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ABSTRACT
This article proposes a dual space vector PWM control technique for a three-phase to five-
phase quasi Z-source direct matrix converter (QZSDMC). The proposed circuit consists of a
quasi-impedance source network along with a five-phase traditional matrix converter. With the
observation of bidirectional operating capability and the utilization of shoot-through duty ratio,
the proposed converter can ensure both buck and boost operations. This converter overcomes
the voltage transfer ratio restriction and poor voltage regulation of the traditional matrix con-
verter. Also, this converter ensures continuous input current with an absence of input LC filter
components. The proposed direct AC to AC power converter gives an alternate solution to the
multiphase drive system instead of the traditional voltage source inverter. The developed dual
space vector PWM control technique for three-phase to five-phase voltage conversion is derived
from the basic space vector PWM approach. The proposed dual space vector PWM technique
utilizes 90 active states and 3 zero vector states among 243 switching states. The QZSDMC has
been analysed with a dual space vector PWM approach along with the distribution of shoot-
through state in the zero vector. The proposed topology along with the control strategy has
been simulated using MATLAB/Simulink environment.
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1. Introduction

The matrix converter is a bidirectional power flow
converter. It’s consisting of semiconductor switches.
The switches are arranged like an array or matrix
[1]. Recently, the matrix converter attracted more
researchers based on its features and advantages such as
sinusoidal input and output currents, controlled bidi-
rectional power flow, and operation at unity power
factor for all loads [2,3]. The control algorithm plays a
major role in the performance of power electronics con-
verters such as AC to AC or AC to DC to AC [4]. There
are many modulation schemes are developed for three-
phase ormore output-based voltage source inverters. In
general modulation schemes for matrix, converters are
more complex and it’s classified based on the circuit
configuration like direct and indirect matrix convert-
ers [5]. Alesina and Venturini developed a direct PWM
control technique for a direct matrix converter (DMC).
Initially, this modulation scheme limits the output as
half of its inputs [6]. Using the third harmonics injec-
tion PWM scheme, this limit is further extended to
0.866. In the linear modulation region, this limit is
realized as maximum for a three-phase to three-phase
matrix converter [7].

On the other hand, virtual cascaded connections of
the three-phase rectifier, imaginary dc-link capacitor

and voltage source inverter act as indirect matrix con-
verters [8]. The presence of bulk intermediate capacitor
and inductor bank acts as a filtering component will
increase the cost, size, weight and switching losses.
Also, the reliability of the converter is poor [9]. To
overcome these disadvantages, many researchers are
choosing the direct matrix converter (DMC). Themain
advantages of DMC are the absence of an intermedi-
ate DC-link capacitor, low switching losses and higher
power conversion ratio [10,11]. The limitation of DMC
are the voltage transfer ratio of 0.866, the usage of bidi-
rectional switches are more, poor fault ride-through
capability, complex power control strategies, increased
common-mode voltages and complicated protection
circuits [12,13]. Other operation-related limitations are
input side is never to be short-circuited and the output
side is never to be open-circuited. It has a complex com-
mutation process as a result, the poor quality output
waveform will be getting from the set-up [14,15].

The voltage transfer capability can be increased
by two methods. The first method is the usage of
a transformer. Again the disadvantages are size and
cost is increases, efficiency goes to decreases [16]. The
second method is the usage of a matrix reactance
frequency converter (MRFC). It has two classifica-
tions named as integrated matrix reactance frequency
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converter (IMRFC) and cascaded matrix reactance fre-
quency converter (CMRFC). Both methods of MRFC
have their disadvantages such as poor voltage gain,
very low input side power factor, complex control
algorithm, and distorted input and output current
waveforms [17].

All these disadvantages are overcome by introduc-
ing an impedance source-based direct matrix converter
(ZSDMC) [18]. The major advantages of this converter
are minimum-sized LC components, performing both
buck and boost operations, better reliability and higher
efficiency, as well as being free from the dead zone. The
disadvantages of ZSDMC are, the voltage transfer ratio
is 1.15, waveform phase shifting, inaccurate control,
higher voltage, and current switching stresses, higher
system losses, discontinuous input current and higher
input current harmonics [19,20].

To overcome these disadvantages, many researchers
focused on a quasi Z-source direct matrix converter
(QZSDMC). It overcomes voltage gain limitations and
offers up to four to five times higher voltage gain. It
has low impulse current, no phase shift, low voltage
and current switching stress [21,22]. With the addition
of a quasi Z-source into a direct matrix converter, the
electromagnetic interferences ability will be enhanced.
It offers high-quality waveforms, continuous input cur-
rents and less capacitor voltage stress [23,24].

The conventional structure for variable speed drive
has a three-phase power electronics converter with a
three-phase motor. The matrix converter or voltage
source inverter is coming under a modular power elec-
tronics converter [25,26].When themotor is connected
to any one of the modular power electronics convert-
ers and increases legs automatically many phases go
to increases. The development of modular power elec-
tronics converters makes a degree of freedom in the
number of possible phases [27]. The multiphase motor
drives have their advantages over traditional three-
phase motor drives. The notable advantages are high-
frequency torque pulsation with minimum amplitude,
minimum rotor harmonic current losses, minimum
DC-link current harmonics, improved system reliabil-
ity and redundant structure [28,29].

The five-phasemotor drive systemhas several salient
features. It’s very attractive to industrial applications.
The defense, ship propulsion, traction drive, aircraft
and hospital applications required high fault-tolerant
property [30,31]. If the number of phases increases
automatically volume of the motor drive gets reduced.
In naval ships and mining applications, space require-
ments are very stringent. The five-phase system is more
suitable for these applications [32,33]. The British naval
ship contains a 15-phase inductionmotor drive built by
Alstom. The machine winding has been reconfigured
as 5 three phases or 3 five phases by the application of
modular power electronics converters [34,35].

In this paper, the dual space vector PWM-based
control strategy is proposed based on the space vector

model. The proposed dual SVPWM technique applies
for a three-phase to five-phase direct matrix converter
cascaded with a quasi-impedance source network. This
dual SVPWM is more suitable for digital implementa-
tion. In this scheme, the output voltage is enhanced up
to four to five times the input voltages. Theoretically, the
maximum output magnitude was obtained in the lin-
ear modulation region using QZSDMC configurations.
This paper presents the simulation result using MAT-
LAB/Simulink environment and the same is validated
by experimental prototype set-up. The simulation and
experimental results are matched with good feasibil-
ity by the suggested QZSDMC topology and its control
strategy.

2. QZSDMC: Topology, operation and
modelling

Figure 1 shows the main circuit configuration of QZS-
DMC. It’s consisting of a three-phase source, input
filter, QZS network, direct matrix converter and five-
phase RL load. The QZS network consisting of six
inductors named Lax, Lbx, Lcx (where x = 1, 2), six
capacitors named as Cax, Cbx, Ccx (where x = 1, 2)
and three bidirectional switches Sy (where y = a,b,c)
with the same switching states, as a result, the switch-
ing signal is represented as S0. All inductors having
equal values as well as all the capacitors are having equal
values [36]. The three-phase to five-phase power cir-
cuit topology is connected in series with the Z-source
network as presented in Figure 1. For five-phase, it con-
sists of five legs and each consisting of bidirectional
switches. The bidirectional power flow switches con-
sist of two power diodes and two IGBT switches. The
power diode and IGBTs are connected in series and the
entire switching configuration should be connected in
a common-emitter configured bidirectional power flow
switch as available in Figure 2 [37]. The output config-
uration should be odd in phases. The nature of the load
connected to the power circuit should be RL load.

The definition for switching function like

Soi = 1 for the switch is in a closed condition
Soi = 0 for the switch is in an open condition

where o = A, B, C, D, E represent output phases and
i = a, b, c represent input phases. The general switching
constrain is

SAi + SBi + SCi + SDi + SEi = 1

The QZSDMC working principle consists of two
states called shoot-through state and non-shoot-
through the state. The switch S0 is in an OFF state dur-
ing shoot through the state as a result the output of
QZSDMC is shorted for boost operation. The switch
S0 is in an ON state during non-shoot-through the
state, and the QZSDMC is working as normal DMC.
The equilibrium of the system should be maintained
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Figure 1. Main circuit configuration for three-phase to five-phase QZSDMC.

Figure 2. Common-emitter configured bidirectional power
flow switch.

by making all capacitors are equal and all inductors are
equal [38,39].

Consider Ts as one switching cycle, consisting of
T1 as a shoot-through time interval and T2 as a non-
shoot-through time interval. Hence, Ts = T1+T2 and
the shoot-through duty ratio D = T1/Ts. The output
voltage equation during shoot through the state can be
represented as

⎛
⎜⎜⎜⎝

VAB
VBC
VCD
VDE
VEA

⎞
⎟⎟⎟⎠ =

⎛
⎜⎜⎜⎝

Vla1
Vlb1
Vlc1
Vld1
Vle1

⎞
⎟⎟⎟⎠ −

⎛
⎜⎜⎜⎝

Vlb1
Vlc1
Vld1
Vle1
Vla1

⎞
⎟⎟⎟⎠

+

⎛
⎜⎜⎜⎝

Vca1
Vcb1
Vcc1
Vcd1
Vce1

⎞
⎟⎟⎟⎠ −

⎛
⎜⎜⎜⎝

Vcb1
Vcc1
Vcd1
Vce1
Vca1

⎞
⎟⎟⎟⎠ (1)

The output voltage equation during non-shoot-
through the state can be represented as
⎛
⎜⎜⎜⎜⎝

VAB
VBC
VCD
VDE
VEA

⎞
⎟⎟⎟⎟⎠

=

⎛
⎜⎜⎜⎜⎝

Vla1
Vlb1
Vlc1
Vld1
Vle1

⎞
⎟⎟⎟⎟⎠

−

⎛
⎜⎜⎜⎜⎝

Vlb1
Vlc1
Vld1
Vle1
Vla1

⎞
⎟⎟⎟⎟⎠

+

⎛
⎜⎜⎜⎜⎝

Vca1
Vcb1
Vcc1
Vcd1
Vce1

⎞
⎟⎟⎟⎟⎠

−

⎛
⎜⎜⎜⎜⎝

Vcb1
Vcc1
Vcd1
Vce1
Vca1

⎞
⎟⎟⎟⎟⎠

+

⎛
⎜⎜⎜⎜⎝

Va′b′
Vb′c′
Vc′d′
Vd′e′
Ve′a′

⎞
⎟⎟⎟⎟⎠

(2)

During the steady-state condition over one switch-
ing cycle in the inductor, the average voltage is zero
[40,41]. The symmetrical voltages across three-phase
capacitors are

⎛
⎝

Va′b′
Vb′c′
Vc′a′

⎞
⎠ = 1

1 − 2D

⎛
⎝

Vab
Vbc
Vca

⎞
⎠ (3)

The boost factor B for ZSDMC can be expressed as

BZSDMC = Vo

Vi
= 1√

3D2 − 3D + 1
(4)

The boost factor B for QZSDMC can be stated as

BQZSDMC = Vo

Vi
= 1

1 − 2D
(5)

where Vo is the amplitude of output voltage and Vi is
the amplitude of input voltage.

Thus, the voltage gain “G” for the QZS network
using boost factor and modulation index, over one
switching cycle is [42]

G = BM (6)

3. SVPMW control algorithm

In the space vector plane, the three-phase input current
and five-phase output voltages are represented based
on the space vector algorithm. In the QZSDMC, there
are different switching states are available [43,44]. The
switching state represents the connections between the
output phases to the input phases. The total numbers of
switches including QZS are 18. In that, the main bidi-
rectional switches are 15. The possible combinations
of switching states are 215. The following constraints
should be followed by QZSDMC for safe switching
operations [45,46]. At any switching time do not short
circuit at the input side and do not open-circuited at
the output side. There are 315 switching combinations
are available to satisfy the above-mentioned switching
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combinations. These 243 possible switching combina-
tions can be categorized into five groups. The combi-
nation of switches is represented as [A, B, C], where A,
B, C represents the combination of output phases are
connected to the input phases a, b, c. The first groups of
switching states are zero vectors (i.e. A #B #C [A, B, Ce
0, 0, 5]). In this switching state, all the output phases are
connected to any one of the same input phases. In the
zero vectors, themagnitude and frequency of the output
parameters are zero. There are three possible switching
combinations are available in this group [47,48].

The second groups of switching states are A # B #
C [A, B, C e 0, 1, 4]. In this switching state, any four
of the output phases are connected to any one of the
same input phases and the remaining one of the output
phases is connected to the remaining input phase. One
input phase is always not connected to the output phase.
There are 30 switching combinations are available in
this category. In the space vector, it has a variable ampli-
tude and constant frequency, i.e. amplitude of output
voltages depending on the selected input line voltages.
In this case, 30 combinations of output voltage and
input current space vectors phase angle do not depend
on the input voltage and output current phase angle,
respectively.

The third groups of switching states are A # B # C
[A, B, C e 0, 2, 3]. In this switching state, any three
of the output phases are connected to any one of the
same input phases and two of the output phases are con-
nected to any one of the remaining input phases. One
input phase is always not connected to the output phase.
There are 60 switching combinations are available in
this category. In the space vector, it has a variable ampli-
tude and constant frequency, i.e. amplitude of output
voltages depending on the selected input line voltages.
In this case, 30 combinations of output voltage and
input current space vectors phase angle do not depend
on the input voltage and output current phase angle,
respectively [49,50].

The fourth groups of switching states are A # B # C
[A, B, C e 0, 2, 3]. In this switching state, any three of
the output phases are connected to any one of the same
input phases and the remaining two output phases are
connected to the remaining two input phases. In this
case, all the input phases are engagedwith any one of the
output phases. There are 60 switching combinations are
available in this group. In the space vector, it has a vari-
able amplitude and variable frequency. It says that the
amplitude of output voltages depends on the selected
input line voltages. In this case, the 60 combinations
of output voltage and input current space vectors space
angle depend on the input voltage and output current
space vector space angles. The output voltage and input
current space vectors of these 60 combinations do not
have prefixed positions. The locus of the space vec-
tor forms ellipses at a different orientation. As a result,
the phase angle of input and output vectors cannot be

controlled, independently. So the space vector modula-
tion for three-phase to five-phase conversion does not
consist of this category of switching states.

The fifth groups of switching states are A # B # C
[A, B, C e 1, 2, 2]. In this switching state, any two of
the output phases are connected to any one of the same
input phases, another two of the output phases are con-
nected to any one of the same input phases and the
remaining one output phase is connected to the remain-
ing one input phase. In this case, all the input phases are
engagedwith any one of the output phases. There are 90
switching combinations are available in this group. In
the space vector, it has a variable amplitude and variable
frequency. It says that the amplitude of output volt-
ages depends on the selected input line voltages. In this
case, the 90 combinations of output voltage and input
current space vectors space angle depend on the input
voltage and output current space vector space angles.
The output voltage and input current space vectors of
these 90 combinations do not have prefixed positions.
The locus of the space vector forms ellipses at a differ-
ent orientation. As a result, the phase angle of input and
output vectors cannot be controlled, independently. So
the space vector modulation for three-phase to five-
phase conversion does not consist of this category of
switching states. As a result, the effective utilization of
the active space vectors for the proposed dual SVPWM
for three-phase to five-phase QZSDMC is used in only
93 vector combinations [51,52].

4. Dual space vector PWM control strategy

Figure 1 represents the general topology for three-phase
to five-phase QZSDMC. The modulation technique
effectively used to control theQZSDMCutilizes only 93
active switching vectors instead of 243. Depending on
the output contributions, these active switching states
can be grouped into four.

Group 1 [A, B, Ce 5, 0, 0]. Three vectors comeunder
this category and it’s called zero vectors.

Group 2 [A, B, C e 4, 1, 0]. Thirty vectors come
under this category and it’s called medium vectors.

Group 3 [A, B, C e 3, 2, 0]. Thirty vectors come
under this category and it’s called large vectors. In this
switching state, any two adjacent output phases are
connected to the same input phase.

Group 4 [A, B, Ce 3, 2, 0]. The remaining 30 vectors
come under this category and it’s called large vectors.
The major difference in these switching states with the
previous case is any two alternate output phases are
connected to the same input phase (Figure 3).

Figures 4 and 5 represent the input current switch-
ing space vectors and output voltage space vectors.
Depending on the switching sequences, all the input
current space vectors are combined with all the output
voltage space vectors. For each combination, the input
voltage and current, as well as output voltage and input
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Figure 3. Equivalent circuit of QZSDMC (a) at shoot-through state and (b) at non-shoot-through state.

Figure 4. Group 3: Input current switching space vector.

current space vectors, are defined as

−→Vi = 2
3

(
Vab + Vbcej

2π
3 + Vcaej

4π
3

)
= Vi · ejαi (7)

−→V0 = 2
5

(
VAB + VBCej

2π
5 + VCDej

4π
5

+VDEej
6π
5 + VEAej

8π
5

)

= V0 · ejα0 (8)

−→Ii = 2
3

(
Ia + Ibej

2π
3 + Icej

4π
3

)
= Ii · ejβi (9)

−→I0 = 2
5

(
IA + IBej

2π
5 + ICej

4π
5 + IDej

6π
5 + IEej

8π
5

)

= I0 · ejβ0 (10)

where Vab, Vbc, Vca are input line voltages; VAB, VBC,
VCD, VDE, VEA are output line voltages; Ia, Ib, Ic are
input currents; IA, IB, IC, ID, IE are output currents; αi
is the input voltage vector space angle; α0 is the output
voltage vector space angle; β i is the input current vec-
tor phase angle; β0 is the output current vector phase
angle.

Let,M is the medium size space vector; L is the large
size space vector; −→Vi is the desired input line voltage
space vector;−→V0 is the desired output line voltage space
vector;−→Ii is the desired input line current space vector;

Figure 5. Group 3: Output voltage switching space vector.

−→I0 is the desired output line current space vector and−→Ei is the input line to neutral voltage vector, and it’s
defined as

−→Ei = 1√
3
−→Vi · e−j π6 (11)

The proposed space vector control strategy must
obey the constraint of unity input power factor for the
generation of desired output voltage vectors. So the
direction of −→Ei and −→Ii should be the same for obtain-
ing unity input power factor. From Figures 4 and 5, the
identified three-phase input and five-phase output side
sectors are 6 and 10, respectively. Consider input and
output vectors are in sector-1, the components of−→V0 are−→
V ′

0 and
−→
V ′′

0 (i.e. two adjacent vector directions). Simi-
larly, the components of−→Ii are

−→
I′i and

−→
I′′i. All the output

voltage and input current components at sector-1 are
given below.

−→
V ′

0: ± 10L,±11L,±12L and ± 7M,±8M,±9M

−→
V ′′

0: ± 1L,±2L,±3L and ± 13M,±14M,±15M

−→
I′i : ± 3L,±6L,±9L,±12L,±15L and ± 3M,

± 6M,±9M,±12M,±15M

−→
I′′i: ± 1L,±4L,±7L,±10L,±13L and ± 1M,±4M,

± 7M,±10M,±13M
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Table 1. Space vector choices in SVPWM for various sectors combinations.

Sector number for Ii

Sector number
for V0 1 or 4 2 or 5 3 or 6

1 or 6 ±1L,±3L,±10L,±12L±7M,±9M,±13M,±15M ±2L,±3L,±12L,±11L±8M,±9M,±15M,±14M ±1L,±2L,±10L,±11L±7M,±8M,±13M,±14M
2 or 7 ±4L,±6L,±10L,±12L±1M,±3M,±7M,±9M ±5L,±6L,±11L,±12L±2M,±3M,±8M,±9M ±4L,±5L,±10L,±11L±1M,±2M,±7M,±8M
3 or 8 ±4L,±6L,±13L,±15L±1M,±3M,±10M,±12M ±5L,±6L,±14L,±15L,±2M,±3M,±11M,±12M ±4L,±5L,±13L,±14L±1M,±2M,±10M,±11M
4 or 9 ±7L,±9L,±13L,±15L±4M,±6M,±10M,±12M ±8L,±9L,±14L,±15L±5M,±6M,±11M,±12M ±7L,±8L,±13L,±14L±4M,±5M,±10M,±11M
5 or 10 ±1L,±3L,±7L,±9L±4M,±6M,±13M,±15M ±2L,±3L,±8L,±9L±5M,±6M,±14M,±15M ±1L,±2L,±7L,±8L±4M,±5M,±13M,±14M

The fundamental SVM algorithm is to select the
appropriate switching states and calculate the duty
cycle for each switching state during the switching
period Ts. To achieve the desired output voltages and
input currents, two adjacent switching states should be
selected along with zero switching states. This com-
bination will provide maximum output to input volt-
age transfer ratio. The output voltage and input cur-
rent vectors can be synthesized by selecting the com-
mon switching states. The common switching states are
±10L,±12L,±7M,±9M and ±1L,±3L,±13M,±15M.

The two switching states with the same number with
opposite signs, one state should be used based on the
duty cycle sign. If the duty cycle is positive, then the
positive switching states are used; otherwise, the neg-
ative switching states are used if it is negative. From
Figures 4 and 5, the input voltage space vector phase
angle is 0 ≤ αi ≤ (π /3) and the output voltage sec-
tor phase angle is 0 ≤ α0 ≤ (π /5). In this case, assume
line voltage VAB and –VCA are higher values. The large
and medium vector configurations are used to obtain
the

−→
V ′

0 is +10L,−12L,+7M and −9M and for
−→
V ′′

0 is
+1L,−3L,+13M and −15M. These configurations are

associated with the vector directions adjacent to the
input current vector positions. Table 1 represents the
60 switching combinations of large andmediumvectors
for different sectors [53].

Apply the SVM technique and solve the system
equation at sector-1, the on-time ratio δ can be calcu-
lated for each configuration as

δ+10L · |L| · Vab − δ−12L · |L| · Vca

+ δ+7M · |M| · Vab − δ−9M · |M| · Vca = V ′
0

= 5
3
|−→V0| · |L + M| · sin

( π

10
+ α0

)
(12)

δ+10L
2√
3
iD = I′i = |−→I′i | 2√

3
sin

(π

6
−

(
αi − π

6

))

(13)

δ−12L
2√
3
iD = I′′i = |−→I′i | 2√

3
sin

(π

6
+

(
αi − π

6

))

(14)

Table 2. Space vector switching sequence execution with commutation representation.
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δ+7M
2√
3
iC = I′i = |−→I′i | 2√

3
sin

(π

6
−

(
αi − π

6

))

(15)

δ−9M
2√
3
iC = I′′i = |−→I′i | 2√

3
sin

(π

6
+

(
αi − π

6

))

(16)

Consider a balanced three-phase system. The sinu-
soidal nature supply voltage can be expressed as

Vab = |−→Vi | cosαi

Vbc = |−→Vi | cos
(
αi − 2π

3
)

Vca = |−→Vi | cos
(
αi − 4π

3
)

(17)

Now, generate
−→
V ′

0 and set the input current vec-
tor direction using configurations +10L,−12L and
+7M,−9M.

δ+10L = |−→V0|
|−→Vi|

· |L| · 10
3
√
3
sin

( π

10
+α0

)
· sin

(π

3
−αi

)

δ−12L = |−→V0|
|−→Vi|

· |L| · 10
3
√
3
sin

( π

10
+ α0

)
· sin(αi)

δ+7M = |−→V0|
|−→Vi|

· |M| · 10
3
√
3
sin

( π

10
+α0

)
· sin

(π
3

−αi

)

δ−9M = |−→V0|
|−→Vi|

· |M| · 10
3
√
3
sin

( π

10
+ α0

)
· sin(αi)

(18)

Now, generate
−→
V ′′

0 and set the input current
vector direction using configurations +1L,−3L and
+13M,−15M.

δ+1L = |−→V0|
|−→Vi|

· |L| · 10
3
√
3
sin

( π

10
−α0

)
· sin

(π
3

−αi

)

δ−3L = |−→V0|
|−→Vi|

· |L| · 10
3
√
3
sin

( π

10
− α0

)
· sin(αi)

δ+13M = |−→V0|
|−→Vi|

· |M| · 10
3
√
3
sin

(π

10
−α0

)
· sin

(π
3

−αi

)

δ−15M = |−→V0|
|−→Vi|

· |M| · 10
3
√
3
sin

( π

10
− α0

)
· sin(αi)

(19)

The obtained results are valid only when−(π/10) ≤
α0 ≤ (π/10) and for 0 ≤ αi ≤ (π/3). The on-time duty
cycle ratios should be positive and the sum of duty cycle
ratios must be lower than or equal to unity.

δ+10L + δ−12L + δ+1L + δ−3L + δ+7M
+ δ−9M + δ+13M + δ−15M ≤ 1 (20)

Some key points in this dual SVPWM control tech-
niques are on-time duty ratio should be positive, some
of the duty ratios must be lower than or equal to unity
and a similar procedure should be followed for all sec-
tors. In the case of three-phase to five-phase DMC,
the maximum value of voltage transfer value can be
determined as q = 0.7886.

5. Shoot-through insertion strategy

The conventional dual space vector modulation for
QZSDMC was analysed and getting improved by dis-
tributing the shoot-through states. The shoot-through
state analysis is based on the present 90 active states
and 3 zero states. The DMC constrain is, the input side
is never to be short-circuited. It will be overcome by
connecting the QZS network at the input side of DMC.
Now the input sides of DMC can safely short circuit and
its acting in the shoot-through state with zero vectors.
During non-shoot-through the state, the QZSDMC is
working under normal mode or active vectors state.
The importance of this technique is the sustainabil-
ity of active vector states, zero vector states and shoots

Figure 6. Switching sequences for QZSDMC including shoot-through states with a dual space vector modulation scheme.
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through states by efficiently reducing the switching time
of bidirectional switches [54]. The duty ratio can be
calculated as

T1 =dαμTs=m sin(36◦−θmi) sin(36◦ − θmv)Ts=T5

T2 = dαγTs = m sin(θmv) sin(36◦ − θmi)Ts = T6

T3 = dβμTs = m sin(36◦ − θmv) sin(θmi)Ts = T7

T4 = dβγTs = m sin(θmv) sin(θmi)Ts = T8

Tst = dstTs, m = mcmv

T0 =1−T1−T2−T3−T4−T5 − T6 − T7 − T8 − Tst
(21)

Table 2 represents the shoot-through vectors of a
single output phase. Figure 6 shows the switching
sequences for QZSDMC with a dual space vector mod-
ulation scheme. The dual SVPWM for QZSDMC can

be implemented using eight space vectors for the par-
ticular vector. For the specific angular sector, the αi and
α0 are calculated using phase angle, input line current
and output line voltages. For getting the symmetrical
switching waveform, the zero space vectors are effec-
tively utilized in each switching cycle. To minimize
the number of switching commutations, the switch-
ing sequences should be carefully utilized. The eight
active switching states and one zero switching state
should be ordered to reduce the number of switch-
ing commutations. Initially, the switching time Ts get
equally halved. For symmetrical switching, zero vec-
tor is applied first and followed by active vectors to
each half cycle. The mirror images of the switching
sequences should be employed for each half cycle of
the sampling period. The performance of QZSDMC
was improved by adjusting the switching time using

Figure 7. Schematic representation of simulation set-up.

Table 3. Maximummodulation index and voltage gain formulation.

Matrix converter
configuration (N× K)

Maximum output
to input formula

Maximummodulation
index (%) Maximum gain (G)

3× 3
1/(2 cos( π

6 ))
2
3 Vdc

86.66
1/(2 cos( π

6 ))
2
3 Vdc

× B

3× 5
1/(2 cos( π

10 ))
2
3 Vdc

78.86
1/(2 cos( π

10 ))
2
3 Vdc

× B

3× 6
1/(2 cos( π

12 ))
2
3 Vdc

77.65
1/(2 cos( π

12 ))
2
3 Vdc

× B

3× 7
1/(2 cos( π

14 ))
2
3 Vdc

76.93
1/(2 cos( π

14 ))
2
3 Vdc

× B

3× 9
1/(2 cos( π

18 ))
2
3 Vdc

76.15
1/(2 cos( π

18 ))
2
3 Vdc

× B

5× 3
1/(2 cos( π

6 ))
0.6472Vdc

89.21
1/(2 cos( π

6 ))
0.6472Vdc

× B

5× 5
1/(2 cos( π

10 ))
0.6472Vdc

81.23
1/(2 cos( π

10 ))
0.6472Vdc

× B
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shoot-through zero vectors. The switching time of
active space vectors remains unchanged. It is observed
that in each portion of the sampling period either one
or two switching commutations are taking place and a
total of 24 commutations are required for each sampling
period.

6. Maximummodulation index and voltage
gain formulation in N to K phase QZSDMC

The voltage gain of the QZSDMC is given by G = BM,
where G is the voltage gain of QZSDMC, B is the boost
factor for QZSDMC and M is the modulation index
for QZSDMC. Table 3 shows the maximum modula-
tion index formulation for N to K phase QZSDMC. The
maximum output in the linear range can be getting for
N to K phase QZSDMC as

Maximum possible output inN toKQZSDMC
matrix converter(G)

=
Maximum output in K phase QZS

inverter in the linear range
Length of the largest space vector of

n − phase QZS inverter

× B

(22)

G =
1/2cos

(
pi
2M

)

2
3Vdc

× B (23)

7. Simulation results and discussions

The simulation work is supported to study the oper-
ation and performance of this converter in the whole
range of operations. The suggested modulation scheme
for QZSDMC provides excellent performance in all the
operating regions. The MATLAB/Simulink platform is
used to develop the simulation model by using the
library block of the simpowersystem.

The block diagram representation of the suggested
PWM is presented in Figure 7. The MatLab/Simulink

Figure 8. (a) Controlled switching signals generated by a dual SVPWMcontrol technique for each leg. (b) Three-phase input voltages
and current for 3ϕ to 5ϕ QZSDMC with frequency 50 Hz.
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Figure 9. (a) Three-phase output phase voltages and line voltages at frequency 50 Hz. (b) Three-phase output load currents at fre-
quency 50 Hz. (c) Output voltages THDof three-phase to three-phaseQZSDMC. (d) Output current THDof three-phase to three-phase
QZSDMC.
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Table 4. MatLab simulation and experimental parameters con-
sideration.

Parameters Values

AC input line-to-ground RMS voltage, Vi 100 V
AC input current, Ii 3.3 A
AC input voltage frequency, fi 50 Hz
QZS network inductance, L 1.5mH
QZS network capacitance, C 330 μF
QZSDMC switching frequency, fs 5000 Hz
AC output line-to-ground RMS voltage, Vo 147 V
AC output line current, Io 2.2 A
AC output voltage frequency, fo 50 Hz
Modulation index,M 0.66
Shoot-through duty ratio, D0 0.34
Power factor, cosϕ 0.955
Simulation step size 10 μs
R-Load connected to the QZSDMC 100Ω
L-Load connected to the QZSDMC 10mH

environment is used to validate the proposed dual space
vector PWM for QZSDMC. Also, the viability of the
design is checked by constructing the experimental
prototype. Table 4 represents the parameters chosen
for various elements used in simulation and real-time
hardware equipment. In the simulation part, the QZS-
DMCwaveforms are validated by comparing themwith
normal DMC waveforms. Figure 8(b) shows the input
phase voltages with a magnitude of 100V, 50Hz fre-
quency. Assume 0.66 as modulation indexM0 and 0.34
as shoot-through duty ratioD0. Figure 9(a,b) shows the
output five-phase voltages of 145V (RMS) and 2.45A
load current. The calculated gain of QZSDMC is 2.05.
This gain value represents the relationship between out-
put voltages concerning input voltages, i.e. the output
voltage is 2.05 times of input voltages with a cut-off
frequency of 5 kHz.

Theoretically, the boost factorB is calculated as 3.125
with a maximum voltage gain of 2.06. Using these
parameters, the period for shoot-through duty ratio can
be calculated as 0.34 which is the same as the theoret-
ical value. The simulation results for the conventional
DMC show the output phase voltages of 86.65V (RMS).
It represents the voltage transfer ratio of conventional
DMC is only 0.866 which is less than the voltage trans-
fer capability of QZSDMC. Also, the sinusoidal nature
with continuous input current waveforms can be get-
ting from QZSDMC. On the other side, the input cur-
rent flows through the conventional DMChas pulsating
current with higher harmonics voltage and current as
shown in Figure 9(c,d).

Figure 10 shows the five-phase output voltage and
current waveformswith harmonics representations get-
ting from the 3ϕ to 5ϕQZSDMCwith the input voltages
of 100V peak at frequency 50Hz. The 3ϕ to 5ϕ QZS-
DMC has the capability of producing various output
voltages and frequencies like 25, 75 and 100Hz. From
Figures 11–16, the researcher can observe the inbuild
wide range voltage gain capability of QZSDMCS with
more than three phases. From the proposed converter,
the following points are proven clearly. A wide range

Figure 10. (a) Five-phase output phase voltages at frequency
50 Hz. (b) Five-phase output line voltages at frequency 50 Hz. (c)
Five-phase load currents at frequency 50 Hz. (d)Output voltages
THD of three-phase to five-phase QZSDMC. (e) Output current
THD of three-phase to five-phase QZSDMC.

of voltage gain, sinusoidal nature of input current with
less THD,minimumusage of power switches compared
with back-to-back connectedmultiphase voltage source
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Figure 11. (a) Three-phase output phase voltages and line voltages at frequency 25 Hz. (b) Three-phase output load currents at
frequency 25 Hz. (c) Output voltages THD of three-phase to three-phase QZSDMC. (d) Output current THD of three-phase to three-
phase QZSDMC.
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inverter and the input filter elimination. As per the
control law, the output pattern for controlling the out-
put voltage is directly derived and these control signals
are given to the switches as shown in Figure 8(a).

Figures 10–16 show the voltage THD and current
THD of conventional DMC and 3ϕ to 5ϕ QZSDMC.
From that Figures 10–16, the observation taken as
THD of 3ϕ to 5ϕ QZSDMC is less than the THD
of conventional DMC by the percentage of 2.5. The
voltage THD and current THD of 3ϕ to 5ϕ QZS-
DMC are 3.76 and 4.04%, respectively, and the volt-
age THD and current THD of conventional DMC are
4.76 and 4.03%, respectively, with a frequency 50Hz.
These THD tolerance limits are specified within the
IEEE19-1999 standards. Table 5 shows the consolidated
observation getting from Figures 9–16 like input volt-
age, output phase voltages, output line voltages, load
currents, voltage harmonics and current harmonics
of both three-phase output, and five-phase output of
dual SVPWM-based QZSDMC with 25, 50, 75 and
100Hz.

The proposed experimental prototype set-up struc-
ture is shown in Figure 17. The experimental results are
used to validate the proposed concepts of the dual space
vector PWM technique for 3ϕ to 5ϕ QZSDMC. These
experimental results are helpful to analyse and justify
the theoretical concepts, reliability, and ease of digi-
tal implementation. Hence, the proposed direct ac–ac
converter can be used for the wide range of speed
control for multiphase drive systems. The schematic
blocks for the experimental set-up are as shown in
Figure 17. Figure 18 represents the experimental set-
up of a three-phase to five-phase quasi Z-source direct
matrix converter. The IXYS-based FIO50-12BD bidi-
rectional switches-based power modules are used to
compose the required experimental prototype set-up.
It’s an ISOPLUS i4-PAC consisting of fast diode bridges
and diagonally connected IGBTs. The IGBTs and diode
bridges have the voltage blocking capability of 1200V
and the current-carrying capability of each device
are 50A.

Thismodule is available in themarket as a single chip
with five output pins. Among the five output pins, four
pins are used to diode bridges, and one pin is used to
IGBT gate drive circuit. Using the single control sig-
nal, the bidirectional current flow can be controlled
by a single chip module. The QZSDMC consists of 27
bidirectional power switches among that 18 switches
are effectively utilized. The spartan 3-A DSP controller
and Xilinx XC3SD1800A FPGA are used to generate
the control signals for bidirectional switching devices.
The FPGA board consists of logic gates, A/D and D/A
conversion processors, gate drive signal generator and
modulation code processor. The FPGA board has the
capability of handling the PWM signals up to 50. The
entire powermodule circuit is protected using damping
diode circuits.

Figure 12. (a) Five-phase output phase voltages at frequency
25 Hz. (b) Five-phase output line voltages at frequency 25 Hz. (c)
Five-phase output load currents at frequency 25 Hz. (d) Output
voltages THD of three-phase to five-phase QZSDMC. (e) Output
current THD of three-phase to five-phase QZSDMC.

The autotransformer is used to provide the input
power supply of 100V, 50Hz, 3phase AC power. The
QZSDMC is made of bidirectional switches with a
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Figure 13. (a) Three-phase output phase voltages and line voltages at frequency 75 Hz. (b) Three-phase output load currents at
frequency 75 Hz. (c) Output voltages THD of three-phase to three-phase QZSDMC.(d) Output current THD of three-phase to three-
phase QZSDMC.
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Figure 14. (a) Five-phase output phase voltages at frequency
75 Hz. (b) Five-phase output line voltages at frequency 75 Hz. (c)
Five-phase output load currents at frequency 75 Hz. (d) Output
voltages THD of three-phase to five-phase QZSDMC. (e) Output
current THD of three-phase to five-phase QZSDMC.

switching frequency of 5 kHz. Table 4 represents var-
ious input side parameters, filter parameters and out-
put side load parameters. Figure 19(a) shows 3ϕ to

5ϕ QZSDMC resulting output per phase voltage wave-
forms with the fundamental frequency of 25, 50, 75 and
100Hz. Figure 19(b) shows 3ϕ to 5ϕ QZSDMC result-
ing output per line voltage waveforms with the funda-
mental frequency of 25, 50, 75 and 100Hz. Figure 19(c)
shows the resulting output per phase current wave-
forms with the fundamental frequency of 25, 50, 75
and 100Hz. Figure 19(d) shows 3ϕ to 5ϕ QZSDMC
experimental output voltage of 145V (RMS) with the
operating frequency of 25, 50, 75 and 100Hz. In gen-
eral, Figure 19 shows 3ϕ to 5ϕ QZSDMC experimental
sample output phase voltage, line voltage, load current
of 3.3 A with the operating frequency of 25, 50, 75
and 100Hz. Referring to Figure 9, the output voltage
and output current of conventional DMC are limited
to 86.667V (RMS) and 2.8 A. From the experimental
results, the observation is taken as voltage gain of 3ϕ
to 5ϕ QZSDMC is superior to the conventional DMC.
The reason behind the increased voltage gain of 3ϕ to
5ϕ QZSDMC is the distribution of shoot-through states
evenly without changing the active states. Figure 19
shows the output phase voltage waveforms are adjusted
in-phase with the output load currents. It means
the unity power factor is maintained at the load
side.

Thus, the dual space vector control and modulation
algorithm-basedQZSDMChardware results validate its
performance better than the conventional DMC. Figure
20 represents the step-by-step procedure of experimen-
tal validation in a flowchart form. The implementa-
tion of a dual SVPWM control scheme for 3ϕ to 5ϕ
QZSDMC was represented clearly. Table 6 shows the
comparative evaluation of simulated results with the
experimental prototype results. Most of the measured
results are equating to the theoretical results via simu-
lation. Themain constraints followed in the experimen-
tal set-up are non-ideal parameters of inductors and
capacitors. As a result, unpredicted voltage drops arise
across the power devices and inductors. So the expected
voltages of the QZS network are less than the simulated
output voltages.

The experimental results mostly coincide with the
simulation results to a good extent. Figures 21–24 show
an input voltage and current THDs with output volt-
age and current THDs. The output voltage and current
THDsof 3ϕ to 5ϕQZSDMCare 3.76 and 4.04%, respec-
tively. The three-phase input voltage and current THDs
are 4.76 and 4.03%, respectively. This result shows the
superior performance of 3ϕ to 5ϕ QZSDMC with the
proposed dual space vector PWM technique. Further
at the input side, the current is in phase with the volt-
age waveforms. The beauty of the proposed converter
is prooved by maintaining the unity power factor at the
input side.

The prototype module uses bidirectional switches.
The major advantage is the utilization of a minimum
number of IGBT switches for multiphase operation.
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Figure 15. (a) Three-phase output phase voltages and line voltages at frequency 100 Hz. (b) Three-phase output load currents at
frequency 100 Hz. (c) Output voltages THD of three-phase to three-phase QZSDMC. (d) Output current THD of three-phase to three-
phase QZSDMC.



772 S. MANIVANNAN ET AL.

Figure 16. (a) Five-phase output phase voltages at frequency
100 Hz. (b) Five-phase output line voltages at frequency 100 Hz.
(c) Five-phase output load currents at frequency 100 Hz. (d) Out-
put voltages THD of three-phase to five-phase QZSDMC. (e)
Output current THD of three-phase to five-phase QZSDMC.

Figure 17. Structure of experimental prototype set-up experi-
mental results and discussions.

The considerable disadvantages are higher conduc-
tion losses, two-step commutation, usage of extra line
inductance for safe operation, overlapping of current
during commutation, and the requirement of clipping
circuits and snubbers for dead time compensations. The
testing of developed QZSDMC is done over a wide
range of fundamental frequencies.

Table 7 shows the comparison of ZSDMC, dis-
continuous and continuous QZSDMC AC–AC con-
verter topologies. From the comparison, it is ensured
that the QZSDMC offers a high voltage boost ratio,
good waveform quality, lesser capacitor voltage stress
and continuous input current. The simulation and the
investigational results of the prototype verify the fea-
sibility of the suggested QZSDMC topology and its
control strategy. Comparing the hardware results with
the simulation results, that show the proposedmodula-
tion scheme for QZSDMC provides better results at all
the fundamental frequencies.

Table 8 shows the comparison of direct duty ratio
PWM technique with various classic modulation tech-
niques like Alesina-Venturini modulation technique,
Carrier PWM Technique, SVPWM Technique, Simple
Boost Modulation Method, Constant Boost Modula-
tion Method and Maximum Constant Boost Modula-
tion Method. This comparison is based on the current
and voltage THD getting from each method at dif-
ferent operating frequencies of the QZSDMC. At the
operating frequency = 25Hz, the SVPWM technique-
based QZSDMC generated the voltage and current har-
monic distortion of 6.9 and 7.3%, respectively.Whereas
the DDR-based PWM technique generates the voltage
and current harmonic distortion of 9.52 and 10.62%,
respectively. The remaining modulation techniques
are producing more THD in the mentioned operat-
ing frequency. At the operating frequency = 50Hz,
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Table 5. Output parameters of dual SVPWM-based QZSDMC with different frequencies.

3ϕ to 3ϕ QZSDMC 3ϕ to 5ϕ QZSDMC

Parameters 25 Hz 50 Hz 75 Hz 100 Hz 25 Hz 50 Hz 75 Hz 100 Hz

Input voltage (V) 100 100 100 100 100 100 100 100
Input current (A) 3.3 3.3 3.3 3.3 3.3 3.3 3.3 3.3
Output phase voltage (V) 143 145 146 148 140 144 145 143
Output line voltage (V) 243 245 244 246 240 244 243 241
Load current (A) 2.75 2.8 2.6 2.5 2.1 2.2 2.3 2.15
Voltage THD (%) 6.13 4.75 5.15 8.52 9.8 3.76 8.52 6.13
Current THD (%) 7.05 4.03 9.13 9.8 9.13 4.04 7.05 5.15

Figure 18. Experimental set-up of a three-phase to five-phase quasi Z-source direct matrix converter.

Figure 19. Experimental per phase result of a three-phase to five-phase quasi Z-source direct matrix converter.

the SVPWM technique-based QZSDMC generating
the voltage and current harmonic distortion of 3.5
and 4.2%, respectively. Whereas the DDR-based PWM
technique generates the voltage and current harmonic
distortion of 4.7 and 6.7%, respectively. The remaining
modulation techniques are producingmore THD in the
mentioned operating frequency [55].

At the operating frequency = 75Hz, the SVPWM
technique-based QZSDMC generated the voltage and
current harmonic distortion of 5.8 and 6.3%, respec-
tively. Whereas the DDR-based PWM technique gen-
erates the voltage and current harmonic distortion
of 7.3 and 7.5%, respectively. The remaining mod-
ulation techniques are producing more THD in the
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Figure 20. Flowchart for experimental validation of control
scheme employed in QZSDMC.

Table 6. Comparison between simulation and experiment
results of QZSDMC.

Parameters of QZSDMC Simulated results Experimental results

Input phase voltage (V) (RMS
voltage)

100 100

Output phase voltage (V) (RMS
voltage)

145 141

Output line voltage (V) (RMS
voltage)

245 241

Output current (A) 2.8 2.2
Boost factor 3.125 2.95
Shoot-through duty ratio 0.34 0.33
Voltage gain 2.05 1.97

Figure 21. Experimental input current THD of 4.03%.

mentioned operating frequency. At the operating fre-
quency = 100Hz, the SVPWM technique-based QZS-
DMC generates the voltage and current harmonic
distortion of 3.9 and 4.5%, respectively. Whereas the
DDR-based PWM technique generates the voltage
and current harmonic distortion of 4.7 and 6.7%,
respectively. The remaining modulation techniques are
producing more THD in the mentioned operating
frequency.

The comparison represented in Figure 25 represents
the performance of each technique implemented in

Figure 22. Experimental input voltage THD of 4.76%.

Figure 23. Experimental output voltage THD of 3.76%.

Figure 24. Experimental output current THD of 4.04%.

ZSDMC concerning its voltage and current THD val-
ues. The comparison figure shows that the proposed
modulation technique is better than the classic mod-
ulation techniques which are prosed to the various
Z-source matrix converter [55].

8. Conclusion

In this paper, the dual space vector pulse width mod-
ulation control technique was proposed to three-phase
to five-phase QZSDMC. Here, the input is three-phase,
while the output is five-phase. A five-phase motor drive
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Table 7. Quantitative comparison of direct and indirect QZSDMC with discontinuous and continuous mode operations.

Parameters ZSDMC
Discontinuous

QZSDMC
Continuous
QZSDMC

Discontinuous
QZSIDMC

Continuous
QZSIDMC

Total number of inductors
and capacitors required

09 15 12 27 27

Additional input LC Yes Yes No Yes No
Ripples in Current High Low Low Low Low
Ripples in Voltage Low High Medium High Medium
Stresses in Inductor current Low High Medium High Medium
Stresses in Capacitor voltage Medium Low High Low High
Gain Low High High High High
THD of input current Medium High Low High Low
THD of output voltage High Medium Low Medium Low
Required current rating of element Low High Medium High Medium
Required voltage rating of
the element used

Medium Low High Low High

Losses Medium High Low High Low
Efficiency High Low High Low High

application can effectively utilize this type of converter.
In the proposed dual SVPWM technique, 93 active
space vectors are utilized from the possible 243 switch-
ing space vectors. For one sampling period, utilization
of active vectors, zero vectors, 24 commutations and
symmetrical switching of each half period is obtained.
The proposed QZSDMC topology was consisting of a
three-phase QZS network with five-phase DMC. The
restrictions of voltage transfer ratio in the conven-
tional DMC were overcome by 3ϕ to 5ϕ QZSDMC.
In this paper, the proposed dual SVPWM technique
was discussed in detail. The limitation associated with
the conventional DMC at linear modulation is volt-
age gain. The attained voltage boost capability of the
proposed QZSDMC is 1.97. In the absence of extra
input filters, the voltage gain attainment is greater than
unity. The experimental prototype set-up was fabri-
cated to verify the simulation results. Both results are
investigated and justified in detail. The simulation and
hardware results show themaximum boost output volt-
age of 145V (RMS) with a voltage gain of 1.97 and a
shoot-through duty ratio of 0.33. By doing a compar-
ison between 3ϕ to 5ϕ QZSDMC with conventional
DMC, the voltage transfer capability was observed as
1.97 and 0.8667, respectively. The major advantages of

the proposed converter are continuous input and out-
put currents during any phase fault, nearly unity power
factor at both sides, absence of bulky input LC fil-
ters and low input current THD as well as low output
voltage THD. In the motor drive applications and the
renewable energy applications, the occupation of con-
ventional DMC can be replaced by the proposed 3ϕ
to 5ϕ QZSDMC with its promising dual space vector
PWM control technology. In the future, the perfor-
mance of the proposed converter under the overmodu-
lation region in the SVPWM technique can investigate,
the effects of fault tolerance, stability and performance
variation during any one phase fault condition can anal-
yse, the performance of proposed modulation schemes
for multiphase to three-phase energy conversion sys-
tems applied for wind energy systems can investigate,
a quasi-impedance source-based multiphase multilevel
matrix converter for changing the energy capture and
improve the performance of wind energy conversion
systems can develop, this converter topology in wind
energy conversion system to maintain constant volt-
ages and frequency at load side from continuous varia-
tions in the wind speeds can apply, different topologies
with improved impedance source network such as T-
network could be used tomultiphaseQZSDMCand the

Figure 25. Comparison of voltage THD and current THD generation by QZSDMC for various classic PWM techniques.
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performance evaluation of multiphase motor drive fed
bymultiphase matrix converter with the proposed con-
trol algorithm can evaluate. These are all wide range of
areas for the proposed matrix converter can work for
better future extraction.
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