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Abstract: Variable-speed multiphase drive systems have become an increasingly important topics compared with
conventional three-phase one due to their distinct advantages. This study presents a new pulse width modulation
(PWM) technique for controlling the three-to-five phase matrix converter to reduce the commutation number of the
power switches and the total harmonic distortion, simultaneously. The proposed PWM technique provides full output
voltage and frequency control in addition to unity input power factor by changing only five switch states during the
control period. Moreover, it prevents direct switching or commutation between the maximum and minimum input
voltages to reduce the switches voltage stress. Moreover, the proposed PWM technique provides output voltage ratio
equal to 78.86% of the input voltage. The effectiveness of the proposed control scheme has been verified theoretically
by using PSIM software and experimentally by using a laboratory prototype.
1 Introduction

Recently, the need for power converters in the industrial applications
has attracted much attention worldwide. The AC/AC power
converters are commonly classified into indirect and direct systems
[1, 2]. The most commonly indirect AC/DC/AC converters are
used for variable voltage and frequency supply, as shown in
Fig. 1a. The first converter stage converts the input AC power to
DC, and then the DC power is reconverted to AC with controlled
amplitude and frequency by using the second stage. On the other
hand, direct AC/AC converters provide direct AC to AC power
conversion, as shown in Fig. 1b. Direct AC/AC converters have
attracted much attention since no intermediate energy conversion
stage is used. This is also called the matrix converter that offer
several advantages when compared with back-to-back converter
(converter with active front end converter and an inverter). Matrix
converter enables the bi-directional power flow between the power
supply and the load. Since it has only one power stage, there is no
need for the bulky and short life-time electrolytic capacitor. It also
has the ability to control the output voltage magnitude and
frequency in addition to operating at unity input power factor for
any load. The disadvantages of this converter topology is the
control complexity due to large number of switching devices and
bi-directional power flow control. A comprehensive overview of
the developments in matrix converter is presented in [3–6].

Multiphase (more than three phases) machines have growing
interests in the applications that consider reliability as a prime
target. Therefore, the need for multiphase converters to supply
such multiphase systems is becoming a new challenge. The
research on multiphase drive systems has been significantly
developed due to advancement in semi-conductor devices and
digital signal processors technologies. Multiphase drives possess
several advantages over conventional three-phase drives such as:
reducing the amplitude and increasing the frequency of torque
pulsations, reducing the rotor harmonic currents, reducing the
current per phase without increasing the voltage per phase,
lowering the harmonics and higher reliability. A comprehensive
literature review on the state-of-art in multiphase drives is
presented in [7–13]. In general, multiphase machines are driven by
using multiphase AC/DC/AC converters with carrier-based pulse
width modulation (PWM) or space vector PWM control [14–17].
However, matrix converter has recently been considered in the
applications of multiphase systems. Different phase numbers of
outputs are reported in the literature such as three-phase input
five-phase output [18, 19], three-phase input six-phase output [20],
three-phase input seven-phase output [21, 22] and three-phase
input nine-phase output [23].

Due to the large number of bi-directional switches in the matrix
converter, numerous PWM techniques are proposed and reported
in the literature. In the 3 × 3 matrix converter, at the beginning,
Alesina and Venturini [24] presented scalar PWM technique with
output equal to 50% of the input. The PWM was improved by
proposing harmonic injection based scheme that increased the
output to 86.6% of the input [25]. The same output voltage ratio
was presented by Roy’s method [26]. Space vector PWM was
further presented for 3 × 3 matrix converter with output equal to
86.6% [27]. For three-phase input and multiphase output matrix
converter, several PWM schemes are available in literature such as
carrier-based with harmonic injection [28], direct duty ratio based
PWM [29] and space vector PWM [18]. Space vector PWM is
considered as one of the most popular PWM because of their
easier digital realisation and giving insight into the PWM process.
When applied to matrix converter with multiphase output, it offers
lot of flexibility in choosing space vectors from large set of
available vectors and many of them are redundant. On one hand
this flexibility will offer better control characteristics, while on the
other hand this is highly complex optimisation problem. Table 1
summarises the PWM switching techniques of the 3 × 3 and 3 × 5
matrix converters along with the required bi-directional switches
and the voltage transfer ratio vo/vi of each method.

In this paper, a new PWM technique is proposed for controlling the
three-to-five phase matrix converter. The proposed method provides
low total harmonic distortion (THD) in the output line-to-line
voltage and reduces the commutation number during the switching
period. Although the matrix converter has 15 switches, the
commutation number is only five in one switching period in
contrast to space vector PWM that needs ten commutations.
Besides, it provides low voltage switching stress by changing the
switches state at minimum voltage drop. It also provides full
control of the input power factor in addition to output voltage
magnitude and frequency. The effectiveness of the proposed PWM
switching technique has been verified experimentally.
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Fig. 1 AC/AC converters

a Indirect converters
b Direct converters
2 Three-to-five phase matrix converter model

Fig. 2 shows the basic circuit configuration of the three-to-five phase
matrix converter. This matrix converter has 15 bi-directional
switches connecting the three-phase input side with the five-phase
output side. This configuration allows any output phase to be
connected with any input phase. The three-phase input terminals
are usually connected to a three-phase voltage supply, whereas the
five-phase terminals are usually connected to a five-phase
inductive load. The input side has 120° phase displacement,
whereas the output side has 72° phase displacement between each
phase. It is necessary to install LC filter at the input side to
smooth the current waveform. However, it can be neglected in this
section to focus only on the mathematical model.

The three-phase input voltages er, es and et are given using the rms
line voltage E and the displacement angle θ as follows:

er
es
et

⎡
⎣

⎤
⎦ =

��
2

3

√
E

cos u
cos (u− 2p/3)
cos (u+ 2p/3)

⎡
⎣

⎤
⎦ (1)

The line-to-line input voltage can be formulated as follows:

ers
est
etr

⎡
⎣

⎤
⎦ =

er − es
es − et
et − er

⎡
⎣

⎤
⎦ =

��
2

√
E

cos (u+ p/6)
cos (u− p/2)
cos (u− 7p/6)

⎡
⎣

⎤
⎦ (2)

u = vt + w0 (3)

where ω and j0 are the angular frequency and an arbitrary angle of
the source voltage, respectively. Unit input current references, which
are in-phase with the input phase voltages, are used to achieve unity
input power factor. Therefore, the unit input current references i∗ir, i

∗
is

and i∗it are defined using the input reference phase angle j* as
follows;
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The reference unit input current, given in (4), is used only to control
the unity input power factor. According to (1) and (4), the unit input
Table 1 Summary of 3 × 3 and 3 × 5 matrix converters

Type of MC No. of IGBTs PWM methods Max. vo/vi

3 × 3 9 Venturini 0.5
modified Venturini 0.867

Roy 0.867
carrier modulation 0.5
carrier modulation
(harmonic injection)

0.867

space vector 0.867
3 × 5 15 carrier modulation 0.5

carrier modulation
(3rd harmonic injection)

0.75

carrier modulation
(3rd and 5th harmonic injection)

0.7886

space vector 0.7886
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power Pi can be formulated as follows:

Pi = eri
∗
ir + esi

∗
is + eti

∗
it (5)

The output reference phase voltages v∗a, v
∗
b, v

∗
c , v

∗
d and v∗e are defined

using line voltage rms V ∗
L and argument u∗L by:
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, u∗L = v∗

Lt + w∗
L (7)

where k is a factor obtained from the relation between the line and
phase voltages of the five-phase system, v∗

L and w∗
L are the angular

frequency and an arbitrary angle of the output voltage reference.
From (6), the output line voltage references v∗ab, v

∗
bc, v

∗
cd , v

∗
de and

v∗ea are defined by:
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The duty cycles Dra−Dte of the 15 bi-directional switches Sra− Ste
should be decided to realise the reference output voltages and unity
Fig. 2 Three-to-five phase matrix converter
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input power factor. All switches duty cycles can be formulated based
on the following constraints:

Dlm = Tlm
T

l = {r, s, t} m = {a, b, c, d, e} (9)

Drm + Dsm + Dtm = 1 m = {a, b, c, d, e} (10)
3 Proposed switching pattern

The proposed switching pattern has been developed to meet the
following objectives:

† Reducing the commutation number and THD.
† Controlling the load voltage magnitude and frequency.
† Achieving unity input power factor regardless of the load type.

In three-to-five phase matrix converter, the input voltage is
three-phase shifted by 120°, whereas the output voltage is
five-phase shifted by 72°. Fig. 3 shows the three-phase and
five-phase waveforms. It is clear that the three-phase input voltage
has three levels, whereas the five-phase output voltage has five
levels. The levels of the input phase voltages are defined as
maximum, middle, and minimum that changes every 60°. The
levels of the output phase voltages are defined as maximum,
mid-high, middle, mid-low, and minimum that changes every 36°.

Fig. 4a shows the proposed switching pattern of the three-to-five
phase matrix converter. The proposed pattern is explained
considering the input voltages er > es > et during input phase angle
(0≤ θ ≤ π/3) and reference output voltages
v∗a . v∗b . v∗e . v∗c . v∗d during output phase angle (0≤ θL≤ π/5).
Therefore, the levels of the input voltages er, es and et are
maximum, middle and minimum, respectively. Moreover, the
levels of the output voltages v∗a, v

∗
b, v

∗
e , v

∗
c and v∗d are maximum,

mid-high, middle, mid-low and minimum, respectively. The
proposed technique is designed based on minimum voltage drop
switching (MVDS), which prevents the direct switching between
maximum and minimum input voltage when realising the
Fig. 3 Time intervals and voltage levels of the three and five phase
waveforms

a Time intervals and voltage levels of the three-phase waveforms
b Time intervals and voltage levels of the five-phase waveforms
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reference load voltage. Moreover, the commutation number during
the control period T is five, which is half of that 10 commutation
needed in case of using space vector modulation (SVM)
technique. Therefore, the MVDS reduces the voltage stress on
power switches and hence increase the converter efficiency.

According to the proposed switching pattern, Fig. 4b shows the
estimated five-phase output line voltages during the control period
T. The maximum and mid-high reference voltage levels (v∗a and v∗b)
are realised by switching the output phases (a and b) only with the
input phases (r and s) that have maximum and middle voltage
levels (vr and vs). Moreover, the mid-low reference voltage level
(v∗c ) is realised by switching the output phases (c) only with the
input phases (s and t) that have middle and minimum voltage
levels (vs and vt). The output phase (d), which has the minimum
Fig. 4 Proposed switching pattern of the matrix converter

a PWM switching pattern
b Estimated output voltage during switching period
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reference voltage level (v∗d), is always connected to the input phase
that has the minimum voltage level (vt). The middle reference
voltage level (v∗e ) is realised by switching the output phase (e) with
all input phases of maximum, middle, and minimum voltage levels.
Therefore, there is no direct switching between the maximum and
minimum voltage levels of the input and output phases.
4 Matrix converter duty cycles

4.1 Duty cycles calculations

Duty cycle calculations are done according to the equivalent circuits
of the three-to-five phase matrix converter and the proposed PWM
technique. The duty cycle calculations and the equivalent circuits
are explained in case of input voltages er > es > et and output
voltage references v∗a . v∗b . v∗e . v∗c . v∗d . Fig. 5 shows the
equivalent circuits of the three-to-five phase matrix converter
according to the proposed switching pattern. It is clear that the
switching frequency of the converter is much higher than the
frequency of the input and output voltage and currents. Therefore,
during the control period T, input and output voltages and currents
are assumed to be constant.
4.1.1 Duty cycles of middle and minimum voltage
phases: Duty cycles of all switches connecting phase (e) and
phase (d ) are calculated based on the equivalent circuit shown in
Figs. 5a and b. Since phase (e) is the middle output voltage level,
it is controlled by the switches (Sre, Sse and Ste), allowing phase
(e) to be switched with all input voltage levels; phase (r), phase
(s) and phase (t). phase (a) is the maximum output voltage level,
which is controlled by the two switches (Sra and Ssa), allowing
phase (a) to be switched with only the maximum and middle input
voltage levels, phase (r) and phase (s), respectively. The average
three-phase input current can be formulated as a function of the
Fig. 5 Circuit diagram of the proposed switching pattern

a Connection of the maximum and middle voltage phases
b Connection of the middle and minimum voltage phases
c Connection of the mid-high and mid-low voltage phases
d Connection of the maximum and mid-high voltage phases
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reference unit input current, given in (4), as follows:
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The input power during the control period T can be formulated as
follows:

Pea = Kea(eri
∗
ir + esi

∗
is + eti

∗
it) = Kea∗Pi (12)

where, the Pi is the unit input power. Assuming ideal converter, the
output current can be formulated as follows:

iea =
KeaPi

v∗ea
(13)

The duty cycle of the switch Ste can be formulated as follows:

Dte =
itea
iea

= i∗itv
∗
ea

Pi
(14)

Phase (d ) in Fig. 5b, which is the minimum output voltage level, is
connected only to the minimum level input voltage, phase (t),
through the switch (Std). The average three-phase input current can
be formulated as follows:
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The input power during the control period T can be formulated as
follows:

Pde = Kde(eri
∗
ir + esi

∗
is + eti

∗
it) = Kea ∗ Pi (16)
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Therefore, the output current can be formulated as follows:

ide =
KdePi

v∗de
(17)

The duty cycle of the switch Sre can be formulated as follows:

Dre =
−irde
ide

= −i∗irv
∗
de

Pi
(18)

The duty cycle of the switch Sre, shown in 18, is always positive
since the voltage v∗de is always negative and the maximum unit
input current i∗ir is always positive. Based on 14 and 18, the duty
cycle of the switch Sse can be formulated as follows:

Dse = 1− i∗itv
∗
ea − i∗irv

∗
de

Pi
(19)

Since there is no switching between phase (d ) and both of phase (r)
and phase (s), the duty cycles of Srd and Ssd are zero. Therefore, the
duty cycle of the switch Std is one.

4.1.2 Duty cycles of mid-high and mid-low voltage
phases: Duty cycles of all switches connecting phase (b) and
phase (c) are calculated based on the equivalent circuit shown in
Fig. 5c. Since phase (b) is the mid-high output voltage level, it is
controlled by the two switches (Srb and Ssb), allowing phase (b) to
be switched with only the maximum and middle input voltage
levels, phase (r) and phase (s), respectively. Phase (c), the mid-low
output voltage level, is controlled by the two switches (Ssc and
Stc), allowing phase (c) to be switched with only the middle and
minimum input voltage levels, phase (s) and phase (t),
respectively. The average three-phase input current can be
formulated as follows:

i−rbc
i−sbc
i−tbc
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i∗ir
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The input power during the control period T is:

Pbc = Kbc(eri
∗
ir + esi

∗
is + eti

∗
it) = Kbc ∗ Pi (21)

Therefore, the output current can be formulated as follows:

ibc =
KbcPi

v∗bc
(22)

The duty cycle of the switch Srb can be formulated as follows:

Drb =
irbc
ibc

= i∗irv
∗
bc

Pi
(23)

Since there is no connection between phase (b) and phase (t), the
Table 2 Input voltages and currents relationship

Phase angle Phase
voltages

Line voltage
signs

Source currents

θ er es et ers est etr i∗r i∗s i∗t

0∼ π/3 e1 e2 e3 + + − max mid min
π/3∼ 2π/3 e2 e1 e3 − + − mid max min
2π/3∼ π e3 e1 e2 − + + min max mid
π∼ 4π/3 e3 e2 e1 − − + min mid max
4π/3∼ 5π/3 e2 e3 e1 + − + mid min max
5π/3∼ 2π e1 e3 e2 + − − max min mid
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duty cycle of the switch Stb is zero. Therefore, the duty cycle of
the switch Ssb can be formulated as follows:

Dsb = 1− i∗irv
∗
bc

Pi
(24)

By using the same technique, the duty cycle of the switch Stc can be
formulated as follows:

Dtc = − itbc
ibc

= − i∗itv
∗
bc

Pi
(25)

Since there is no connection between phase (c) and phase (r), the
duty cycle of the switch Src is zero. Therefore, the duty cycle of
the switch Ssc can be formulated as follows:

Dsc = 1+ i∗itv
∗
bc

Pi
(26)
4.1.3 Duty cycles of maximum voltage phase: Phase (a), the
maximum output voltage level, is controlled by the two switches (Sra
and Ssa). Therefore, the duty cycles of all switches controlling phase
(a) are calculated based on the equivalent circuit shown in Fig. 5d.
The average input current can be formulated as follows:

i−rab
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⎡
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⎤
⎥⎦ = Kab

i∗ir

i∗is

i∗it

⎡
⎢⎢⎣

⎤
⎥⎥⎦ (27)

Moreover, the load current can be formulated as follows:

iab =
KabPi

v∗ab
(28)

Therefore, the duty cycle of the switch Ssa can be formulated based
on that of switch Ssb, given in (24), as follows:

Dsa = Dsb +
i∗isv

∗
ab

Pi
= 1− i∗ir(v

∗
ab + v∗bc)
Pi

(29)

Since there is no switching between phase (a) and phase (t), the duty
cycle of the switch Sta is zero. Therefore, the duty cycle of the switch
Sra can be formulated as follows:

Dra =
i∗ir(v

∗
ab + v∗bc)
Pi

(30)
Table 3 Output five-phase voltage relationship

Phase angle Output phase voltages Signs of line voltages

θL va vb vc vd ve vab vbc vcd vde vea

0∼ π/5 v3 v5 v4 v2 v1 + − − − +
π/5∼ 2π/5 v2 v4 v5 v3 v1 + + − − +
2π/5∼ 3π/5 v1 v3 v5 v4 v2 + + − − −
3π/5∼ 4π/5 v1 v2 v4 v5 v3 + + + − −
4π/5∼ π v2 v1 v3 v5 v4 − + + − −
π∼ 6π/5 v3 v1 v2 v4 v5 − + + + −
6π/5∼ 7π/5 v4 v2 v1 v3 v5 − − + + −
7π/5∼ 8π/5 v5 v3 v1 v2 v4 − − + + +
8π/5∼ 9π/5 v5 v4 v2 v1 v3 − − − + +
9π/5∼ 2π v4 v5 v3 v1 v2 + − − + +
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Fig. 6 Control procedure

Fig. 7 Experimental system of the three-to-five phase matrix converter

a Configuration of the system under study
b Experimental system prototype
5 Control procedure

Calculations of all duty cycles depend mainly on the voltage levels
of the input and output voltages. The input voltages are
three-phase waveforms shifted by 120° and hence there are three
levels changing every 60°. The output voltages are five-phase
waveforms shifted by 72° and hence there are five levels changing
every 36°. The levels of the input and output voltages can be
decided according to the signs of the line-to-line voltages in the
input and output, as shown in Tables 2 and 3, respectively. In
Table 2, the three levels of the input side are defined as maximum
(e1), middle (e2), and minimum (e3). Since the input currents are
controlled to be in-phase with the input voltages, the levels of
input currents are same as that of the input phase voltages. In
Table 3, the five levels of the output side are defined as maximum
(v1), mid-high (v2), middle (v3), mid-low (v4), and minimum (v5).
The duty cycles of all switches can be obtained based on the
values of input currents and output phase voltages. The control
procedure of the three-to-five-phase matrix converter is
summarised in the flowchart shown in Fig. 6.
Table 4 System parameters

source voltage E, ω 173.2 V, 2π × 50 rad/s
input filter L, C 1.13 mH, 13.2 μF
input power-factor angle reference j* 0 rad
load Re, Le 95 Ω, 193 mH
output voltage reference V ∗

L , v
∗
L 82.3 V, 2π × 40 rad/s

carrier frequency fs( = 1/2T ) 10 kHz
6 Experimental results

6.1 Experimental system configuration

A laboratory prototype of the three-to-five phase matrix converter
has been carried out to investigate the validity of the proposed
PWM switching technique. Fig. 7a shows the experimental system
configuration of the three-to-five phase matrix converter.
Moreover, Fig. 7b shows the laboratory prototype photograph. The
input of the matrix converter is connected to a symmetrical
three-phase voltage source through the input LC filter. The output
of the matrix converter is connected to a balanced five-phase
inductive load. Each bi-directional switch in the matrix converter
has been represented by an IGBT and four diodes. A diode based
clamp circuit is used between the input and output lines to protect
the converter from switching transients. The dspace-1006 working
in conjunction with DS5203 FPGA board has been used as a
controller of the matrix converter that generates the proper PWM
signals to the IGBT switches. A dead-time of 2 μs has been
implemented in an external FPGA board that is programmed using
VHDL to avoid the short circuit at the input side. The reference
IET Power Electron., 2016, Vol. 9, Iss. 3, pp. 466–475
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load voltage magnitude is set at V ∗
L = 82.3V with a reference

frequency of 40 Hz. Moreover, the reference input voltage phase
angle j* is set at 0° to realise unity input power factor. The
parameters of the whole system are listed in Table 4. Experimental
waveforms of the converter have been measured by using
Yokogawa DL750 ScopeCorder Oscilloscope.

6.2 Simulation results

The three-to-five-phase matrix converter and its proposed PWM
switching technique, shown in Fig. 7a, have been carried out
using PSIM considering the same system parameters shown in
Table 4. Fig. 8 shows the simulation results including the
three-phase input voltages vr, vs and vt, the reference five-phase
output voltages v∗a, v

∗
b, v

∗
c , v

∗
d and v∗e , the actual phase (a) output

voltage van with respect to the source voltages, the actual phase (b)
output voltage vbn with respect to the source voltages, the actual
and reference line-to-line output voltages vab and v∗ab, the load
currents ia, ib, ic, id and ie, and phase (a) actual and reference
voltages vaN and v∗a. It is clear that the load currents are five-phase
waveforms with frequency of 40 Hz. Moreover, the switching in
the output voltages agrees with the proposed PWM pattern shown
in Fig. 4. However, there is a small distortion in the output
471



currents due to the un-switched portion in each output phase voltage
during its minimum level.
6.3 Experimental results

Fig. 9a shows the experimental waveforms of the laboratory
prototype when the reference magnitude of the load line voltage is
82.3 V and the reference frequency is 40 Hz. The scope, shown in
Fig. 9a, shows the waveforms of the source voltage and source
current (vr, ir), load phase voltage van, line-to-line load voltage vab,
and the five-phase load currents iL. It is clear that the source
voltage and current are in-phase resulting in unity input power
factor. Also, the actual load line voltage magnitude is 80.1 V with
frequency of 40.4 Hz and the load current is 652 mA. However,
Fig. 8 Simulation results of the system under study
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the load current has some distortion caused by the harmonic
components in the load voltage due to the un-switched period
during the time of minimum level.

Fig. 9b shows an expanded scope of the load line voltage vab with
respect to the load phase voltages (van and vbn) and the input
three-phase voltages. It is clear that both phase voltages van and
vbn equal the minimum input voltage when there corresponding
reference voltages are at the minimum level. Moreover, there is no
direct switching between the maximum and minimum input
voltages, which results in the presence of no-zero portion in the
line voltage vab. This, also, agrees with the estimated switching
signals of the line voltage vbc shown in Fig. 4b.

Figs. 10a and b show the FFT harmonic spectrum of the load line
voltage of the three-to-five phase matrix converter controlled by the
proposed PWM technique and SVM, respectively, with reference
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Fig. 9 Experimental results

a Experimental system waveforms
b Expanded scope of the input and output voltage waveforms
line voltage of 82.3 V and frequency of 40 Hz. The THD of the load
line voltage in the system controlled by MVDS based five
commutations is 61.1%, whereas the THD of the load line voltage
is 77.14% using SVM. Fig. 11 shows the comparison between the
THD of load line voltage of the three-to-five-phase matrix
converter controlled by SVM and the proposed PWM technique at
IET Power Electron., 2016, Vol. 9, Iss. 3, pp. 466–475
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different modulation indexes. It is clear that the proposed MVDS
provides less THD in the load line voltage at all modulation indexes.

It is clear from the simulation and experimental results that the
proposed PWM technique based MVDS proves a stable operation
of the three-to-five phase matrix converter. Moreover, it has the
ability to control the output voltage magnitude and frequency to
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Fig. 10 FFT harmonic spectrum of load line voltage

a FFT harmonic spectrum of the load line voltage using MVDS
b FFT harmonic spectrum of the load line voltage using SVM
coincide with the reference values in addition to realisation of the
unity input power factor.
7 Conclusion

This paper has presented a new PWM switching technique for
controlling a three-to-five phase matrix converter. The proposed
Fig. 11 Comparison between THD of matrix converter with SVM and
MVDS
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PWM switching technique reduces the commutation number to
five in the control period. It also has the ability to realise reference
load voltage up to 78.86% of the input voltage with full frequency
control in addition to achieving unity input power factor.
Moreover, it reduces the THD of the output line voltage and
reduces the voltage stress on power switches by preventing the
direct commutation or switching between maximum and minimum
input voltages. Simulation and experimental results obtained from
the laboratory prototype model have verified the effectiveness of
the proposed PWM switching technique and the validity of the
theoretical analysis.
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