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Abstract – This paper is focused on a single-phase three-level 

neutral-point-clamped quasi-z-source inverter when it is 
operating being connected to the electrical grid. A control 
strategy for injecting current synchronized in phase with the 
voltage at the point of common coupling has been proposed and 
studied. It is achieved by means of controlling the output voltage 
between branches adjusting the output current by using a d-q 
frame and the analysis of the output filter. The control strategy 
generates the reference to be used in the modulation technique 
and it has been validated with and without shoot-through 
switching states. A method to calculate the minimum value of the 
shoot-through duty cycle is also explained in order to assure the 
proper control of the injected current when the input voltage is 
less than peak value of the grid voltage. It is an important feature 
because 3L-NPC qZSI due to its possibility of boosting input 
voltage in a single stage would operate better than a traditional 
inverter, for instance in photovoltaic applications when the value 
of irradiance is decreased. The presented results have been 
obtained using PSCAD/EMTDC as a simulation tool. 

 
Keywords – Computer simulation, power system simulation, 

PSCAD, pulse width modulation inverters, voltage control.  
 

I. INTRODUCTION 

A three-level neutral-point-clamped (3L-NPC) inverter has 
a lot 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. As a drawback it has two additional clamping diodes 
per phase-leg and more controlled semiconductor switches per 
branch. The 3L-NPC 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 [1-2]. 

To obtain buck and boost performance the focus is turned 
into a quasi-Z-source inverter (qZSI). The qZSI was first 
introduced in [3]. 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 
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.) [4-11]. 

A new qZSI topology was proposed and described in [12]. 
It is a combination of the qZSI and the three-level neutral-
point-clamped (3L-NPC) inverter. The three-level neutral-
point-clamped quasi-z-source inverter (3L-NPC qZSI) has 
advantages of both of these topologies. It can buck and boost 
the input voltage, it has short circuit immunity and due to the 
multilevel topology, high energy density is attainable. 

Since the mentioned topology is rather new, in all previous 
studies the 3L-NPC qZSI was considered as an isolated system 
[12-15]. The aim of the current work is to develop and study 
the capabilities of this topology assuming it as connected to 
the electrical system. A wide range of conditions should be 
considered (synchronization with the grid voltage, MPPT, 
anti-islanding methods, reactive power control, etc). This 
paper is focused on the synchronization of the injected current 
with the voltage at the point of common coupling (PCC). 

Injected current synchronized in phase with the voltage at 
the PCC has been studied by means of controlling the output 
voltage between branches. It has been analyzed with and 
without shoot-through switching states. Also, a method to 
calculate the minimum value of the shoot-through duty cycle 
is explained in order to assure the proper control of the 
injected current. The presented results have been obtained by 
means of simulation using PSCAD/EMTDC [16] as a 
simulation tools. This tool is becoming more and more used in 
research community to develop models and power electrical 
system studies. 

II. 3L-NPC QZSI CONNECTED TO THE GRID 

In Fig.1 we can see the 3L-NPC qZSI connected to the 
electrical grid, represented it as an ideal voltage source. It 
means that the electrical grid is considered with a short-circuit 
power equal to infinite (ideal grid) at the point of common 
coupling (PCC). 
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Fig. 1. 3L-NPC qZSI connected to the electrical grid. 

TABLE I 

RELEVANT VARIABLES INVOLVED IN THE CONTROL STRATEGY 

Variable Description 

 
ABV


 

Output voltage phasor of the fundamental component in 
terminals of the 3L-NPC qZSI. Voltage between 
branches. 

 
LV


 
Voltage drop phasor in the filter inductance. 

 
gridI


 
Injected current phasor to the grid. 

 
gridV


 
Voltage grid phasor. Voltage at the PCC. 

 
To develop the control strategy and generate the reference is 

necessary to consider the variables defined in Table I. To 
realize a more precise approach, we will have to take into 
account the resistance of the filter inductance (Rf). The filter 
inductance (Lf) is considered as constant to simplify the study.  

III. CONTROL STRATEGY. SYNCHRONIZATION WITH 

ELECTRICAL GRID  

According to the previous concepts, we can represent the 
equivalent scheme and the phasor diagram in a d-q frame. The 
d component of this frame will be synchronized with the 
voltage at the PCC. 

The analyzed point is the connection stage between the 
converter and the grid by means of an inductor filter to 
develop the control strategy. Thus, the fundamental 
component of the reference voltage   ABV


 can be generated. 

Our goal is to generate current in phase with the voltage at the 
PCC, that is to say, only active power will be injected to the 
electrical grid. 

According to the phasor diagram from Fig.2(b) one has (1): 

  
LRgridAB VVVV


 , (1) 

which could be expressed in the d-q frame as (2): 

  
qLdRdgridAB uVuVuVV

 , (2) 

where   du


and   du


are unitary vector in the d and q directions.  

To obtain the unitary vectors, a phase locked loop (PLL) is 
required. In this work, the PLL available in PSCAD 
simulation tool library [8] has been used. It generates a ramp 
signal (θ) that varies between 0° and 360°, synchronized or 
locked in phase, to the instantaneous voltage at the PCC – 
vgrid(t).  

 

 
(a) 

 
(b) 

Fig.2. Equivalent scheme at the PCC (a) and phasor diagram (b).   

The RMS value of the ABV


can be calculated as (3): 

 2 2( ) ( )AB grid R LV V VV = + + , (3) 

where voltages Vgrid, VR and VL are RMS values of the voltage 
at the PCC, voltage drop at the resistance filter and at the 
inductance filter respectively. 

At the same time, peak value of VAB is related to the 
modulation index (m) and the DC-link voltage (VDC-LINK) by 
(4): 

 
LINKDC

AB

V

V
m







. (4) 

If m is expressed as (5) one has: 

 
2 2( ) ( )

2
grid grid grid

DC LINK

V I R LI
m

V

w

-

+ +
= , (5) 

where Igrid is the injected RMS reference current and VDC-LINK 
is the measured DC-link voltage. Thus, the modulation index 
m has been calculated to obtain the desired amplitude of 

ABV


according to the phasor diagram in Fig.2(b).  
To calculate the angle () of   ABV


, a unitary vector in the 

direction of such phasor is calculated as (5): 

 
22 )()(

)()(

gridgridgrid

qgriddgridgrid
ref

wLIRIV

uwLIuRIV
u









. (6) 

Thus, the reference voltage   ABV


 is generated and it will be 
used in the shoot-through sinusoidal pulse width modulation 
with the properly m and its phase 

 
refu


. 

IV. MODULATION TECHNIQUE 

There are two kinds of switching signals to generate 
separately in the 3L-NPC qZSI connected to the electrical 
grid. On one hand it is necessary to generate the normal 
switching signals (Si,n) in order to track the reference signal 
which is obtained as explained in section III. On the other 
hand the shoot-though states (St) must to be added carefully in 
order to boost the input voltage (VIN). 

Some requirements are demanded when shoot-through 
states are generated, for instance do not affect to the average 
output voltage and they have to be uniformly distributed 
during the whole output voltage period with constant width. 
These features produce several advantages such as minimum 
ripple of the input current, minimum value of the passive 
elements, reduction the THD of the output voltage and allow 
obtaining the desired boost factor.  
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Fig. 1. Implementation sketch of the modulation technique. 
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Fig. 4.  Normal and shoot-through switching states. 

In this work the modulation technique proposed in [15] has 
been used to achieve the aforementioned features. Fig.3 shows 
the implementation of this modulation technique.  

In Fig.4 normal switching states and shoot-through states 
are displayed.  

V. SIMULATION RESULTS 

In order to validate the proposed control strategy to 
generate the reference voltage   ABV


in the 3L-NPC qZSI and 

thus, to inject current into the grid in phase with gridV


, a 
comprehensive simulation study was performed in PSCAD. 

Power stage, control strategy and modulation technique 
have been implemented in this simulation tool and the 
obtained results in different situations are shown and 
discussed in the next points. 

TABLE II 
SIMULATION PARAMETERS 

Parameter Unit Value 

Inductors L1,L3 (mH) 0.29 

Inductors L2,L4 (mH) 0.29 

Capacitor C1,C4 (mF) 4 

Capacitor C2,C3 (mF) 1.3 

Vin (V) 400 

Vgrid (V) 230 

Igrid (reference) (A) 20 

Lfilter (mH) 4 

Ds For case 2 0.1 

A. Case 1. Shoot-Through Duty Cycle Equal to Zero  

 In order to realize a simpler case and focus on the proper 
synchronization of gridI


 with   gridV


, the first case has been 

simulated with shoot-through duty cycle (Ds) equal to zero. In 
Table II we can see the simulation parameters and in Fig.5 the 
obtained results are depicted. Fig.5(a) shows the vgrid(t) and 
ud(t) and their proper synchronization between signals. 
Fig.5(b) shows vIN(t) and iIN(t) in which pulsation at 100 Hz in 
input current can be appreciated due to the single phase power 
system. Fig.5(c) represents vAB (t). Finally, Fig.5(d), 5(e) and 
(f) show m, vDC-LINK(t), vgrid (t)and igrid (t) respectively. Injected 
current in phase with voltage at the PCC with the desired RMS 
value is obtained. 

B. Case 2. With Shoot-Through Duty Cycle  

In this case shoot through switching states are added to the 
normal states in order to increase the input voltage. Ds has to 
assured equation (7) [9]: 

 1SD m£ - , (7) 

therefore, added Ds is equal to 0.1.  
Fig.6 shows the new simulation results. Fig.6(a) shows the 

vgrid(t) and ud(t) and a proper synchronization between signals 
is obtain again. Fig.6(b) shows vIN(t) and iIN(t) in which the 
same pulsation at 100 Hz in input current can be appreciated. 
In Fig.6(c) represents vAB (t) that is going to zero during the 
whole period. Finally, Fig.6(d), (e) and (f) show m (less than 
in case 1), vDC-LINK(t), vgrid (t) and igrid (t) respectively. vDC-

LINK(t) in this case drop to zero due to the shoot-through states 
during the whole period and also it has been boosted. Injected 
current in phase with voltage at the PCC with the desired RMS 
is obtained again. 

VI. CONTROL SYSTEM TO ADJUST THE DS 

The voltage between terminals of an inductor is:  

 
dt

tdi
Ltv L

L
)(

)(  , (8) 

where vL(t) is the instantaneous value of the voltage in the 
inductance, L is the inductance value and iL(t) is the current 
across the inductance. 
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Fig.5. Results of simulation with shoot-through duty cycle equal to zero (case 1): (a) voltage at the PCC and unitary vector in d axis, (b) modulation index of 
reference signal, (c) input current and voltage, (d) DC-link voltage, (e) output voltage before filter (between branches) and (f) injected current and grid voltage.   
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Fig.6. Results of simulation with shoot-through duty cycle (case 2): (a) voltage at the PCC and unitary vector in d axis when shoot-through duty cycle is 
generated, (b) modulation index of reference signal, (c) input current and voltage, (d) DC-link voltage, (e) output voltage before filter (between branches) and (f) 
injected current and grid voltage. 

In our case, according to the equivalent scheme in Fig.2(a) 
it also can be obtained as (9): 

   ( ) ( ) ( )L AB gridv t v t v t= - , (9) 

where vAB(t) is the instantaneous voltage between branches 
and vgrid(t) is the grid voltage. 

In order to assure the control in the inductance and be able 
to inject the desired current for every value of vgrid(t), equation 
(10) must be satisfied: 

   2DC LINK gridV V- > . (10) 

In the 3L-NPC qZSI, expression (10) could be expressed as 
(12) taking into the account equation (11) [17]: 

 
 

1 2
IN

DC LINK
S

V
V

D- =
-

, (11) 

 
 

2
1 2

IN
grid

S

V
V

D
>

-
. (12) 

Operating with equation (12) we can obtain expression (13): 

 
  1

2 2 2
IN

S

grid

V
D

V
> - , (13) 

which assures that the injected current control can be carried 
out successfully.  

In order to validate the proposed way to calculate the 
minimum value of Ds, two cases where VIN is less than peak 
value of Vgrid have been made. In one of them, Ds is equal to 
zero and the other one, VIN will be boosted with Ds is distinct 

to zero. Vin in both cases is equal to 315 V (less than 2
grid

V ). 

A. Case 1. VIN Less than Peak Value of Vgrid and Shoot-
Through Duty Cycle Equal to Zero  

In this case where VIN is less than the peak value of Vgrid and 
Ds is equal to zero, the obtained results for the injected current 
and voltage at the PCC are shown in Fig.7. 

We can see how the injected current cannot achieve the 

reference peak value ( 2 20 A) due to the voltage VDC-LINK is 

not enough and as consequence the control in the inductance is 
not made properly. This situation can be observed in Fig.8, 
where m is greater than one. 

5 

5 
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Fig.7. Injected current and grid voltage. 
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Fig.8. Modulation index. 
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Fig.9. Injected current and grid voltage. 
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Fig.10. Modulation index. 

 

B. Case 2. VIN Less than Peak Value of Vgrid and Shoot-
Through Duty Cycle Distinct to Zero 

In this case, VIN is boosted with Ds equal to 0.15. The 
obtained results for the injected current and voltage at the PCC 
are depicted in Fig.9. 

We can see how in this case, the injected current has the 
desired peak value because the control has been possible 
properly. This fact is shown in Fig.10, where m is less than 
one. 

VII. CONCLUSIONS 

In this paper, a single-phase 3L-NPC qZSI connected to the 
grid has been analyzed. A control strategy to inject current 
synchronized in phase with the voltage at the PCC has been 
explained. It is carried out by means of controlling Vab. It has 
been tested with and without shoot-through switching states.  

Finally, a method to calculate the minimum value of Ds that 
assures the proper control of the injected current has been 
proposed and validated in simulations when VIN is less than the 
peak value of Vgrid. It is an important situation, in which 3L-
NPC qZSI due to its possibility of boosting input voltage is 
better than the traditional inverter.  
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