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Abstract—In this paper, a novel structure for a four-switch
three-phase inverter with the ability of creating a null vector
is proposed. This structure utilizes a symmetrical quasi-Z-
source network and generates zero output voltage during
the shoot-through state, which is similar to the null vector
in the conventional six- switch inverter. This vector is used
for the remaining time for each switching period. This
means that the proposed structure has several advantages
over the conventional four-switch inverter, in which two
active vectors with opposite directions are necessary for
synthesizing a null vector. These two vectors increase the
switching losses due to the current circulation through
these active states. Moreover, the number of switching
states increases because of applying two opposite vectors.
However, this problem does not exist in the proposed
topology. To decrease the output current distortion and to
minimize the number of switching events per each cycle, a
new switching pattern is proposed, too. Also, fluctuations
of the two split capacitors in the dc-link are considered in
the closed-loop modulation method, which balances the
output voltages and decreases current THD by 0.7%. To
validate the proposed topology and the given pulse width
modulation approach, its mathematical analyses are given
here, in detail. Also, simulations and experimental
verification have been performed on a 1 kW prototype
inverter.

Index Terms— Four-switch three phase inverter (FSTPI),
pulse width modulation inverters, quasi-Z-source inverter,
shoot-through, space vector pulse width modulation
(SVPWM).

I. INTRODUCTION

RECENTLY, reliability and cost-efficiency issues have
become important preoccupations by the development of
modern industries [1], [2]. Using a four-switch three-phase
voltage source inverter (FSTPI) can reduce cost, compared to
the conventional three- phase six-switch inverter (SSTPI), due
to the reduced number of power switches [3]- [5]. Moreover,
the FSTPI can be applied as the post-fault rehabilitated state of
the SSTPI, when a fault is occurring in one of its phases [6], [7].
Instead of generating six active vectors and two null vectors of
the SSTPI structure, the conventional FSTPI inverters produce
four main vectors without any null vectors [8]. Consequently,
two opposite active vectors are applied when a zero vector is
needed to complete the switching period [1], [8]. One of the
significant disadvantages of this procedure is increasing the
conduction losses of the power semiconductors when active
vectors are applied, as compared to utilizing the zero vectors to
synthesize the reference voltage. However, the FSTPI is a
promising three-phase inverter structure, because of its reduced
cost and its post-fault performance. The FSTPI has been
reported widely in some researches, in terms of control strategy
and inverter operation [8], [9].
On the other hand, Z-source inverters (ZSls) are attractive for

power electronics researchers, due to their wide applications in
variable speed control drives, renewable energy, and battery
charger systems [10]- [14]. The main feature of the ZSls is their
impedance networks with shoot-through capability that is used
to buck or boost the voltage. During the shoot-through state, the
upper and lower switches of the ZSls are simultaneously turned
on, while this state is not allowed in the traditional voltage-
source inverters (VSI) [15], [16]. However, the conventional
ZSI with X-shaped impedance source, proposed by Peng [17],
has some drawbacks such as: inrush current during the start-up
and also high voltages and currents stresses on the components
[18]- [23]. The voltage-fed quasi-ZSI (g-ZSl), proposed in [19]
with reduced capacitor voltage stress, draws a continuous
current. Due to the presence of the input inductor in the g-ZSl,
inrush current is decreased, significantly [24], [25].

Different structures of the FSTPI that utilize quasi Z-source
(g-ZS) have been introduced in [3], [2] which function as cost-
effective and post fault topology of the SSTPI. These g-ZS
structures are generally asymmetrical which eliminate the
neutral point of the g-ZS impedance network for connecting the
third phase in the FSTPI inverters as depicted in Fig. 1.
Generally, the third phase of the FSTPI inverters must be
connected to the middle point of the input dc-link, otherwise,
the output waveform distortion is increased.

Here, a symmetrical four-switch g-ZSI inverter is proposed
that can create a neutral point in the dc-link of the FSTPI.
Contrary to the existing FSTPI inverters, the proposed structure
can provide a null vector through the shoot-through state. To
increase the efficiency of a FSTPI, applying a null vector is
much more efficient than using the two active vectors with
opposite directions. When the active vectors are utilized to
synthesize the reference voltage, the active power circulates in
the inverter and increases its conduction losses. In contrast, by
applying the null vector, the output voltage of the inverter is
zero and power does not flow from the input to the load.
Moreover, switching events are reduced due to the completion
of the remaining time in each switching period by shoot-
through state and the opposite vectors procedure is also
eliminated. Here, a Pulse Width Modulation (PWM) approach
is also used for generating duty cycles for one null and four
active vectors, properly. Moreover, the dc-link capacitors
voltage variations are also considered to eliminate the output
voltage distortions.

The symmetrical g-ZS FSTPI topology is introduced in Sec.
I1. Next, the space vector PWM approach and time weights for
different vectors are given in Sec. Ill. Also, an effective
approach for eliminating the effects of the dc-link voltage
unbalances is given in Sec. IV. The proposed inverter design
procedure is given in Sec. V. Then, simulation and
experimental results are given in Sections VI. Finally, the work
is concluded in Sec. VII.
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Fia. 1. Conventional a-ZSI FSTPI [2].

Il. PROPOSED TOPOLOGY

The proposed g-ZS FSTPI topology is illustrated in Fig. 2.
Similar to the conventional g-ZSlI, this balanced topology has
two different operation modes on its dc side: the non-shoot-
through state, and the shoot-through state, where both switches
are conducting simultaneously at least in one of the phases.
During the shoot-through state, two legs of the inverter are short
circuited and equivalent circuit viewed from the midpoint of
two dc-link capacitors is symmetrical. During this state, V.
reaches zero and causes a null vector for a three-phase output
load. Converter’s controller utilizes the shoot-through time
interval to buck or boost the inverter dc-bus and adjusts the
desirable output voltage for the load.

Initially, it is assumed that C, and C, are large enough and the
same voltages are applied to them, i.e., Vo, = Ver = E /2. Here,

E denotes the average dc-link voltage of the inverter. Moreover,
it is assumed thatl, =L},L,=L, andC, =C{. The
equivalent circuits for both operation states (i.e., shoot-though
and not-shoot-through states) are depicted in Fig. 3.
Considering Fig. 3 (a), during the non-shoot-through interval
(T,), two diodes (i.e., D, and D,) are turned on and we have the
same equations as in the conventional g-ZSI converter. Also,
from Fig. 3 (b), during the shoot-through state time interval
(T,), the two output legs of the FSTPI provide zero state, similar
to the conventional six-switch three-phases g-ZSI converter.
However, the load’s third phase is connected to the midpoint of
the capacitors (V;), as depicted in Fig. 3 (b). There are two
symmetrical g-ZSI parts on upper and lower sides of the
proposed FSTPI inverter that cause similar voltages on the axis
of symmetry and consequently, V, = 0. Therefore, voltage of
the third phase is also zero and unlike in the existing topologies
in the literatures so far such as [2], [3] and [8], the proposed
four-switch converter can indeed provide a null vector as well.
In other words, the proposed g-ZSI provides a zero vector in
each switching period during To time interval.

From Fig. 3, by applying the state space average analysis
method [26], maximum voltages values across the electrolytic
capacitors can easily be derived as follows:

Ve, = Ver = ((1=D)/(2(1 = 2D)))V;n @

Ve, = Ver = (D/(2(1 = 2D))) Vi, @)

Here, shoot-through duty ratio is D = T,/ (T, + T;). Also,
T, and T; are shoot-through and non-shoot-through states time

intervals, respectively.
The dc-link peak voltage value is also given as:

Von = Ve, + Ve + Ve, +Vey =Vis/(1—2D) (3
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Fig. 2. Proposed g-ZSI| FSTPI topology

I1l.  SPACE VECTOR MODULATION

Output voltage quality of the FSTPI inverter depends on the
dc-link voltage fluctuation and the generated PWM pattern to
control the three phase balanced currents. To properly choose
the switching sequence by using a space vector modulation
approach, the phase quantities are usually transformed to the a-
S components of the Clark stationary reference frame [26].
Depending on the motor winding connections, there are two
different kinds of connections for the load (i.e., Wye and Delta),
that affect the generation of the IGBTs PWM gate-drive pulses.
Here, these connections are studied for investigating the effects
of motor structure on the PWM pattern. A three-phase induction
motor, with Wye connected windings, is shown in Fig. 4 (a).
The induction motor is assumed to be symmetrical and has no
neutral connection. The line-to-neutral output voltages of the
FSTPI inverter, i.e., v, ,vp, and v, are given by pole voltages
Vg0, Vpo and vy, as follows:

Vg = Vg0 = Vnos Vao = (2q; — 1)?/2
Vp = Vpo — Uno; Vpo = (2q2 — 1E/2 )
Ve = —VUno

Where, g, and g, are binary variables. Here, state ‘1’ means
that the upper switch in the corresponding leg is “on” and its

"V, | |
c
L1|L1+VD1 C Lol —
Vo Iy * W ot

=<
()
N\
+I\J
3¢ <> Load

8
I
I
|
|
I

(@ (b)
Fig. 3. Equivalent circuits of the proposed q-ZSlI FSTPI with
continuous input current during the two different states (a) non-shoot-
through state and (b) shoot-through state.
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Fig. 4. Voltage vector distributions in the q-ZSI FSTPI: (a) the Wye
windings connection and (b) the Delta windings connection.



complementary switch is “off”. Also, ‘0’ means the lower
switch is “on” and the upper one is “off”. Phase-to-ground
voltages for the two legs of the inverter can be written as a
function of g, and g,. Similar to the conventional Z-source
inverter, both switches S; and S, can be simultaneously turned
on and the resulting zero shoot-through time interval can be
used to boost or buck the dc-bus voltage. Similar to the other
balanced three-phase systems, vy, is the voltage difference
between the neutral point of the load (i.e., N) and the dc-bus
midpoint of the capacitors.

The proposed structure has 4 non-shoot-through states that
generate four vectors (Vy, V,, V5, and V,), and one shoot-through
state that causes a zero vector (V). According to the Clark
transformation, a-f component of these four vectors are given
in Table I. The four aforementioned vectors splits the a-$ plane
to four sections, as depicted in Fig. 5(a), where vectors V;
and V,, are in opposite directions of V; and V,, respectively.
Amplitudes of the even pair vectors (i.e., V, andV,) are v/3 times
larger than the amplitudes of the odd pair vectors (i.e., V;,V53).

Delta windings connection of the induction motor is shown

in Fig. 4 (b). Amplitudes of these vectors are v/3 times higher
than the Wye connection ones. Moreover, they are rotated
counterclockwise by /3 radians around the origin of the o-8
plane coordinates, as compared to Fig. 5 (a). Using a similar
analysis, the vectors distribution of the delta connection of the
load is depicted in Fig. 5 (b).
For the sake of brevity, all space vector mathematical analyses
are only given for the Wye connection, here. However, similar
relationships can straightforwardly be obtained for the delta
configuration of the load, by applying few changes in the load
structure analyses.

Let’s assume the voltage value that must be realized, V,..f, is
located in one of the four regions, the area between the two
standard vectors, as illustrated in Fig. 5 (a). If the complete
switching period, Ty, is available to realize the V,.. - value by the
FSTPI, then the following relation must be satisfied:

vori = Li=1dijVi, ®)

d;j =T;j/Ts and P dij= (6)
Here, T;; is the switching time and d;; is duty cycle for vector V;
with suffix ie{1,...,5}, and je{1,...,4} denote the region
number. Now the problem is how to find these time weights for
any given V. ; value for each region. It should be mentioned
that in the conventional three-phase inverter when time weights
are determined to satisfy (5) and (6), one of the null vectors is
used for the rest of the switching period to completely fulfill T.
In the FSTPI, there are two vectors in each region. Controller
assigns the two nearest vectors for every desired reference value
that effectively synthesize the desired output voltage. These two
vectors are enough for the output voltages corresponding to the
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Fig. 5. Voltage vector distributions in the g-ZSI FSTPI: (a) the Wye
windings connection and (b) the Delta windings connection.

TABLE |
IDEAL VECTORS OF THE PROPOSED INVERTER FOR THE
WYE CONNECTION

(51,52,53,8:)  Vectors (Verr Vp)
(0,1,0,1) 14 (—-1/2V6,-1/2V2)V,,
(1,0,0,1) V, (V3/2V2,-1/2V2)V,,
(1,0,1,0) Vs (1/2V6,-1/2V2)V,,
(0,1,1,0) v, (=V3/2v2,-1/2v2)V,,
(1,1,1,2) Vs (0,0)

reference voltage. However, each switching cycle is 1/f;, and
the extra time should be divided evenly between the two vectors
with opposite directions. Nevertheless, in the proposed
topology, Vs behaves like a null vector under the ideal
condition, where V¢, = Vs . As shown in Table I, this vector

boosts the dc-link peak voltage value across the input of the
inverter by:
1 1 1
=1z z(ts/Ts)’dﬁ B 2(1 ﬁ) )
So, the value of Ts is directly obtained from the desired Z-
source boost gain, and the remaining switching time is
completed with Vs or other vectors in the opposite direction,
depending on the shoot-through control method. d; is effect of
B on the time coefficients of each vectors time weights. As
shown in Fig. 6, three carrier-based methods can be used to
control the shoot-through time interval. The simple boost
control uses two straight lines as references, and assigns a fixed
duty cycle for shoot-through during each switching period. The
voltage gain for the simple boost shoot-through control is given
in (7). The constant boost control uses two sinusoidal envelope
curves as references and the voltage gain in the steady state is:
1 1 1
= cdp =1 —— — 8
B \E(l_(ts/Ts))_l,dﬁ 1 @(Hﬁ) )
In these two control methods, in the inactive part of the
switching period, both shoot-through and zero vectors must be
applied. Since zero vectors are not possible for conventional
FSTPI, opposite vectors should be used to fill the remained
time. One of the major concerns of using opposite vectors is
that they increase switching events in each switching period. In
contrast, the maximum boost control uses the desired three-
phase voltage envelop as a reference. In the inactive part of the
switching cycle, only the shoot-through state is applied, as
shown in Fig. 6. the shoot-through state in the proposed FSTPI
behaves similarly to the null vector in SSTFI, it can be applied
to the entire inactive time period. The voltage gain for the
maximum boost method can be expressed as follows:

1
B 1 1+ E> ©)

_ ™ ap=1
T3V3(1-G/T)) - P 33

Due to the fact that the number of switching events per cycle
is less in the maximum boost approach, in this paper, the
proposed converter is evaluated using this method.

Maximum boost Constant boost

Simple boost

0 Elec. Ang. w0 Elec. Ang. 0 Elec. Ang. T
(Rad) (Rad) (Rad)
@ (b) ©
Fig. 6. Different boost control methods for a g-ZSlI.



Assuming ideal condition (V;, = Ver = E/2) keep for
different regions of the SVM diagram, It can be shown that
switching time weights for all five vectors can be identified by
applying (5) and (6). The time weight of each vector for each
region is given as follows:

1) Regionl:—2n/3<0<-7m/6

In this region, the two nearest vectors are V; andV, that they
are used to achieve the desired reference voltage. The vector Vg
is used for the remaining switching time and its time weight
coefficient is given in (9). Also, duty cycles of the others
vectors are calculated as follows:

dy; = —V6Msin(6 + 1/6)
dy; = —V2M sin(6 — /3)
2) Region2:—n/6<6<m/3

The two main vectors in this region are V, and V5, while V;
and V, are not used here. Using (8), the duty cycles values of
different vectors in the active state are:

dy, = —V2Msin(0 — 1t/3)
d3, = V6M sin(6 + /6)
3) Region3:7/3<0<51/6

The two main vectors are V3 and V,, here. For the conditions

given in (8) and (9), the duty cycles for these vectors are:
ds3 = V6M sin(6 + m/6)
dys = V2Msin(8 — m/3)

4) Region4:5m/6 <6 <-2n/3

v, and V, are used to achieve the desired value, while V; and
V, are not used in this region. Also, duty cycles can be obtained
as follows:

(10)
(11

(12)
(13)

(14)
(15)

(16)
(17)

dy, =V2Msin(6 —n/3) — dg

IV. IMPROVED SPACE VECTOR PWM WITH UNBALANCED
DC-LINK

Despite the assumption that V; = Vel actual voltages of C;

and C; may be different in practice. As a result of the third phase
being connected to the midpoint of the two series connected
capacitors in the FSTPI, low frequency currents cause V, and
Ver to fluctuate with the output voltage frequency. Moreover,

dc-link oscillations are caused by the uncontrollable input
rectifiers that are mainly utilized in some applications, such as
three-phase motor drives. So, the dc-link voltage might be
different from the expected value, as mentioned before.
Therefore, under real conditions, the voltages across C;and C;
will have some oscillations which lead to unbalances in the
three-phase output voltages. Clearly, instantaneous actual value
of Ver and V¢, should be taken into account for generating exact
duty cycles value in (10)-(17). According to the given values
for vectors in Table I, a-f components of all main vectors
depend on the instantaneous voltages of C{ and C;.

Since, practically V¢, # Vs, there will be non-zero

components for the vector Vg, in the a-f plane. Depending on
whether V¢, > Vg or Ve, <V, two vectors are created with
different directions for this vector. When, V¢, > Ver, Vs is in
line with V; , as shown for the Wye windings connection in Fig.
7 (a) and for the delta windings connection in Fig. 7 (b). Under
this condition, V5 duty cycle should be increased, in order to
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Fig. 7. Voltage vector distributions in q-ZSI FSTPI: (a) Wye windings
connection and (b) Delta windings connection.

compensate the effect of the Vg vector on the output of the
FSTPI. While, regarding to the condition V, < Ver, Vs will be

on the opposite direction of V; and it’s time duration grows up
for eliminating the effect of V.

Furthermore, there are two parts for switching times of
V; and V5. Similar to the previous section, the first part of the
switching time for these two main vectors, are used to satisfy
the desired reference in regions from 1 to 4. However, the
second part of V;andV; switching times, d,.andd;,
respectively, are applied to compensate the effect of V. Their
values are given as follows:

dye = Tic/Ty = 1/2 (1= Vg /Ve, )1 = 1/)

dye = Tse/Ty = 1/2 (Vg Ve, —1)(A=1/B)  (19)

Therefore, to obtain the exact time duration of each vector,
(5) and (6) must be met by considering new vectors, as shown
in Fig. 7 (a). Here, the time coefficients for the two cases of
Ve, > Ve and Ve, <V are given, according to the Table II.
Considering Fig. 7 (b), similar analyses are performed to obtain
the duty cycles in the delta windings connection.
A. Mode 1: V¢, >V

When Ve, > Vel according to Table I, Vs has the same

direction of vector V5. Therefore, to compensate the effect
of Vs, vector V; is applied in the opposite direction during the
Tic -
1) Regionl:-2n/3<6<-m/6

In this region, the two nearest vetors to fulfil the appropriate
reference are V; and V,, and by replacing the given values in
Table Il into (5) and (6),d,; andd,; are obtained. As
mentioned earlier, shoot-through duty cycle (i.e.,T5) given in
(9), is determined by the voltage gain (8). For eliminating the
effect of shoot-through vector (i.e., V5), V; duty cycle is
increased by d, .. Depending on the reference region, there are
two different states to achieve this. In the first case, V; is one
of the main vectors and its time weight is increased by d,..
Nevertheless, in the second case V; isn’t one of the main
vectors in regions 2 and 3, as mentioned in Fig. 7. Thus, d,. is
subtracted from V5 time weight, which is one of main vectors in

(18)

TABLE Il
MODIFIED VECTORS FOR THE WYE CONNECTION OF THE LOAD
Vectors (Vs Vp)
vy (=176, -1/V2)V;
Vs (\/2/3 (Ve, + Ver/2), ~1/V2 VC{)
Vs (1/V6,=1/V2)V,
v, (—1/2/3 (Vey + Ve, /2), ~1/V2 vcl)

v (V78 (Ve = V) LNE Ve, Vo)



this region. In the switching events where d,. is greater than
the time coefficient of V; and resulting duty cycle sign is
negative, then V; is applied instead of ;. Duty cycles for the
main vectors to achieve the desired voltage in this region are:

_ _‘/fv‘refl si _ \/ivrefl Sil’l(
" Vc{ Ve, + Vcl’

T
dyy = (V2Vreps/(Ve, + Vey) ) sin (6 - 5)
2) Region2:—-m/6<6<m/3
The two main vectors in this region are V, and V5 that are used
to generate the desired reference value. Similar to region 1, V;
with weight d,. is applied to compensate the effect of vector
Vs in the shoot-though state. This vector is applied for all the
remaining time. The corresponding voltage gain is given in (9),
too. Consequently, weight coefficients for the two main vectors
in this region are obtained as follows:

T
6-3)+die  (0)

(21)

. T 22

dyp = (V ZVrefz/(V61 + VC{)) sin (‘9 - §) 22)
VZVcl’ T

=—" 1 g - ing — 23

ds, Ve, + Ve sin (6 3) +7y,sinf —d;, (23)

Y2 =N 2Vref2/ Ve, (24)

3) Region3:7/3<6<5m/6

The main vectors in this region are V5 and V,, which are used
to achieve the desired value, as defined in Table Il. These
vectors are placed in (5) and (6) to derive the duty cycle
coefficients. Again, V; with gain d;. compensates the effect
of V5. The required quantities for generating PWM signals in
this region are given as follows:

ds; = —ﬁsin (6 - g) +y;sin8 —d;, (25)
V3 = \/EVrefS/ Ve, (26)
dus = (ViVyers/(V3(Ve, +Vig)))sin(0-3) @D

4) Region4:5m/6 <6 <-2mn/3

Two main vectors in this region are V; and V,. Here, V; with
d,. weight is used to eliminate the effect of V5. Accordingly,
the coefficients of the vectors in this region are obtained as
follows:
VaVe,

T
diy =7V4sinb Vo, + Vg sin (49 3) +dy (28)
Ya = \/EVTef4-/VC1’ (29)
T
d44 = - (\/EVTEf‘l-/(VCl + VC{)) Sll’l (0 - 5) (30)

B. Mode 2: Vg, <V

In this case, V; and V; have the same directions, as
mentioned in Table 1. Therefore, V5 with d5, duty cycle must
be applied to compensate the effect of ;.

1) Region1l:—2n/3<60<-7/6

The main vectors for all regions under the operation mode 2
are similar to the ones introduced for operation mode 1, except
the direction of Vg which is in the inverse direction. So, the
added time for compensating the effect of Vs for each region
(i.e., T5.), must be subtracted from T; and must be added to T5.
Here, the d,; weight coefficient is given in (21) and d,4 is:

V2, V2,
rerl ———reft sin (9 — g) —ds, (31)

11 — — sin
Vcl’ Ve, + Vcl’

2) Region2:—n/6<6<m/3

Two adjacent vectors in this region are V, andV;, by
replacing the d,, given in (22) and following d5,constant in (8)
and (9).

v2Ver T
ds, = 29 §in (9 _§) +y,sin @ + ds, (32)

Ve, +Ver
3) Region3: m/3<60<5m/6

Vs and V, are two main vectors near the reference to access
the desired value. Moreover, V5 is used for the remaining time
interval in each switching period to compensate the shoot-
through effects. Two vectors duty cycle values are given in (27)
for d,5 and following constant for d55:

iV,
\/E(Vcl + Vcl’)
4) Region4:57n/6 <0 <-2m/3

From (8) and (9), the duty cycles for vectors V; is obtained as
follows:

A
dys = — sin (9 - §) +y3sin@+ds. (33)

)’4V61 . T
Ve + Vcl’ sin (9 3) + dqc
V; time constant similar to mode 1 is given in (30).
Applying the null vector instead of the active vector reduces
the conduction losses of the switches. Conducting losses of the
power switch during applying opposite vectors is obtained as
follows for four switches [27]:
p 1 I I? I 1 2\ (35
o = E(VCE'E + rCE'Z) + M.cosg. <VCE.§ + E'TCE'I ) (35)

Where I is the maximum value of current passing through the
power switch when it is conducting, Vg, is the collector-
emitter saturation voltage of the switches and 1.z is the
resistance of the IGBT terminals. In the proposed g-ZSI inverter
P,, reduces significantly when V5 is applied instead of two
opposite vectors.

There are different procedures for generating switching
patterns in SVM modulation technique [2], [3]. Proper
modulation technique improves the inverter performance by
reducing the number of switching events and improves the
inverter’s efficiency, as well as its reliability. Moreover, one of
the advantages of an optimized modulation technique is
reduction of the harmonic contents for the output current and
voltage of the inverter.

Selecting the appropriate priority for the vector sequence,
causes each power switch mode to change once per each
switching cycle as clearly shown in Fig. 8. In the proposed
method, the switching states of @Q; and Q, are remained

d14_ =Y sinfg — (34)

VieVo o V5 Vo ! Var Vg o Vs 0 V0 Vg
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Q, L Q L |
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Ts/2 Ts/2 Ts/2 Ts/2

(©) (d)
Fig. 8. The proposed switching patterns for 4 regions in the a-f plane:
(a) region 1, Q3;=0& Q,=1, (b) region 3, Q;=1& Q,=0, (c) region 2,
Q,=1& Q,=0, and (d) region 4, Q,=0& Q,=1.



unchanged in 1 and 3 regions, as depicted in Fig. 8 (a) and (b),
respectively. Moreover, in Fig. 8 (c) and (d), Q; and Q,
maintain their states in regions 2 and 4, which reduces the
switching events as well.

The switching period is divided into two symmetrical parts,
where Ty is considered at the middle of T. This time is used to
define the corresponding weight for Vs, when all four switches
of the inverter are turned on simultaneously for applying a
shoot-through state on the inverter output. Along the region
1, T,=T; =0 and two main vectors (i.e.,V; andV,) are
applied to the remainder of the switching period, as shown in
Fig. 8 (). In this switching algorithm, switches states in the first
leg (i.e., Q, and Q,) are changed only once during each half
switching period, and the states of the switches in the second
leg (i.e.,, Qzand Q,) are remaining unchanged. A proper
sequence for T3, T,, and Tg is depicted in Fig. 8 (b) during
region 3, while V; and V, are not applied along these regions.
Similar switching sequences for regions 3 and 4 are shown in
Fig 8 (c) and (d).

The g-ZSI closed-loop control is generally developed based
on sate-space-averaging method and a small signal model [28]
is used with some modifications for dynamic response analysis
of the impedance network of the proposed structure in Fig. 2.
This structure is actually two symmetrical g-ZSls that operate,
simultaneously. The shoot-through duty cycle to the output
capacitor voltage transfer function is [28]:

-~ 5 Din(s)=
Gyt = Gogya = (0, (9)/d () | 7050 (36)
_ LIHS + 7'111 + (1 - 2D)V11 (37)

ved T 10s? +1Cs + (1 —2D)?

Where, r denotes the parasitic resistance of the inductors, L =
L]_ = Lz, C= Cl = Cz, 111 = Ipn - ZIL, a.nd Vll = Vcl + VCZ'
This transfer function zero and poles are respectively given as:

1 ( (1- 2D)V11>

z=—=|r+

A P 4L(1—2D>2
Prz==or\ " * " T\~

By increasing the capacitance value, i.e., C, only the given poles
are shifted vertically toward the real axis. But, increasing the
inductance value, i.e., L, causes both zero and poles to move
towards the imaginary axis. Beside the compensating circuit, by
changing the inductance and capacitance values the transfer
function zero and poles positions can be properly chosen if it is

(38)

Fig. 9. Proposed g-ZSlI closed-loop control block diagram.

necessary to achieve the desired overshoot or undershoot
amplitude and settling time values. To achieve a stable
behavior, an inner current controller is utilized, which its open-
loop transfer function is given, as previously derived in [28]:
Gild = (K;(1 —2D)I; + KiVi)/ Ko [K + (1 — ZD)Z] (39)
Where, K; = LCs? + RCs, K, = Ls + R, and R is the equivalent
series resistance of the capacitors. Considering (37) and (39), a
dc-link voltage control approach for the proposed g-ZSlI
structure is given in Fig. 9.

Some features of the proposed structure and other existing
FSTPI are compared in term of efficiency, number of elements,
voltage, and current stress in Table I11. Although, voltage boost
isn’t allowed in [3] and [4], but its effect should be considered
to provide the same output power value. On the other hand, to
compare different topologies in Table I, the input voltages are
not the same, but the output power and switching frequency
values for all of these topologies are 1 kW and 10 kHz,
respectively. All of the employed devices, i.e. diodes, IGBTS,
and inductors are the same for the given four topologies in
Table I11. Moreover, all of the passive components are designed
and simulated based on the same magnetic characteristics and
conduction losses. Although, the number of elements increased
in the proposed FSTPI converter, some benefits such as: shoot-
through protection and reduction of conduction losses are
acquired. Semiconductors elements are the most vulnerable part
of the power electronic converter and increasing the number of
semiconductors reduces the reliability of the inverter. Proposed
inverter has smaller number of elements than [2] and [27] that
is more reliable. Proposed structure in [3] and [4] isn’t able to
increase the dc-link voltage for operation after the fault
conditions. Moreover, conduction losses are relatively high,
due to the use of active vectors to complete the switching cycle.

TABLE Il
DIFFERENT TOPOLOGIES COMPARISON
o > S S e Tw »
1= [V aw) Q %) = 5] = 5] (]
=} on O = = = = 8 = O %] = wn S w?@ ) 17}
< °'s = S ER 2 5 =3 4 =59 NG A8 7
& = e & z  Z 28 ZE > ° g~ g
1 v, 2Py 2(1-D) 1-D D
2 924 4 5 4 4 _fm ou ( n ) v, v,
(2] 1-2D 1-2D 3Vin 7G cos ¢ 2(1-2D) ™" (1-2D) "
3] Notallowed 95 4 2 v, _Pour_ Vi/2 ;
in 3V,, cos @ in
[4] Notallowed 945 6 2 1 v, _Pour Vo2 ;
. in 3V, cos @ in
1-D
T S —-(@1-D) P
[27] V3(k(1-D)=1 92 4 4 5 5 ﬂvm V36=A=D)_Pow (V36 = 1)Vin @Vm
K=(1 4 L ) 1-D V3GD  Vipcose 1-D
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™ 336 2P, 2(1-D 1— 3DV3/2n DG
Proposed 951 4 ) 4 4 V3 1), out( ( )) V3/ o Vn
FSTP 3v3(1—-D) -7 Jis 3Vin G cos @ 2(1-3Dv3/n) 33



veen [2]  — e 2] —
Voltage [34] — Current  Gain [34] — Cap.V.
[27]  — sterss e [27] = sterss
Pro. FSTPl  we wese  Pro. FSTPl e
850 ° 35 55 ° - 200
S T s .—  iE
2 a - o 8
& = = B
8’ :2 © 7’ o S
5 5 T
oS — jassteccct vess
g 8 15 e Ceseses® 8
250 1 05 100
0 Duty cycle 0.2 0 Duty cycle 0.2
(@) (b)

Fig. 10. Comparison of the different components voltage -stresses and
voltage-gains of the different topologies as functions of shoot-through
duty ratio (a) current and voltage stresses of the IGBTs and (b) voltage-
gain and voltage-stresses across the capacitors.

However, reliability increase as result of declining number of
utilized elements. In [2] and [27] dc-link boost capability is
achieved, but opposite vectors are applied for remained time of
every switching cycle and conduction losses increase. Fig. 10
shows a comparison between different g-ZSl topologies in
terms of component stress and boost coefficient capability.
From Fig. 10 (a) it can be seen that the IGBT current stress in
the proposed FSTPI is a relatively higher than the given
topologies in [2] and [8]. IGBTs and capacitors are shown in
Fig 10 (a) and (b), respectively.

Their values are slightly increasing in [2], [27] as well as in
the proposed g-ZSI as shoot-through increases, but in [3] and
[4] the voltage stresses remained unchanged due to the inverter
constant output voltage. Fig. 10 (b) illustrates the voltage gain
versus the shoot-through duty cycle of four g-ZSI FSTPIs.
Proposed g-ZSI FSTPI obtains a much higher boost factor
compared to the three other g-ZSls at the same shoot-through
duty cycle value.

V. THE PROPOSED INVERTER DESIGN PROCEDURE

Here, a design procedure is introduced to properly calculate
the inverter parameters, including the inductances and the
capacitances values. Generally, in a switching power inverter
the switching frequency is limited due to the various aspects,
such as: loss limitation and availability of the power switches
and diodes. One of the most important concerns for the
impedance network in a g-ZSl inverter is minimizing the
currents and voltages ripples values. Like the other g-ZSls, for
the given switching frequency, inductances values of the
impedance network identify the currents ripples values during
the shoot-through state, as depicted in Fig. 3 (b). During this
state, the inductors currents rise, linearly. So, their inductances
values can be identified, easily.

Li=L,=L,=L,=V,DT,/2Al (40)

Where, Al is each inductor allowed current ripple and V; is
the applied voltage across each inductor. Here, all four
inductors are considering the same to simplify the analyses and
to achieve a symmetrical topology. For V;,, = 250V, D = 0.07,
and f; = 10 kHz, the required inductances are equal to 500 uH
for the given current ripple of 1.75 A.

All capacitors in the impedance network of the introduced g-
ZS inverter are connected in series during the non-shoot-
through state. Therefore, summation of their voltages is limited
by the inverter input voltage. The capacitances expressed as
follows:

€ =C{ = 2I,(1 = DT,/ (A(V, + Ve)
Cy = C3 = 2I,(1 = DT,/ (A(Ve, + Vi)

(41)
(42)

In which, I, is the inductor current average value. Applying a
well-balanced three-phase output load to the inverter, its output
power and each phase voltage values are also identified, easily.

Pyt = 3v4i,cOS @ (43)
Vg = M,va/\/g (44)

For the desired values Of Irimax = 104, Icymax = 12 A
and A(Vg, +Ver) = A(Ve, + V) = 18V, by considering (41) and
(42), the capacitances of ¢, =C; =100uF and C,=C)=
120 pF are identified. Also, each switch current value during the
shoot-through state is identified by:

Isp =1, = Poue/Vin (45)
Here, v, and i, indicate the ac phase values, as depicted in Fig.
4 (@). M and B denote modulation index and boost factor,
respectively. During the non-shoot-through state, each switch
average current value can be calculated as follows:
Inse. = \/Elac/n = 4Pout/(37TVinMﬁ cos fP) (46)

Therefore, each power switch average current value is
identified, easily.
2(1-D)

! 2P
ISW = DISh. + (1 - D)Inst - 3V. D+ ﬂMﬁ cos @ (47)
mn

For the prototype inverter, 8 = 1.35, cos¢g = 0.8and
180V <V;, < 300V. Therefore, from (46) and (47) each
switch nominal current value is equal to 2.5A. Also, the dc-link
maximum voltage value which is also applied to each switch is
given by:

Vsw = BVin = ((3v36/7) = 1) Viy

From (48), each switch stress voltage is equal to 338 V.

(48)

VI. SIMULATION AND EXPERIMENTAL RESULTS

To validate the proposed FSTPI topology and the introduced
switching pattern, the vector control strategy is emulated in
MATLAB/Simulink. The g-ZSI inverter is feeding a Wye-
connected RL load, as shown in Fig. 4 (a). Some key parameters
of the prototype inverter are given in Table IV and a picture of
1 kW prototype inverters is shown in Fig. 11. Here, it is
assumed that the dc-link voltage is equally divided between the
two split capacitors, i.e., ¢;and ¢;. When the maximum boost
control method is used, switching times are given according to
(10) - (17). By applying these vectors, when the shoot-through
duty ratio is equal to 0.18, the currents and voltages of the three
phases load are illustrated in Fig. 12 (a) and (b). Firstly, voltage
oscillations across the ¢, and ¢; capacitors are neglected and the
PWM signals are applied without any feedback loop from these
capacitors voltages. Therefore, three-phase voltages and
currents through the load are not identical to each other, can be
seen in Fig. 12. This fact causes output voltages to be
unbalanced and third phase that is connected to the capacitor’s

midpoint, isn’t similar to others.
y Capacitors‘

......................

Filter Inductors l @

...........

Control Board

Four- Switches & Driver

Fig. 11. A photograph of the 1 kW prototype proposed FSTPI.
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Fig. 12. Simulation and experimental results for the proposed FSTPI
inverter by using the conventional PWM and maximum boost control
approaches for D = 0.18, time=5 ms/Div. (a) simulation three-phase
currents, (b) simulation three-phase voltages, (c) experimental three-
phase currents(d) experimental three-phase voltages.

The expimenal results with the same operation condition are
shown in Fig. 12 (c) and (d), which are in good agreement with
the given simulation results. It can be clearly seen from the
given results that three-phase output voltages aren’t symetrical,
when insantaneous voltages of ¢, and ¢jaren’t considered to
generate the PWM signals for the inverter.

Fig. 13 (a) shows the voltage fluctuations through the two dc-
link capacitors (i.e., ¢, and ¢;). The low frequency ripple on the
dc-link voltage depends on the capacitors sizes and output
power and affects the FSTPI performance. Voltage ripples on
the capacitors and V, are depicted together in Fig. 13 (b).

As previously mentioned in Sec. 1V, the improved SVM
modulation approach, analyzed by (20) - (30) and (31) - (34),
can be used to compensate effects of the unbalanced dc-link
voltages on the inverter performance. Voltages of ¢, and ¢;
capacitors are measured for considering the instantaneous
differences during switching time generation. Consequently,

using this method, output currents and voltages are well-
DC link Voltage

Voltage(V)

0
0.06 0.07 0.08 0.09
Time(s)

(@ (b)
Fig. 13. Dc-link capacitors voltages (C; and C;) when D = 0.18: (a)
simulation results and (b) experimental results by including the 3™
phase output voltage (time: 5 ms/Div.)
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Fig. 14. Different waveforms of the proposed FSTPI inverter by using
the given PWM procedure, when D=0.18: (a) simulation output currents,
(b) simulation output voltages, (c) experimental output currents, and (d)
experimental output voltages.
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Fig. 15. Propose(d )FSTPI inverter by using a load V\(/it)h power factor of
0.9, when D=0.2: (a) simulation output currents, (b) simulation output
voltages, (c) experimental output currents, and (d) experimental output
voltages.
balanced, as depicted in Fig. 14 (a) and (b), respectively.
Experimental results for verifying the given procedure are
depicted in Fig. 14 (c) and (d) in the step-up mode for D=0.07.
As shown clearly, the three phase’s currents as well as the
voltages are well-balanced, here. Converter behavior for load
with power factor of 0.9 and shoot through duty ratio equal to
0.2 is shown in Fig. 15. Voltage and current are increased due
to the increased maximum value of 1,,,. The simulation results,
as given in Fig. 15 (a) and (b), confirm the experimental results,
shown in Fig. 15 (c) and (d). The load voltage harmonic
spectrum for the conventional PWM method, applied to the
proposed inverter, is also shown in Fig. 16 (a).

Using this technique provides the current THD value equal to
5.4% and it may cause some problems for peripheral systems,
in practice. Fig. 16 (b), shows the harmonic spectrum for the
compensated PWM. The output current distortion is less than
5%, as given in Fig. 16 (b). This approach is therefore able to
perform according to ANSI C84.1-2020 standards in power
quality for electrical consumer. The output current distortion is

- — 4 T60
Fundamental (S0Hz) = 6,188, THD=5.46% =, Fundamental (50Hz) =605, THD=476%

)

Adag (% of Fundamental)

‘|||||I||..,|, L i E\I | i
1]

=
0 W0 40 600 800 1000 200 400 600 800 1000
Frequency (Hz) Frequency (Hz)

@ (b)
Fig. 16. Output current THD in the proposed inverter with maximum
boost control method, (a) conventional PWM signals and (b)
compensated proposed PWM approach.
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Fig. 17. Implemented switching patterns for the proposed FSTPI inverter
in different sectors (5 V/Div. and 5 ps/Div.): (a) Region 1, (b) Region 2,
(c) Region 3, and (d) Region 4.



(@ (b)
Fig. 18. Providing the null vector in the g-ZSI inverter through the shoot-
though state (200 V/Div. and 5 ms/Div.) (a) line to line output voltage
with Vp, and b) three-phase line to line voltage before the output filter.

less than 5%, as given in Fig. 16 (b). Quality of the current
satisfies 1EC61000-2-2 requirements for all electronic
equipment that are affected by the electromagnetic noise.

Comparing Figs. 8 and 17, clearly shows that the
experimental and theoretical switching gate signals are in good
agreement. In Fig. 17 (a) and (c), the experimental null vector
in region 1 and 2 is placed at the center of the switching period.
Also, the experimental switching pattern for the region 3 and 4,
plotted in Fig. 17 (b) and (d), clearly shows that vectors 1, 3, 4,
and 5 have been applied successfully to fulfill the reference
voltage.

As mentioned before, the proposed four-switch converter is
capable of providing a null vector through the shoot through
state in which V},,,=0 (Fig. 3 (b)). For validating this subject,
experimental results are given in Fig. 18. It is clear that during
the shoot-through state, both 1, and V,, reach to zero,
simultaneously, as shown in Fig. 18 (a). Also, three phases’
output voltages, given in Fig. 18 (b), are zero during Ts.
Consequently, V; behaves like a null vector in conventional six-
switches inverter. To compare the performance of both simple
boost control and the maximum boost control approaches,
experimental and simulation results are shown in Fig. 19. Here,
all of the experimental conditions are unchanged for these both
cases and the main parameters are given in Table IV. Voltage
gain for the proposed g-ZSI FSTPI is given in (7), when the
simple boost PWM method is used. Output voltage and current
waveforms for a load with power factor of 0.9 and shoot
through duty ratio of 0.1 are shown in Fig. 19 (a) and (b).
Obtained output voltage in the simple boost case is significantly
less than the maximum boost procedure as clearly depicted in
Fig. 19 (b). This is because the acquired gain in the simple boost
method is less as given in (7). The given closed-loop control
approach for the given transfer functions, (37) and (39), is also
simulated for the proposed g-ZSI inverter. The inverter
performance against disturbances of the input dc voltage and ac
load variations are described here, in detail The simulation
result for the load step change from R, =20 Q to 10 Q is shown
in Fig. 20 (a). It can be seen clearly that when the ac load

TABLE IV
SOME KEY PARAMETERS OF THE PROTOTYPE INVERTER
Parameter Value
Load 1kW cosp = 0.8
Switching frequency 10 kHz
DC input voltage 180V — 300V
Cy Cf 120 uF
Cs C, 100 uF
Ly, Ly, Ly, and LY, 500 uH
Output filter inductor 1mH
Output filter capacitor 47 uF
Power switch (IGBT) IKQ40N120CH3XKSAL
Power diode RHRG75120

changes, the dc-link voltage remained constant by adjusting the
shoot-through properly, as depicted in Fig. 20 (b). Shoot-
through duty cycle value is increased first for compensating the
load changes at t=0.4 s. Experimental currents waveforms for a
three-phase load are shown in Fig. 20 (c), when R, decreases
from 20Q to 10Q. Input voltage changes from 270 V to 300 V
during 0.6 s<t<0.75 s time subinterval and the shoo-through
value decreases after applying this input voltage disturbance
and 1;,,, remains constant without changes, as given in Fig. 20
(d). The shoot-through value variations for compensating the
applied input voltage disturbance is also shown in Fig. 20 (b).
It can be seen that the dc-link voltage of the g-ZSI is remaining

Qutput Current

Qutput Voltage

50 V/div:

(c) (d)
Fig. 19. Proposed FSTPI with simple boost procedure and using a load
with power factor of 0.9, when D=0.1: (a) simulation output currents,
(b) simulation output voltages, (c) experimental output currents, and
(d) experimental output voltages.
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Fig. 20. Proposed g-ZSI performance against the input voltage and load
disturbances: (a) simulation results for currents under the load
disturbance, (b) shoot-through duty cycle, (c) simulation results for
currents under the load disturbance, and (d) input voltage disturbance.
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Fig. 21. Different efficiency curves versus output power for minimum,
nominal, and maximum input voltage values. For conventional FSTPI,
proposed gZSI| with simple boost and maximum boost procedures.
(Vmax=300V, Vin=180V and Vaes=240V).



constant, which demonstrates a reliable performance against the
different external disturbances, due to the applied closed-loop
control.

Finally, in the simple boost PWM method, the switching
events and the current circulation through the opposite vectors
are relatively greater than the maximum boost control approach
one. Consequently, the switching losses in the maximum boost
method are relatively reduced. The proposed inverter efficiency
curves have been plotted versus the output power under
different conditions, as shown in Fig. 21.

For efficiency analysis of the given converter a power quality
analyzer from Chauvin Arnoux company with the manufacturer
part number of C.A 8335 is used. Here, the proposed inverter
experimental efficiency curves for two different control
methods are compared with the conventional FSTPI shown in
Fig. 1 which does not apply the null vector. Fig. 21 clearly
shows that the inverter efficiency is improved by approximately
4% and 2% for lower and higher power values, respectively.
This improvement is mainly due to the null vector applied
during the remaining time of each switching period. The
proposed inverter efficiency using the maximum boost method
is increased by 1.2% compared to the simple boost control
method. As the input voltage decreases, the efficiency of the
proposed FSTPI is also decreased. However, the efficiency for
the proposed topology with maximum boost control method is
relatively higher in all input voltage ranges.

VIl. CONCLUSION

A four-switch g-ZS inverter with capability of creating a null
vector is introduced, analyzed, simulated, and implemented in
the laboratory. The null vector in the SVPWM is applied as a
useless vector in the entire excess time of each switching
period, and contrary to conventional SVM methods in FSTPIs,
two active vectors are not applied in opposite directions. In the
maximum boost control procedure, shoot-through state is
applied for all of the excess time and there is no need to use the
opposite vectors. All active vectors in the space vector diagram
result in the flow of current from the input to the output or vice
versa Consequently, power losses in the power semiconductors
are increased when active vectors are used instead of null
vectors. Applying the null vector during the shoot-through state
reduces the inverter losses and improves its efficiency,
significantly. Moreover, the number of switching events for
applying the opposite vectors in each switching cycle is reduced
which reduces the switching losses as well. Instantaneous
voltage fluctuation on the two split capacitors in the dc-link
unbalances the three-phase output voltages. This issue can be
overcome by using a closed-loop control approach, easily. A 1
kW prototype inverter has been implemented and experimental
results confirm the theoretical analyses and the proposed
inverter operation. Inverter efficiency has increased by 4% at
lower power and 2% at nominal power values, respectively.
Moreover, its output current THD is improved by applying the
given control approach and it is less than 5%, due to the applied
null vector during the remaining time of each switching period.
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