemes. 

(a) 

 

(b) 

 

(c) 

 

(d) 

 

Fig. 12.  Performance of the 7-Level ZSI integrated to the grid. (a) Grid 

Voltage and current, (b) in-phase grid voltage and current component, (c) grid 

active and reactive power, (d) THD of grid current. 
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B. Grid Integration Scheme 

The proposed topology is integrated to a micro-grid with 
the advanced modulation technique. Figure 12 represents the 
simulation outcome of the 7-level EZSC-MLI with the 
advanced modulation scheme integrated to the grid with low-
rated filter units. The attained grid voltage and current are pure-
sinusoidal and maintained constant at the fundamental 
frequency. Both the components are in-phase representing a 
unity power factor. The THD of the grid current is 4.16%, well 
within IEEE-519 standards.  

V. CONCLUSIONS 

In this paper, the enhanced Z-source SC-MLI topology with 
various modulation techniques is proposed. It is capable of 
operating with a high voltage gain factor. The proposed SC-
MLI utilizes only a single PV source and 7 active switches for 
the production of 7 voltage levels. Effective modulation 
schemes are used for the generation of optimal switching states. 
They have better reduction of harmonic distortion over the 
classical schemes and attain favorable benefits. There is no 
need of additional balancing technique, a self-balancing 
technique is initiated which reduces the complex control 
circuitry. When using the proposed 7-level SC-MLI topology, 
the switching components are fewer over the classical MLI 
topologies. The proposed inverter topologies are more suitable 
for the DER fed grid by utilizing attractive voltage and current 
control loops. This system can be used for integrating different 
renewable energy sources. 
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