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Abstract—This paper presents a fast and robust control
system for a three-phase quasi-Z-source inverter (qZSI)
connected to the grid. The topology combines two quasi-Z-source
networks with a T-type inverter allowing to obtain AC voltages
with multilevel characteristics and properties of the referred
networks. To control this system a closed-loop current controller
for the AC currents is proposed. The controller is based on a
vectorial modulator associated to the shoot-through states. The
DC-link voltage is maintained stable at the reference value by
adjusting the shoot-through duty cycle. The controller is
characterized by fast transient response and robustness to
parameter and load variations. In order to confirm the desired
characteristics and performance of the converter and control
system several simulation tests were performed.

Keywords—T-Type converter; qZ voltage source inverter;
current controller; shoot-through states.

L

Renewable energy sources play a fundamental role in the
actual context. Such energy sources generally require power
electronic converters associated to these systems to obtain the
maximum power as well as an appropriate interconnection with
the electrical grid. Due to the different characteristics and
specificities of the several renewable sources and applications,
the choice of the power converter topology and associated
control system must be done very carefully.

INTRODUCTION

One of the specificities that are usually required by
photovoltaic sources connected to the electrical grid is the
requirement of a power converter with voltage boost
characteristics. In order to fulfill this requirement there are
different solutions, most of them based on single or double
stage conversion [1-3]. In single stage conversion it can be
used a low frequency transformer between the inverter and the
grid [4-6]. Another solution is based on the application of
several photovoltaic panels associated to a multilevel inverter
such as the cascaded H-bridge [7-9]. Besides the capability to
extend the AC voltage this last solution also provides the
advantages of multilevel converters. Regarding double stage
conversion, one of the most common solutions is based on two
converters, a DC/DC converter and DC/AC converter. The
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DC/DC stage normally uses a Boost type DC/DC converter or
a topology with a high frequency transformer associated to a
maximum power point tracking algorithm [10-12].

Other types of power converters can be used on
photovoltaic grid-connected systems. One interesting solutions
that has been proposed and studied in the last years is through
the integration of a qZSI connected to the grid. This converter
combines a qZ-source network with a classical voltage source
inverter. One of the main characteristics of this converter that
makes it suitable for this kind of application is the Boost
feature provided by the special shoot-through state.
Furthermore, the shoot-through state provides additional
protection to short-circuit failure of power devices. Thus, many
works related with single and three-phase qZSI and respective
control system were proposed for this type of application [13-
16]. Due to the characteristics of these converters, they were
also expanded to multilevel applications. In this context,
several works have been focused in the quasi-Z neutral-point-
clamped converter [17-19]. Regarding control strategies,
several solutions have been applied, such as, sinusoidal pulse-
width modulation (SPWM) or the space vector modulation
techniques. Other solutions based on current controller have
also been proposed. A hysteresis current control for Z and
quasi-Z voltage source inverters was also proposed [20,21].
However, this technique was also applied to the two-level
single-phase inverter. Another proposed multilevel qZSI
solution for photovoltaic applications is based on the cascaded
H-bridge inverter topology [22,23]. Recently the use of a
multilevel qZSI based on the T-type inverter was also proposed
[24]. To control this converter was proposed sinusoidal pulse-
width modulation.

This paper proposes a fast and robust closed-loop control
solution for a three-phase multilevel qZSI topology based on
the T-type inverter. The proposed solution allows to control the
AC currents through a multilevel hysteretic current controller
and vectorial modulator combined with the shoot-through state
to provide the necessary step-up voltage. This modulator was
also developed in order to maintain the stability of DC
voltages. Several simulation testes will be performed in order



to test the proposed system. From the obtained results of these
tests is possible to confirm the referred characteristics.

II. SYSTEM CONTROL OF THE MULTILEVEL QZSI WITH T-TYPE
CONVERTER

The three-phase T-type qZSI uses a combination of two qZ
impedance source networks with a three-level inverter. This
inverter is characterized by a combination of a classical three-
phase inverter with three bidirectional switches connected
between the AC terminals and the common DC point of the qZ
impedance source networks. Fig. 1 shows this topology
connected to the three-phase grid through a three-phase
inductors system.

Fig. 1. Grid-connected qZ Source Inverter with T-Type Converter.

The presented system will be described through their state
model. This model is described by the system state variables.
Analyzing firstly the inverter it is possible to verify that the AC
voltages are function of the switches state. The switches, Sij, of
converter can be associated to a discrete variable function, Gi,
as described by (where i = A, B, C are the phases of the
converter and j =1, 4, 7):

1 ifSjison A Sjypisoff ASjyp isoff
0,5 if S jisoff AS jyjisonAS jypisoff

(1
0 (ifSjisoff AS jy1isoff AS jipison) v

(if §12 3isonvSy 5 gisonvS7 g gison)

Tacking into consideration the AC voltages as a function of
the states of the switches, these voltages will be given by:

V4 1 0 0[|Gy
Ve |=V,0 1 0| Gp )
Ve 0 0 1||Gc

Where Vo represents the output voltage of the qZ-Source
inverter; VA, VB and VC are the phase-to-neutral voltage of
phases A, B and C respectively;
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Regarding the upper and lower DC currents of the inverter
they are dependent of the shoot-through state as can be seen by
Fig. 2.
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Fig. 2. Equivalent circuits of the converter: a) active state state and b) shoot-
through state.

During the shoot-through state the upper and lower DC
currents of the inverter are dependent of the two qZ impedance
source networks. In this state these currents, according with
Fig.2, can be given by:

{

For the other state condition these currents are function of
the AC currents of each phase (is4, isB, isc) and the state of the
switches. Thus, they can be described by:

iy =iy —icl

. . 3
i =ig4 ~ic4 ®

] is4

iy | _|round (GA - 0,1) round (GB - 0,1) round (GC - 0,1) )

ir - lfround(GA) lfround(GB) lfround(GC) Z.SB 4)
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Taking into consideration the AC load presented in Fig.1
and the state of the switches the following equation is obtained:
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Where Rg and Ly are the load resistance and load inductance
and VS4, VSB and VSC are the grid voltages;

This last equation can be converted into the of referential
through the Clark Concordia transformation, as presented in
equation (6).

dig | |_Rs o | | Yo
dt |_| Ls a| |Lg Gy
dig\ | o _Rsllig| | o Yo|Gp
dt L L
S S (6)
1
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The DC voltages are obtained taking into consideration the
two qZ impedance networks and the shoot-trough state. In fact,
these voltages will be equal or higher than the photovoltaic
panel voltage according the total shoot-through time. Thus,
these voltages can be calculated based on it the voltage balance
across the inductors. In this analysis is considered that the
capacitors are large enough and also Li=L3, Ly=1L4,

C1=Cy, Cy=Cj3. In this condition the DC voltages can be
expressed by:

Vo

(7

where D is the shoot-through duty ratio given by
D =Ty, /T, Ty, is the total shoot-through time interval and

T the switching period.

The AC voltages of the inverter can be represented as a
vector in the aff coordinate system. Taking into account the

)
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switching states there will be 19 different vectors [25]. The

obtained different vectors that are function of the switches

states are presented in Fig. 3. It must be noted that the shoot-

through state corresponds to the 0 vector (null vector).

14 15Y 18

Fig. 3. Different AC voltage vectors in the aff coordinate system for the
proposed control strategy.

The goal of the closed loop control system is to maintain
injected currents to the grid according with the reference level
despite variations of the input or grid voltages. This will be
achieved through a multilevel hysteretic current controller and
vectorial modulator. The AC currents (isy, isp and igc) will be
controlled by the PWM voltages of the converter. In this case,
will be used a control system based on the «ff coordinate
system. Thus, a current controller given by the simple
following conditions is given:

Jfo = iSaref ~igy
®)

Tp=isprer ~isp

According to this last condition, the voltage vector will be
selected. So, if condition fe is positive then a voltage vector
with a positive @ component should be selected, and vice-
versa. In the case of f3 the condition is similar, that is, if fb is
positive then a positive f component should be selected. Since
there are 27 vectors it is not possible to implement a simple
two level hysteresis comparator at the output of the functions
defined in (8). Thus hysteresis comparators with more levels
are adopted. In fact, if fo and ff3 are positive several vectors can
be applied (3, 4 and 5). From the analysis of the vectors is
possible to verify that all these vectors have three different
values for the o component and two different values for the S
component. Thus, the vector should be adopted taking into
account if the functions are near zero or not. For example, if
the difference of functions for and ff3 are near zero, then vector
3 should be chosen. If function feo is far from zero and ff near
zero then vector 4 should be chosen. Tacking this into
consideration it would be adopted a seven level hysteresis
comparator associated to function for and a five level hysteresis
comparator associated to function /.



Another issue regarding the choice of the vectors is related
with the balance of the voltages in capacitor C2 and C3. In
order to ensure the balance of those voltages it must be
considered the redundant vectors. In fact, all the interior
vectors (1, 3, 7, 10, 12, 16) have redundant vectors, as can be
seen by table I. Thus, these vectors must be selected to balance
of the capacitor voltages and the phase current directions. Let’s
consider the previous example where f& and ff3 are positive and
is4 and igc are positive and igp is negative. For this condition if
C2 capacitor voltage is higher than C3 then the vectors that
should be considered are 0, 1A, 2, 3,4, 5,6, 7, 8,9, 10, 12A,
11, 13, 14, 15, 16A, 17, 18. On other hand, if C2 capacitor
voltage is smaller than C3 capacitor voltage then the vectors
that should be considered are 0, 1, 2, 3A, 4, 5, 6, 7A, 8,9, 10A,
11,12, 13, 14,15, 16, 17, 18.

TABLE 1. VECTORS IN THE FIRST QUADRANT OF VOLTAGE of PLANE
CONSIDERING THE SWITCHING COMBINATIONS

g || o; Vo Vs Num.
0.5 0 0 0.41 Vpc 0 1

1 0.5 0.5 0.41 Vpc 0 1A
0.5 0.5 0 0.20 Vpc 0.35 Vpc 3

1 1 0.5 0.20 Vpc 0.35 Vpc 3A

0 0.5 0 -0.20 Vpc 0.35 Vpc 7
0.5 1 0.5 -0.20 Ve 0.35 Vpc TA

0 0.5 0.5 -0.41 Vpc 0 10
0.5 1 1 -0.41 Vpc 0 10A

0 0 0.5 -0.20 Vpc -0.35 Vpc 12
0.5 0.5 1 -0.20 Vpc -0.35 Vpc 12A
0.5 0 0.5 0.20 Vpc -0.35 Vpc 16

1 0.5 1 0.20 Vpc -0.35 Vpc 16A

This vectorial modulator does not consider the

shoot-through state. This state is related with vector 0, in which
the AC voltages of the converter are zero. However, there are
several vectors associated to this vector. For example, vectors 0
associated to the switching combinations G, =1, Gz =1, G¢c =
1 and G4 =0, Gz = 0, G¢ = 0 does not provide shoot-through
state. Only the vectors 0 that are associated to the switches in
which at least one leg have all the power switches turned-on
provides the shoot-through state. Thus, in order to implement
this state it will be considered a carrier signal that will be
compared with a reference. The result of this comparison will
affect directly the state of the switches. Thus, if the reference
signal is higher then the carrier, then all the switches will turn
on. The reference signal allows to increase or decrease the DC
voltage that is applied to the T-Type inverter. Taking this into
consideration, the DC voltage will be controlled by a PI
compensator that will set the value of the reference signal. The
proposed control system is shown in Fig. 4.
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Fig. 4. Proposed Control System.

III. SIMULATION RESULTS

The grid-connected three-phase qZ source inverter with
T-type converter using the proposed control system was
verified through simulation results. The presented results were
obtained through the software Matlab/Simulink. The
parameters of the model used in the simulation tests are
presented in Table II.

TABLE II. PARAMETERS OF THE SYSTEM
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Input DC voltage 200-500 V
Grid RMS voltage 120V
Capacitors C1 and C4 400 pF
Capacitors C2 and C3 1000 uF
Inductors L1, L2, L3 and L4 200 pH

Grid inductor LS 10 mH

Grid resistor RS 0,1 Q

Several simulation tests were firstly performed in

steady-state condition. The following results were obtained
considering an input DC voltage of 250 V. Fig. 5 shows the
grid voltage and AC current of phase A. From this result is
possible to verify that the current presents low distortion and is
synchronized with the grid voltage. The three-phase AC
currents injected to the grid are presented in Fig. 6. This figure
shows that the currents are balanced. Figs. 7 and 8 show the
DC voltage applied to the inverter (DC-link) and the phase A
to neutral voltage. From these figures is possible to verify the
boost capability of the proposed solution, the shoot-through
state and also the multilevel operation of the inverter. These
results also show that despite the lower voltage of the PV panel
the DC-link voltage level is enough to inject currents into the
grid with a very low distortion. Fig. 9 shows the voltage at the
terminals of capacitors C, and C;. As can be seen by this last
result the voltage balance between the two capacitors is stable.
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Fig. 5. Simulation result of the grid voltage and AC current of phase A in
steady-state condition.
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Fig. 6. Simulation result of the three-phase AC currents injected to the grid
in steady-state condition.
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Fig. 7. Simulation result of the DC-link voltage in steady-state condition.
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g. 8. Simulation result of the Phase A to neutral voltage in steady-state
condition.
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Fig. 9. Simulation result of Capacitors C, and C; voltage.

The behavior of the proposed solution in transient mode
was also simulated and analyzed and the results can be seen in
Figs. 10 and 11. The first result shows the process of DC-link
step-up (Boost mode). The DC-link voltage has initially a 275
V value and at 0.4 s their reference value is changed to 400 V.
Fig. 10 shows the behavior of the grid voltage and current of
phase A during the transient. Initially the DC-link voltage is
not enough to inject a non distorted current to the grid.
However, after the change of the DC-link voltage reference the
PI controller also changes the shoot-through duty ratio and
consequently the DC-link voltage level to a higher value. Due
to this, the DC-link voltage becomes enough to inject a current
into the grid with a very low distortion.
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Fig. 10. Transient result for a change in the DC-link voltage: grid voltage and
AC current of phase A
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Fig. 11. Transient result for a change in the reference of the AC currents

Fig. 11 shows the transient results for a change in the AC
current references. In this test the reference changes from 5 A
to 10 A (maximum) at 0.4 s. In this test the DC-link reference



was fixed in 400 V. Through this result is possible to verify
that the currents quickly change to the new reference value,
keeping a very low distortion before and after the change.

From the presented results was possible to verify the
capability of the proposed closed-loop control. It was possible
to verify the fast response of the current controller.

IV. CONCLUSIONS

This paper proposed a control system for the grid connected
three-phase qZ source inverter with T-type converter. The goal
of this closed-loop control system is to maintain injected
currents to the grid in the reference level with very low
distortion, despite variations of the input or grid voltages. The
control of the AC currents where implemented through a fast
and robust multilevel hysteretic current controller and vectorial
modulator combined with the shoot-through state to provide
the necessary step-up voltage. The DC-link voltage is thus
controlled through the adjusting the shoot-through duty cycle.
Furthermore, the multilevel hysteresis control proposed to this
solution presents advantages to renewable energy applications
where a wide range regulation of the input voltage capability is
required. The characteristics of the proposed system were
verified through several results obtained by simulation tests.
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