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Abstract – In this paper several modulation techniques for a 

three-level neutral-point-clamped quasi impedance source 
inverter are proposed and discussed. Mathematical descriptions 
with simulation results are presented for each modulation 
technique. Their advantages and disadvantages are shown and 
guidelines for further improvement are provided. 
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I. INTRODUCTION 

A three-level neutral-point-clamped (3L-NPC) inverter has 
a number of advantages, such as lower semiconductor voltage 
stress, lower required blocking voltage capability, decreased 
dv/dt, better harmonic performance, soft switching 
possibilities without additional components, higher switching 
frequency due to lower switching losses, and balanced neutral-
point voltage in comparison with the two-level voltage source 
inverter [1]. As a drawback, it has two additional clamping 
diodes per phase-leg and more controlled semiconductor 
switches per phase-leg than the two-level voltage source 
inverter. The 3L-NPC inverter can normally perform only the 
voltage buck operation. In order to ensure voltage boost 
operation an additional DC/DC boost converter should be used 
in the input stage [2-3]. 

 To obtain buck and boost performance the focus is turned 
onto a quasi-Z-source inverter (qZSI). The qZSI was first 
introduced in [4]. The qZSI can buck and boost DC-link 
voltage in a single stage without additional switches. 

The qZSI can boost the input voltage by introducing a 
special shoot-through switching state, which is the 
simultaneous conduction (cross conduction) of both switches 
of the same phase leg of the inverter. This switching state is 
forbidden for traditional voltage source inverters because it 
causes a short circuit of the DC-link capacitors. Thus, the 
qZSI has excellent immunity against the cross conduction of 
the top and bottom-side inverter switches. The possibility of 
using shoot-through eliminates the need for dead-times 
without having the risk of damaging the inverter circuit. The 
input voltage is regulated only by adjusting the shoot-through 
duty cycle. In addition, the qZSI has a continuous mode input 
current (input current never drops to zero), which makes it 
especially suitable for renewable energy sources (e.g. fuel 
cells, solar energy, wind energy etc.). The main drawback of 
the qZSI is its poor performance in the case of small loads and 
relatively low switching frequency. In these conditions the 

qZSI starts to work in discontinuous conduction mode, which 
causes an over-boost effect and leads to instabilities [4-8]. 

A three-level neutral-point-clamped quasi-Z-source inverter 
(3L-NPC qZSI) proposed recently is a new modification of the 
qZSI (Fig. 1) [9][10]. The different states per leg in a 3L-NPC 
qZSI are shown in Table I. The new converter combines the 
advantages of the two topologies described above. But at the 
same time shoot-through switching state demands new 
approaches to modulation techniques in order to combine the 
boost factor, lower input current ripple and more capacitor 
voltage balance with the best possible output voltage quality.  

This paper is devoted to the simulation of different shoot-
through sinusoidal PWM techniques for the 3L-NPC qZSI that 
allow 50 Hz to be obtained as an output voltage frequency. It 
can be used in distributed energy resources, such as 
photovoltaic plants, fuel cells, etc. 

II. PROBLEMS OF THE TRADITIONAL SHOOT-THROUGH 

MODULATION TECHNIQUE  

There are several pulse width modulation (PWM) 
techniques that could be applied for the 3L-NPC qZSI [4], 
[11]-[17].The core idea of these methods is presented in 
Fig. 2. All of them generate the shoot-through states when the 
output voltage is in the zero state (UAB = 0) in order to 
maintain constant and not alter the normalized average voltage 
per switching period and the shoot-through states are carefully 
and centrally added to the active states that enable the number 
of higher harmonics to be kept to a minimum. Using these 
PWM techniques for the 3L-NPC qZSI, the UAB has only two 
zero states per period and shoot-through states can only be 
placed during these two intervals ([0, π/4] and [π, 5π/4]). 
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Fig. 1. 3L-NPC qZSI topology. 
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TABLE I 
DIFFERENT STATES PER BRANCH IN A 3-L NPC QZSI 

States 
Switching 

Signals 
UA0 

D3
T1

T2

DT1

DT2
UA0A0  

T1 OFF 
T2 OFF 
T3 ON 
T4 ON 

- B(Udc/2) 

D3
T1

T2

DT1

DT2
UA0A0  

T1 OFF 
T2 ON 
T3 ON 
T4 OFF 

0 

D3
T1

T2

DT1

DT2
UA0A0  

T1 ON 
T2 ON 
T3 OFF 
T4 OFF 

B(Udc/2) 

D3
T1

T2

DT1

DT2
UA0A0  

T1 ON T5 ON 
T2 ON T6 ON 
T3 ON T7 ON 
T4 ON T8 ON 

0 (Shoot-through) 

 

 
Fig. 2. Output voltage waveform of the traditional shoot-through PWM for a 
3L-NPC qZSI.  

These techniques present some problems, such as larger 
size of the passive elements, more input current ripple and 
capacitor voltage disbalance. It is due to the low shoot-through 
state frequency when the desired output voltage frequency is 
50 Hz. Furthermore, a higher THD is produced in comparison 
with that of the sinusoidal PWM (Fig. 3). 

III. NEW IMPROVED SHOOT-THROUGH MODULATION 

TECHNIQUES FOR A 3L-NPC QZSI  

In the next section new methods will be proposed based on 
detailed explanations.  
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Fig. 3. Harmonic spectrum and THD of the filtered output voltage using the 
traditional modulation technique. 

A. Technique 1 

Fig. 4 shows a sketch of the proposed technique. Two 
modulating sinusoidal waves disphased by 180 degrees 
modulate each leg (modA and modB) and they are compared 
with two carrier waves, the first one with saw-tooth form 
(carrier1) and the second one is triangular (carrier2). The 
different states of T1, T2, T5 and T6 are generated and T3, T4, T7 
and T8 have the complementary state of the other, respectively. 

 
The shoot-through state is generated during zero states (1): 

 0,ABU              (1) 

and it occurs when (2): 
.A0 B0U U           (2) 

Non-zero states (UAB ≠ 0) occur when the condition (3) is 
present: 

0.T1 T2 T5 T6s s s s           (3) 

This condition is used in order to obtain the maximum value 
of the shoot-through state (ts) during a voltage output period 
(T) applying a not-operator to the condition (3). 

The shoot-through duty cycle is defined as (4): 
 

 
Fig. 4. Sketch of the proposed technique 1. 
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s
S

t
D

T
 ,           (4) 

and in the same way, it is possible to calculate the maximum 
voltage (B(Udc) or –B(Udc)) duty cycle (DM) (5) and the half 
voltage (B(Udc)/2 or –B(Udc)/2) duty cycle (DH) (6) of the 
voltage UAB:  

M
M

t
D

T
 ,          (5) 

H
H

t
D

T
 .           (6) 

In order to modify the DS, the shoot-through factor (Fs-t) is 
defined. This factor scales modA and modB and these new 
waves are compared with the two carriers, as shown in Fig. 5. 

The obtained results of these comparisons are added or 
subtracted, respectively, according to (3) and a not-operator is 
used again in order to obtain the real shoot-through. Fig. 6 
shows the values of the maximum value of the S-T duty cycle  

 

s tF  NOT

 
Fig. 5. Shoot-through factor and shoot-through time generation. 
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Fig. 6. Shoot-through factor and shoot-through duty cycle ratio. 

 

 
Fig. 7. Shoot-through states with the modulation technique 1. 

(DS) versus Fs-t for a fixed modulation index. 
Operating in this way, the symmetry between the maximum 

value of the shoot-through and the real shoot-through time is 
assured (Fig. 7). Furthermore, we can see how the shoot-
through states are generated during the whole output voltage 
period and the average voltage UAB is compensated through 
the increasing of DM and meanwhile the DH is decreased.  

B. Technique 2 

Fig. 8 shows a sketch of the proposed second technique. 
One modulating sinusoidal wave and four triangular carriers 
are compared in order to obtain the different states of T1, T2, T5 
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Fig. 8. Sketch of the proposed modulation technique 2 with uniformly 
distributed shoot-through states and constant width. 

 
and T6 and T3, T4, T7 and T8 have the complementary state of 
the other, respectively.  

Carrier1 is used to generate the shoot-through states in 
comparison with a constant value that includes the desired Ds 
value. Operating in this way, uniformly distributed shoot-
through states with the constant width during the whole output 
voltage period can be achieved.  

The disadvantage of this technique is that the average 
voltage UAB is decreased because the average voltage in the 
leg A (UA0) is decreased (during the positive semi-cycle) and 
increased (during the negative semi-cycle) when the shoot-
through states are applied.  

C. Technique 3 

Technique 2 has been modified to compensate the average 
voltage UAB when the shoot-through states are applied, leg B 
must compensate this situation through the change of the 
voltage UB0. Fig. 9 shows how we can obtain this 
compensation. 

Also, it should be noted that an interesting aspect of the 
technique 2 is in the switching frequency of the transistors. 
During the mode without a shoot-through duty cycle, the 
amount of switching of the transistors leg A are lower than 
with leg B. 
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Fig. 9. Sketch of the proposed modulation technique 3. 

II. SIMULATION RESULTS 

In order to verify the proposed techniques a comprehensive 
simulation study was performed in SimPowerSystems of 
Matlab/Simulink. The simulation circuit is presented in 
Fig. 10 and the parameters of the simulation are described in 
Table II. 

A. Technique 1 

Fig. 11 shows the obtained simulation results, listed from 
top to bottom: input current, voltage of the capacitors, DC-link 
voltage, output voltage (UAB), and voltage after the filter. 

The input current peak is 74 A and the boost of the input 
voltage is not achieved due to the shoot-through states that are 
not uniformly distributed during all the output voltage period, 
as the DC-link voltage shows. It causes unsuitable working of 
the qZ stage, because the passive elements have been 
calculated for high frequency operation. 
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Fig. 11. Simulation result using modulation technique 1. (a) Input current. (b) 
Capacitor voltages (C2 and C3). (c) DC-link voltage. (d) Output voltage. (e) 
Voltage after filter. 

B. Technique 2 

Fig. 12 shows the obtained simulation results, listed from 
top to bottom: input current, voltage of the capacitors, DC-link 
voltage, output voltage (UAB), and voltage after the filter. 

Input current peak reaches 25 A due to the qZ stage that is 
working in an optimum mode because the appropriate shoot-
through frequency is achieved. The DC-link voltage shows the 
uniform distribution and the constant width of the shoot-
through states. The desired boost factor is not reached. 

C. Technique 3 

Fig. 13 shows the obtained simulation results, listed from 
top to bottom: input current, voltage of the capacitors, DC-link 
voltage, output voltage (UAB), and voltage after the filter. Input 
current peak reaches 28.5 A. In this case, the desired boost 
voltage is achieved. 

 
 

TABLE II 

SIMULATION PARAMETERS 

Input voltage UIN 220 V 

Inductors L1,L2,L3,L4 96 mH 

Inductor resistance rL 0.5 Ω 

Capacitors C1,C2,C3,C4 4mF 

Resistance load Rload 80 Ω 

Switching frequency 
of carriers 

20 kHz 

Shoot-Through Duty 
Cycle 

0.1667 

Output frequency 50 Hz 

Filter inductance 4.4 mH 
 

Fig. 10. Used simulation circuit with SimPowerSystem. 
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Fig. 12. Simulation result using modulation technique 2. (a) Input current. (b) 
Capacitor voltages (C2 and C3). (c) DC-link voltage. (d) Output voltage. (e) 
Voltage after the filter.  
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Fig. 13. Simulation result using modulation technique 3. (a) Input current. (b) 
Capacitor voltages (C2 and C3). (c) DC-link voltage. (d) Output voltage. (e) 
Voltage after the filter.  

III. ANALYTICAL COMPARISON 

In order to compare the exposed modulation techniques for 
a 3L-NPC qZSI, all the techniques are analyzed in this section. 
The comparison is based on four characteristics: output 
voltage quality, boost factor, input current ripple, and 
disbalance of the capacitor voltage. 

A. Output Voltage Quality 

Figs. 14 (a), (b) and (c) show the harmonic spectrum and 
the THD of the output voltage after the filter using 
technique 1, technique 2 and technique 3, respectively. With 
the three proposed techniques, we obtain proper values of the 
THD due to the PWM techniques are based on sinusoidal 
references, the symmetry between the shoot-through states is 
assured and the output L-C filter is suitable. Modulation 
technique 1 has the smallest value. It is due to the Fs-t that 
modifies the modulating sinusoidal waves and the 
fundamental component of the output voltage is increased. 

B. Boost Factor 

The boost factor is defined as (7): 

 DC

IN

U
B

U
 , (7) 

and the obtained values using each modulation technique 
are shown in Table III.  

TABLE III 

OBTAINED VALUES USING EACH MODULATION TECHNIQUE 

Modulation 
technique 

UIN 

(V) Ds Fs-t M Udc 
(V) B 

peak
pccU

(V)
 

Technique 1 220 0.166 1.6 0.75 216 0.98 235 V 

Technique 2 220 0.166 - 0.75 329 1.49 300 V 

Technique 3 220 0.166 - 0.75 333 1.51 325 V 

 
In modulation technique 1, the boost of the input voltage is 

not achieved because the shoot-through states are not 
uniformly distributed during the whole output voltage period 
and they have different pulse widths. 
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Fig. 14. After filter output voltage harmonic spectrum and THD using different modulation techniques. (a) Modulation technique 1. (b) Modulation technique 2. 

(c) Modulation technique 3. 
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It causes unsuitable working of the qZ stage, because the 
passive elements have to be calculated for high frequency 
operation. Moreover, due to the non-linear connection 
between Fs-t and Ds due to the modification of the modulating 
sinusoidal waves, the control of the system is complicated. 

In modulation technique 2, the desired boost is reached 
because the shoot-through states are distributed with the 
constant width during the whole output voltage period and the 
qZ stage is working at a maximum frequency. Furthermore, 
using this proposed technique we can use the ratio between the 
modulation index (M) and the maximum shoot-through duty 
cycle DS_MAX (8) and the ratio between B and Ds (9): 

 

_ 1S MAXD M  ,         (8) 

.
21

1

SIN

DC

DU

U
B


        (9) 

These equations allow control algorithms to be developed in 
a closed loop, improving the 3L-NPC qZSI performance. 
However, the suitable value of peak

pccU is not achieved because 

the average voltage UAB is decreased, due to the average 
voltage in the leg A (UA0) is decreased (during the positive 
semi-cycle) and increased (during the negative semi-cycle) 
when the shoot-through states are applied.  

In modulation technique 3, the desired boost is reached as in 
modulation technique 2. But in this case, the suitable value of 

peak
pccU is achieved because leg B compensates this situation 

through the change of the voltage UB0. Fig. 9 shows how to 
obtain this compensation. During the positive semi-cycle, leg 
B has to produce UB0 = -Udc/2 more time to restore the average 
voltage UAB. This is produced through carrier4 displacement 
that generates the pulses of T6. During the negative semi-cycle 
the same situation is produced. Leg B has to produce UB0 = 
+Udc/2 more time to restore the average voltage UAB. This is 
produced through carrier3 displacement that controls the 
pulses of T5. 

C. Input Current Ripple 

Figs. 15, Fig. 16 and 17 show a detail of the input current 
using technique 1, technique 2 and technique 3, respectively. 
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Fig. 15. Input current using modulation technique 1. 
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Fig. 16. Input current using modulation technique 2. 

Using each modulation technique, we obtain 0.2 A, 1.25 A 
and 1.1 A, respectively, as ripple values. A non-desired effect 
is produced in the case of modulation technique 2 because the 
input current works at discontinuous mode, which causes an 
over-boost effect and leads to instabilities. 
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Fig. 17. Input current using modulation technique 3. 
 
As described in section IV, in the case of modulation 

technique 1, the input current peak is 74 A and it is the highest 
value. Also, in section III, a fluctuation at 100 Hz in all input 
current cases was observed. This phenomenon will be studied 
in detail in future experimental tests. 

D. Capacitor Voltage Disbalance 

Figs. 11, 12 and 13 show how the voltage at the capacitors 
is balanced, revealing a similar stable behavior.  

IV. CONCLUSIONS  

This paper has proposed three shoot-through sinusoidal 
PWM techniques for the 3L-NPC qZSI that allow 50 Hz to be 
obtained as the output voltage frequency. Simulation using 
SymPowerSystems and Simulink of Matlab was used in our 
analysis. An analytical comparison between all three 
techniques was made based on output voltage quality, boost 
factor, input current ripple, and capacitor voltage balance. 

Modulation technique 3 has shown the best performance 
and behaviour because the shoot-through states are uniformly 
distributed and with constant width during the whole output 
voltage period and the average output voltage is compensated 
through the displacement of the carriers.  
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