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This paper proposes a 3-Phase 3-Level Bipolar quasi-Z-Source Neutral-PointClamped-Inverter (BP-qZS-NPCI). It has buck/boost capability to interface renewable
energy resources (RER) with AC load under input DC voltage variation. The
symmetrical switching modulation technique is employed using Lower-Shoot-Through
(LST) state and Upper-Shoot-Through (UST) state in the proposed 3-Level inverter
topology. A comparison of 2-Level unipolar qZSI with the proposed 3-Level BP-qZSNPCI is analyzed by performing simulations of each in Simulink/Matlab. The
constant boost control(CBC) modulation technique is used to develop the switching
pattern for IGBT switches of the proposed inverter. To verify theoretical and
simulated proposals, an experimental inverter (500W) developed to illustrate the
merits of the proposed inverter topology over 2-Level conventional quasi z-source
inverter (qZSI). A satisfactory agreement was found between simulation results and
the experimental data.
Keywords: Z-Source Inverter (ZSI); buck/boost inverter; quasi-Z-Source Inverter (qZSI); Bipolar
quasi-Z-Source Neutral-Point-Clamped-Inverter (BP-qZS-NPCI).
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1. Introduction
The renewable energy resources (RER) are rapidly being used in particular for the
generation of electrical energy. This tendency is mainly as a result of growing global
warming problems due to excessive fossil fuel usage for power generation. Several
renewable energy sources have been explored and developed, namely: Solar, wind, hybrid
solar-gas and biomass resources etc.[1]. For interfacing renewable energy resources with
the utility grid system, a power conditioning converter has to be utilized. There are mainly
two types of power converters, which are known as current-fed-inverter (CFI) and voltagefed-inverter (VFI). These are utilized to synchronize RERs with utility grid stations.
Moreover, such traditional converters do not exhibit boosting ability during low DC input
source. For this purpose, they integrate extra DC-DC boost converters before inverting. On
other hand, Z-Source inverter (ZSI) was proposed in 2003 to cope with the above problem.
This ZSI employed unipolar cross-shaped impedance (Z) network integrated with
traditional inverter. The Z-source impedance is comprised of passive components like the
capacitor (C) and inductor (L). The Z-source impedance can be utilized to all DC-DC, ACAC, AC-DC, and DC-AC traditional converters [2-3].
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To overcome traditional ZSI problems, an improved form of ZSI is quasi Z-Source inverter
(qZSI). Four different qZSI topologies were developed for renewable energy resources.
These have many merits as compared to traditional ZSI [4] such as: 1) lower device ratings
2) reduced device count, 3) continuous input current 4) reduced input source stress and 5)
simple control strategies. The application of ZSI is used in adjustable speed drives (ASD)
to mitigate line harmonics and to enhance the LVRT capability under voltage sags [5-7].
There are many pulse-width-modulation (PWM) techniques for ZSI such as: 1) simpleboost PWM control, 2) maximum-boost PWM control, 3) third harmonic injection control,
4) constant boost control and 5) modified space vector PWM (SVPWM) control.
Furthermore, the conventional 3-Phase 2-level inverter was employed with different zsource topologies for analysis [8-11].
Conventionally, 2-level inverter generates two level output voltage waveform. It produces
harmonics in voltage and current waveforms. The 2-level inverter topology has enormous
switching losses, conduction losses, and total harmonic distortion (THD). However, 3-level
inverter develops three level output voltage which is more sinusoidal than that of the 2level inverter. The NPC inverter is a 3-level inverter, which is widely used in both small
and medium voltage level applications. The NPC inverter has three voltage steps causing
lower common mode voltage, total harmonic distortion (THD), switching losses,
conduction losses, switching frequency, dv/dt rating and high efficiency. The voltage
stresses across the switching devices become half in NPC inverter in comparison with 2level inverter [12-18]. The NPC inverter can feed power to the balanced load. The
circulating current flows in the circuit when NPC inverter is delivering power to an
unbalanced load. It causes overheating of neutral, and voltage sag on phases [19-20].
In this paper, the NPC inverter and its modulation technique are modified to overcome the
preceding issues. Also, the proposed NPC inverter employed Bipolar quasi-Z-Source (BPqZS) impedance to provide buck/boost capability. It offers several advantages and better
performance in comparison with the conventional unipolar quasi-Z-Source inverter (qZSI).
In proposed inverter, all diodes of conventional NPC inverter are replaced with switching
devices (IGBTs), as described in section 2.1. Conventionally, the diodes have been
connected between the neutral point and the middle point of both positive and negative side
of each inverter leg [21-22]. The traditional ‘x’ shape Z-source NPC inverter provide boost
conversion using Full Shoot-Through (FST) state if both positive and negative input DC
voltages are balance [21-22]. The symmetrical and unsymmetrical boost conversion
becomes necessary if each input voltage is an independent renewable energy resource. The
same conversion is also essential when an unbalanced load is connected. The cascaded
quasi-Z-source inverter topologies utilize small Shoot-Through duty cycle (D) to provide
high voltage boost gain. In order to have high voltage gain, cascaded bipolar quasi z-source
neutral point clamp inverter (BP-qZS-NPCI)has been studied.
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2. Proposed 3-Phase 3-Level Bipolar quasi-Z-Source Neutral-Point-Clamp
Inverter (BP-qZS-NPCI)
The unipolar 3-phase 2-level qZSI is a conventional buck/boost inverter .The unipolar qZSI
[23] has same working principle as that of ‘x’ shaped unipolar ZSI. However, the proposed
bipolar quasi-Z-Source Neutral-Point-Clamp Inverter (BP-qZS-NPCI) is a 3-level (3L)
buck/boost inverter as illustrated in Fig. 1. It has two switching modes of operation: 1) ST
state and 2) NST state.

Fig. 1: Proposed BP-qZS-NPCI
2.1 Mode 1: Non-Shoot-Through (NST) State
The operating principle of BP-qZS-NPCI is similar to that of 2-level qZSI. The two DC
supplies with bipolar quasi-Z-Source impedance act as current sources similar to that of 2level qZSI. The diodes (D1 and D2) will be forward biased during positive and negative
side NST states as shown in Fig. 2(a) and 2(b). The equations of BP-qZS-NPCI have been
derived during the NST state interval of time (T1P, T1N), as given in Table 1.

(a)

(b)

Fig. 2: Proposed BP-qZS-NPCI (a) Upper Non-Shoot-Through State (b) Lower Non-ShootThrough State
2.2 Mode 2: Shoot-Through (ST) State
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Unlike 2-level qZSI, the proposed BP-qZS-NPCI has three Shoot-Through states: Upper
Shoot-Through state (UST), Lower Shoot-Through state (LST) and Full Shoot-Through
state (FST). These states are achieved by conducting upper side switches or lower side
switches or any inverter leg switches simultaneously as shown in Fig. 3. The
unsymmetrical boost conversion is depicted in either Fig. 3(a) or Fig. 3(b), and
symmetrical boost conversion is shown by Fig. 3(c). The equations of this proposed
inverter can be derived from circuit analysis during the Shoot-Through state time interval
(T0P, T0N) as shown in Table 1.

(a)

(b)

(c)
Fig. 3: (a) Upper Shoot-Through State (b) Lower Shoot-Through State (c) Full ShootThrough State

Table 1. Set of equations during ST and NST States
Sr.#
1.
2.
3.

Equations during NST State
( T1= T1P= T1N )
V = V − V
V = −V 
V = V − V = V + V 

Equations during ST State
( T0= T0P= T0N )
V = V + V 
V = V
V =0
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V = 0

4.

V = V



+V

By solving linear equations of both ST and NST states for inductors and capacitor voltages,
the peak DC-link voltage across proposed BP-QZSI bridge is expressed as:
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Where 6 is known as boost factor and 7 is a ST duty ratio. Also, 789 and 78: are upper
side and lower side ST states.

2.3 Proposed Modulation Technique
For this study, a constant boost control modulation technique has been proposed, in which
independent upper and lower ST states are generated to control BP-qZS-NPCI. Third
harmonic of 1/6th of the fundamental voltage is injected into reference voltage waveforms
(Vabc) for modulation and the modulation index increases from M=1 to a max value of
M=1.15. When the signal of carrier exceeds the two straight lines (Vp,Vn) the uniform
pulses are generated for LST and UST states as shown in Fig. 4 [11,13-15]. The full shoot
through (FST) state is a sum of UST state and LST state. It is used in proposed inverter for
symmetrical shoot through modulation. Whereas, unsymmetrical shoot through modulation
is developed by utilizing separate UST and LST states in proposed inverter. These shootthrough states are inserted into zero states of inverter for boosting conversion [11]. Thus
the shoot-through duty ratio is expressed by Eq.(5).
7=;−
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Fig. 4: Proposed Constant Boost Control (CBC) with upper and lower shoot through states
2.4 Comparison of Boost Factors (B) of 1-Stage, 2-Stage and 3-Stage BP-QZS-NPCI
The same bipolar quasi-Z-Source impedances can be connected in the cascaded
configuration to increase boosting ability. The comparison of boost factor (B) of singlestage, double-stage, and three-stage BP-qZS-NPCI is shown in Fig. 5. It is noticed that in
three-stage cascaded BP-QZS-NPCI topology, the shoot-through duty ratio reduced to 50%
compared to that of single-stage BP-qZS-NPCI at same boosting factor (B), as illustrated in
Eq (7). For n-stage cascaded BP-qZS-NPCI, the resultant equivalent DC voltage across
switches of the inverter is expressed in Eq. (6).
ABCD = 

1

1 − , + 1  

F!GHIJK =

,

2∵ 1 =

1
4
1 − , + 1 

!GHIJK
2

6

7

Fig. 5: Comparison of Boost Factor (B) of different cascaded BP-qZS-NPCI
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3.Simulation
To proof theoretical outcomes, the models of 2-Level qZSI and 3-Level BP-qZS-NPCI
which consist of unipolar and bipolar quasi-Z-Source impedances respectively, have been
developed in Simulink (MATLAB) using parameter values given in Table 2. These
developed models with low pass filters, and loads are shown in Fig. 6.

Fig. 6: Simulation of 2-Level qZSI and Proposed 3-Level BP-qZS-NPCI
Table 2.Simulation parameters for of 2-Level qZSI and Proposed 3-Level BP-qZS-NPCI
Sr.#
1.
2.
3.
4.
5.
6.
7.
8.
9.
10.
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List of Parameters
Input DC Voltage,  =  + !

Inductance,& , & , &F , &M
Capacitance,N , N , NF , NM
Output filter Inductor, &O
Output filter Inductor, NO
Inverter Switching Frequency, .GP
Full Shoot-Through-State Frequency, .GQ
Y-connected 3-Phase Load
Shoot-Through Duty Ratio, D
Modulation Index, M

Simulation
Values
100+100V

Experimentation
Values
30+30V

1000 uH
1000 uF
10 mH
2 uF

1000 uH
1000 uF
10 mH
2 uF

5 kHz
10 kHz
10kW
0.2
0.92

5 kHz
10 kHz
60 ohm
0.3
0.81
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(a)

(b)

(c)

(d)

(e)
Fig. 7: 2-Level 3-Phase qZSI under load condition: (a) Inductor current (b) Input and Output Voltages (c)
Capacitor Voltages (d) Line to Line Voltage of inverter with Frequency Spectrum without LC Filter (e) Line to
Line Voltage of inverter with Frequency Spectrum with LC Filter

The results of conventional qZSI simulation has been depicted by Fig.7. The qZSI has been
excuted in Simulink/Matlab using different parameters, as given in Table 2. As depicted in
Fig. 7 (a), the input DC current, Iin is same as inductor current, IL1 in qZSI. The sum of
capacitor voltages, VC1 and VC2 is equal to boosted DC output voltage, V0 as shown in Fig.
7 (b) and Fig. 7 (c). The value of boosted DC output voltage (V0) for conventional inverter
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is 331V. It can be seen that the output RMS AC voltages of the inverter at M=0. 92 are
172V (line to line) after the filtration process as shown in Fig. 7(e).

(a)

(b)

(c)

(d)

(e)
Fig. 8: Proposed 3-Level 3-Phase BPqZS-NPCI under load condition : (a) Inductor currents
(b) Input and Output Voltages (c) Capacitor Voltages (d) Line to Line Voltage of inverter
with Frequency Spectrum without LC Filter (e) Line to Line Voltage of inverter with
Frequency Spectrum with LC Filter
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Similarly, the results of proposed BP-qZS-NPCI have been computed as shown in
Fig.8.The values of parameters in BP-qZS-NPCI,as described in Table 2 are same as in
conventional 2-level qZSI for simulation in Simulink/Matlab except input DC voltage
which is divided into Vin(+) and Vin(-),each of 100V in proposed BP-qZS-NPCI. It is
observed that upper input DC current, Iin(+) is equal to upper positive side inductor current,
IL1 and the lower input DC current, Iin (-) is equal to lower negative side inductor current, IL3
as shown in Fig. 8(a). The positive side voltage, VO(+)=VC1+VC2 and negative side voltage,
VO(-)=VC3+VC4 are equal to each other to have a symmetrical AC output voltage using
symmetrical Shoot-Through modulation as shown in Fig. 8(b) and 8(c). In the proposed
inverter, the value of boosted DC output voltage, VO,NPC is 350V. It is noticed that the
output RMS AC voltages of an inverter at M=0.92 is 174V (line to line) after the filtration
process as shown in Fig. 8(e).
The unbalance AC output voltage, as shown by the green color line in Fig. 9 is a major
problem in NPC inverter which has been overcome using proposed unsymmetrical
modulation technique. The preceding modulation technique has capability to introduce
UST and LST states separately as per voltage boosting requirement in positive and
negative side. The neutral point shifting voltage problem is mitigated and balanced line to
line voltage, Vabis achieved asshown by blue color line in Fig. 9.

Fig. 9: Neutral point shifting problem depicted by Line to Line Voltage in green color line
and blanced Line to Line Voltage in blue color line
A detail comparison of total harmonic distortion (THD) of inverter output voltages before
and after low pass LC filter is evaluated from results in Table 3. It has been found that
THD of inverter output voltages is less in case of constant boost control modulation
technique. Moreover, THD of proposed inverter (3-Level) output voltage is less as
compared to that of traditional qZSI (2-Level).
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Table 3.Total harmonic distortions (THD) of inverter output voltages in case of traditional
qZSI and proposed BP-qZS-NPCI
Sr. Terms
#

1.

2.

3.

4.

Duty Vin Traditional qZSI (2-Level)
Ratio (v)
D
RMS Gain THD of AC
Vab (dc)
output
(v)
voltage
Before After
LC
LC
Filter Filter
(%)
(%)
0.2
200 170 1.4
101
8.6

Simple
Boost
Control (SBC)
Maximum
0.2
Boost Control
(MBC)
Third
0.2
Harmonic
Injection
Control(THIC)
Constant
0.2
Boost Control
(CBC)

Proposed BP-qZS-NPCI (3Level)
RMS Gain THD of AC
Vab (dc)
output
(v)
voltage
Before After
LC
LC
Filter Filter
(%)
(%)
172 1.4
23.7
2.4

200

172

1.4

102

9.5

171

1.4

23.9

3.4

200

171

1.4

99

5.3

174

1.4

24.7

4.2

200

172

1.4

98

4.8

172

1.4

23.5

2.4

4. Experimental Verification
The experimental setup of proposed BP-qZS-NPCI (1kW) was built to validate theoretical
outcomes. The maximum constant boost control modulation of proposed BP-qZS-NPCI (3Level, 3-Phase) was developed in Texas Instruments TMS320F28335 experimental kit for
switching the IGBTs of an inverter at clocking frequency 150MHz using PSIM software.
The experimental results of proposed BP-qZS-NPCI (3-Level, 3-Phase) are found as shown
in Fig. 10.
The input dc voltage, Vin (+) = Vin(-) and the boosted dc output voltage, VO(+) = VO(-) are
30V and 75V in proposed inverter respectively, as shown in Fig.10(a). So, the inverter
dc-link voltage, Vo,NPC is measured to be 150V.The upper positive side input dc
current, Iin(+) = IL1, is found to be 9A in Fig.10(c).Similarly, the lower negative side
input dc current, Iin(-) = IL3, is equal to -9A. Whereas, the capacitor voltage, VC1 and
capacitor voltage, VC2 are 23V and 52V respectively, as shown in Fig.10(a). In the
same way, the capacitor voltage, VC3 and capacitor voltage, VC4 are 23V and 52V
respectively, as shown in Fig.10(b). The output rms AC voltages (Vab) of inverter (at
M=0.81) are 62 V line to line after output of LC filter (C=2uF , L=10mH) as shown in
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Fig. 10(d). But, theoretically, Vab should be 68 V approximately.Therefore, thereis
some voltage loss in the inverter.

(a)

(b)

(c)

(d)

Fig. 10: Experimental Results of Proposed 3-Level 3-Phase NPC-QZSI under load
condition at RL=60 ohm: (a) Upper positive side : ST state pulse waveform, Input dc
voltage ( Vin (+) ) , VC1 Capacitor Voltage, VC2 Capacitor Voltage (b) Lower negative side :
ST state pulse waveform, Input dc voltage ( Vin (-) ) , VC3 Capacitor Voltage, VC4 Capacitor
Voltage (c) IL1 Inductor current
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5. Conclusion
A comparison between 2-Level unipolar qZSI and 3-Level BP-qZS-NPCI has been
analyzed. The BP-qZS-NPCI reduces voltage stresses across switching devices compared to
traditional qZSI. The bi-polar NPC-qZSVI offers an immense improvement of system’s
power quality under variation of input voltage as compared to 2-Level qZSI inverter.
Neutral Point Shifting problem of NPC inverter was mitigated in bi-polar z-source
impedance using proposed unsymmetrical modulation technique. Before filtration, THD of
output voltage in traditional 2-level qZSI and THD of output voltage in proposed BP-qZSNPCI were found 98.4% and 23.73% respectively, using proposed symmetrical boost
control modulation. After filtration, THD of traditional qZSI is 4.8% and THD of proposed
BP-qZSI (NPC) is 2.4%. The simulation and experimental results of BP-qZS-NPCI prove
the required postulates. In addition, a multi-stage cascaded BP-NPC-qZSI can also provide
higher boost factor in an expense of greater no of passive components having shorter shootthrough duty ratio (D) than those of single stage BP-NPC-qZSI.
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