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In recent years, interest in the use of multi-phase (more than three-phase) dc/ac inverters in
applications such as electric vehicles, electric traction, more electric aircraft, ship
propulsion, aerospace applications, etc. has been increasing day by day. The paper presents
the Discontinuous Space Vector Pulse Width Modulation (DSVPWM) technique for control
of a five-phase two-level inverter. The five-phase DSVPWM algorithm uses zero, medium
and large vectors combination. When calculating vectors dwell times, calculations are made
by directing the Vret to Sector-1 regardless of which sector it falls into. Thus, complex
calculations are reduced. DSVPWM controlled five-phase two-level inverter that feeds an
RL load is simulated using MATLAB/Simulink-Simscape blocks. To demonstrate the
effectiveness of the used DSVPWM algorithm, five-phase inverter's output voltages, current
waveforms and their FFT analysis are given for different modulation indexes and switching
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1. INTRODUCTION

Conventional variable speed electric drives, widely used in
industry, consist of a three-phase power electronic converter
and ac motor/motors. Since the power electronic converter is
an intermediate device that separates the source and the
machine, the number of phases of the machine in variable speed
electric drives does not necessarily need to be limited to three
[1]. The increase in the switching frequencies of power
electronic switches and the decrease in their prices have made
both the control of electric motors easy and flexible, and the
number of phases of the machine has also become a design
parameter [2]. Today, multi-phase motors larger than three-
phase have become a promising technology, especially for
medium and high power applications. There is a high
possibility of the coincidence of the poles in motors with even
phase numbers, which reduces the motor’s performance.
Therefore, motors with odd phase numbers are preferred in
practice [3]. The lowest multi-phase motors most commonly
used in this case are the five-phase ones. As the number of
phases increases in electric motors, higher efficiency and
torque density are obtained while the amplitude of the torque
fluctuations decreases and its frequency increases [4]. In
addition, the stator currents per phase and thus the stator copper
losses decrease, while the fault tolerance of the motor also
increases. An m-phase motor can operate with the (m-3) phase
in the event of a fault, provided that the non-faulted phases are
designed to withstand transient currents. For example, in the
event of a fault, a five-phase motor can continue to operate by

creating a rotating magnetic field with its solid two phases. This
high fault tolerance has increased the interest in using multi-
phase motors in sensitive applications that are very popular
today, such as electric vehicles, electric locomotives, ships and
space applications [5, 6]. On the other hand, three-phase
machines have two stator winding types of triangle and star,
while different winding configurations occur in multi-phase
machines. For example, for a 5-phase motor, there are star,
pentagonal and five-pointed star winding types. As a result, as
the number of phases increases, the increase in the stator
winding connection types allows obtaining motors with
different speed-torque characteristics [6, 7].

Utilizing the potential of an m-phase motor is only possible
if a power electronic converter with an m-phase feeds the
motor. Because the conventional electrical grid does not have
more than three phases [8]. As the number of phases increases,
the power on one leg of the inverter decreases. In this case,
large powered inverters for a multi-phase drive system can be
realized with lower-rated semiconductor devices. It has also
been observed that the overall performance and especially fault
tolerance of multi-phase systems are better compared to
conventional three-phase system drives [9]. In multi-phase
inverters, the number of switching increases with the increasing
number of switches. For example, 32 switching states and the
associated voltage space vectors form in a five-phase inverter
with ten switches. In this way, five-phase inverters allow better
adjustment of flux and torque in the motor compared to three-
phase inverters. In multi-phase drive systems, two types of
pulse width modulation (PWM) strategies are commonly used
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to obtain a voltage of variable amplitude and variable
frequency from a voltage source inverter. These are carrier-
based sinusoidal PWM (SPWM) and space vector PWM
(SVPWM). Compared to SPWM, the SVPWM technique has
advantages such as easy implementation for digital
applications, more efficient use of dc-link voltage and lower
THD in output waveforms [10].

There are two switching sequences for SVPWM. One of
them is continuous and the other is discontinuous SVPWM
(DSVPWM) [11]. In continuous SVPWM, half of a switching
period starts with a zero vector (00000) and ends with another
zero vector (11111) to obtain a symmetrical switching signal.
There are also active vectors in the switching sequence. In
DSVPWM, it is aimed to reduce switching losses and total
harmonic distortion (THD) in output current by making less
number of switching. This can be done by arranging the
placement of the zero voltage vectors in a switching period.
Reducing switching losses in multi-phase drive systems means
increasing energy efficiency, as the application areas are high
power range and the number of switches is more [12]. Six
different DSVPWM techniques have been used in the
literature. The method where T31(11111) is kept zero for a
switching period is called DPWMMIN and the method where
To(00000) is kept zero is called DPWMMAX. Other methods
called DPWMO0, DPWM1, DPWM2 and DPWM3 organize
zero space vectors in various ways in sectors. Especially at low
modulation indices, the DPWMAX scheme offers the lowest
THD value [12, 13].

In this study, the DSVPWM technique is used to control a
five-phase two-level inverter. In this way, the switching status
of one leg of the inverter is kept constant throughout the
switching period. The DPWMMAX scheme of DSVPWM is
proposed to obtain low THD output from the inverter output
even at low modulation indices. This algorithm was developed
as software using S-Function blocks in MATLAB/Simulink
environment. In order to reduce the computational complexity,
the reference vector is always directed to sector-1, regardless
of sector number. The control of the five-phase inverter created
with MATLAB/Simscape blocks was made using the
developed DSVPWM algorithm. Inverter output phase and
phase-to-phase voltages and phase currents are given for
different modulation indexes and switching frequencies. The
simulation results obtained show the accuracy of the algorithm.
This article is organized as follows: The advantages of a five-
phase source over a three-phase are given in section Il. In
Chapter 111, the five-phase SVPWM algorithm is given in
detail. A discontinuous DPWMMAX algorithm is proposed for
the control of the inverter. The simulation results are given in
Section-4.

2. COMPARISON OF THREE PHASE AND
PHASE SOURCES

FIVE

For a balanced Y-connected three-phase system shown in
Figure 1(a), the phase voltages have the same amplitude
(Va=Vp=V=V\) and have a phase difference of 120° between
them. The phase-to-phase voltages are Vap=Voc=Vca=VLL=
V3V_ and the phase current is equal to the phase-to-phase
current (I..=Iy). In this case, the three-phase power can be
calculated using of Egs. (1).

P, =3V, I, cosp=+3V, I, cosg 1)

For a balanced Y-connected five-phase system shown in
Figure 1(b), the phase voltages have the same amplitude
(Va=Vb=V=V4=Ve=V|) and have a phase difference of 72°
between them. For a five-phase system, there are five phase-to-
phase voltages (Var=Vbc=Vei=Vdee=Vea=Vi11) With equal
amplitude formed by adjacent phases, and also five phase-to-
phase voltages (Vac=Vbi=Vee=Vua=Veb=Vir2) With equal
amplitudes formed by non-adjacent phases. In addition, the
phase current is equal to the phase-to-phase current (I =1.).
The amplitudes of these phase-to-phase voltages can be
calculated by Egs. (2)-(3), respectively. As can be seen from
the equations, the amplitudes of the phase-to-phase voltages
formed by the adjacent phases are smaller than the three-phase
system, while the amplitudes of the phase-to-phase voltages
formed by the non-adjacent phases are larger. In this case, the
five-phase power can be calculated by Egs. (4) [14, 15].

(b)
Figure 1. Phasor representation of voltages; (a) Three-phase, (b) Five-phase

Vsl =Nao| = Val’ + Mof” +]Va| Ve cos(37/5) =1.1756%,  (2)
YHEA :\/\va |+ V[ +V,| V| cos(z/5) =1.9025*V,  (3)
R, =5V_ I cosp=(5/1.1756) V,, |, cosp=4.25V |, cosp (4)

Considering Egs. (1) and Egs. (4) together, the currents
drawn from a five-phase source for the same phase voltages
and same output power will be approximately 40% less than a
three-phase source. In this case, the reduction of current per
phase for a five-phase inverter allows the use of smaller rated
semiconductor switches, which reduces cost.

3. SVPWM TECHNIQUE FOR FIVE-PHASE VOLTAGE
SOURCE INVERTER

The circuit of a five-phase two-level voltage source inverter
is shown in Figure 2. This circuit consists of ten IGBTs and
freewheeling diodes. There are 25 = 32 possible switching
states depending on whether the upper five switches on the
circuit are turned on or turned off. These states determine the
output voltage. In addition, the inverter generates 32 different
voltage vectors for these 32 switching states. The 32 different
switching states in a five-phase inverter circuit and their
corresponding voltage vectors are given in Table 1. A
switching state of “1” indicates that the upper switch is turned
on, and “0” means that the lower switch of the same phase leg
is turned off. Two of these vectors are called zero state vectors
(Vo and V31) and the remaining thirty are called active state
vectors (V1-Vag). When each switching state in Table 1 is
substituted in Eqs. (5), the vector corresponding to the
switching state is defined in space. Here, y is the number of the
vector and a = e/%, a = 2m/5 [16].
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Figure 2. Five-phase two-level voltage source inverter circuit

ACTIVE VOLTAGE VECTORS AN;?&:I;ESPONDING SWITCHING STATES
Large Vectors Medium Vectors Small Vectors
0.6472*Vgc 0.4*Vac 0.2472*Vgqc
¥, [11001] ¥ 00110] |V, [10000] Vg [01111] |V, [01001] Vi [10110]
/,[11000] ¥, [00111] |V, [11101] ¥, [00010] |V, [11010] ¥, [00101]
V,111100] ¥, [00011] |V, [01000] Vg [10111]|V,; [10100] Vg [01011]
¥,[01100] ¥, [10011] |V, [11110] V,, [00001]|V,, [01101] ¥,, [10010]
¥ [o1110] ¥, [10001] |V, [00100] ¥, [11011] Vs [01010] ¥, [10101]

vy =!Z}=§(Va+évb+azvc+§3vd +a'V,) (5)

Considering a five-phase system, the inverter voltage vectors
must be represented in a five-dimensional space. Such a space
can be divided into two two-dimensional subspaces (a-f and x-
y) and one one-dimensional subspace (zero sequences). For a
star-connected system with an isolated neutral point, the zero
sequence is not used. Therefore, it is sufficient to consider only
two-dimensional subspaces (a-f and x-y). The x-y subspace is
generally not used because it is a source of third-order
harmonics. When 32 voltage vectors are placed on the a-f
plane, a vector space containing three concentric decagons is
formed as shown in Figure 3. There is three decagons with ten
sectors of 36°each. Vectors in the innermost decagon are called
small vectors, vectors in the middle decagon are called medium
vectors, and vectors in the outermost decagon are called large
vectors. The space vectors of the outermost and innermost
decagon are formed when the upper three switches are on and
the two switches are off in the inverter circuit. Thus, the
innermost space vectors in the a-f plane are redundant and are
usually ignored. Space vectors in the middle decagon are
formed when the upper four switches are on and one switch is
off in the inverter circuit [17]. The five-phase voltages desired
to be obtained from the output of the inverter can be expressed
with a reference voltage vector Vit in the a-f subspace as seen
in Figure 3. The amplitude and angle of the reference vector are
obtained using Egs. (6), (7) and (8). Where, a = e/% a =
2m/5.

v

COSa  CO0S2a  COS3a

—sin2a -sin3a  -sinda

Va
cosda : 6
—sina 6

e

Vref = \' (Va)z + (Vp)z (7)

0=tan"*(V,)V,) (8)
The phase voltages in Egs. (6) are defined as follows ;
V, =V, sin(wt) V, =V, sin (ot —27/5)

V, =V, sin (ot —47/5) V, =V, sin (wt—67/5) 9)

V, =V,, sin (wt —87/5)

Figure 3. Vector space of five-phase two-level inverter in the o- plane

The sequence followed when generating SVPWM
switching signals for a five-phase inverter is similar to that of
a three-phase. The angle used in determining the sector
numbers is 36° and its multiples. Two different switching
schemes are commonly used when calculating the dwell times
of vectors according to the sector in which the reference vector
is located. The first is to establish the volt-second balancing
equation using only zero vectors and large vectors in the sector.
The second is to establish the volt-second balancing equation
by using two medium and two large vectors in the sector in
addition to the zero vector [9,18]. The first scheme causes
undesired low-order harmonics in the output phase voltage of
the inverter. The number of space vectors used in a switching
period should be kept equal to the inverter phase number to
eliminate this disadvantage. This means that four active vectors
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must be used in each switching period [19]. The use of two
adjacent middle vectors together with two large vectors in each
switching period makes it possible to maintain zero mean
values in the second subspace (x-y) and obtain a sinusoidal
output. The use of four active space vectors in a switching
period requires the calculation of the four dwell-times of the
large and medium vectors, represented by Tai, Toi, Tam, Tom in
Figure 4. If Ve is in Sector-1, the voltage-time balancing
equation is as follows [16].

B
i
|
|
|
|
|
|

a
—>— >

Vll Vl Tal
Figure 4. Principles of volt-second balancing for sector-1

\7ref *Ts :\7al *Tal +\7am *Tam +\7bl *Tbl +\7bm *Tbm +\70 *TO

(10)
T =T, +T 0+ Ty +Tom+To

Here Ty represents the switching times of the zero vectors.
The lengths of the large, medium and zero vectors in Figure 4
are given in Egs. (11).

|\1 am| =|\1 bm| =|\£ m| = (2/5)*\/41[;
Voa|=Vw| =V = 2/5)*V, *2cos(z/5)  (11)
|\1 0| =|\1 31| =0

In this SVPWM scheme, the ratio of the dwell times of the
large and medium vectors is kept equal to the ratio of their
lengths and expressed as follows.

TN
TN 7 =2c0s(7/5)=1.618 (12)
After substituting the expressions in Egs. (11) and Egs. (12)
in Equation 10, if the expressions are divided into real and
imaginary parts, the general expression of the dwell times for
all sectors is obtained as in Egs. (13) and Eqgs. (14) [17]. Here
k=1, 2,... 10 denotes the sector value. |Zref|symbolizes the
amplitude of the reference space vector and 0 its angle. The
indices 'l ' and 'm' are used to represent large and medium
vectors, respectively.

\Lref Sin(ksﬂ:_ej 1
Tam = |:1 2:|TS
|\/m|sin(”j T
- 5

sin (9— (k=D)z

Ll )

Tom =
" (7 1+72
[\1m|3|n[5j

(13)

\

—ref

al =

sin(k”— 9)
2 Lf Z}Ts
|\1m|sm(5j
sin (0—('(_1)”)
5

—ref
Tom = T L: Z}TS
v lsin[ T
V., |sin ( 5}

(14)
v

The maximum value of the principal harmonic of the
voltage that can be obtained using this SVPWM algorithm™ is
85.41% of that obtained using only zero and large vectors.
Therefore, it is about 0.5257*V4. which is as shown in Eqgs.
(15).

V... =0.8541*V *cos(z/10) = 0.5257*V,.  (i5)

Regardless of the sector in which the reference vector is
located, it is crucial to establish a correct switching sequence
by determining the application order of the vectors. Switching
sequence can be create in different ways for the best harmonic
performance and low switching frequency for all inverters.
When specifying the switching sequence, the transition from
one switching state to the next should include only two
switches on either leg of the inverter. At the same time, while
one of the two switches on the same phase leg is on, the other
must be off. In addition, to reduce the switching loss, the
transition of the reference vector from one sector to the next
should always be done with the least possible number of
switching. Considering these situations, the switching
sequence is very commonly used in which half of the switching
period starts with one zero vector and ends with the other zero
vector for a multi-phase inverter. This scheme is called
Continuous SVPWM (CSVPWM). In Continuous SVPWM for
a five-phase inverter, half of the switching period starts with
zero vector Vo and ends with other zero vector V.

In multi-phase inverters, switching losses are high at large
powers due to the number of switches and therefore the number
of switching. By connecting one or more inverter legs to the
positive or negative DC-link in a switching period, the number
of switching, i.e. switching losses, can be greatly reduced. This
can be done by arranging the placement of the zero voltage
vectors in a switching period. This kind of switching sequence
is called discontinuous SVPWM (DSVPWM). There are six
different discontinuous SVPWMs commonly used in the
literature. The method where T31(11111) is kept zero for a
switching period is called DPWMMIN, while the method
where a To(00000) is kept zero is called DPWMMAX. In the
DPWMO scheme, To(00000) is kept zero in odd-numbered
sectors and T31(11111) in even-numbered sectors. DPWML is
the opposite of DPWMO. In the DPWM2 scheme, each sector
is divided into two 18° segments. To(00000) in the first segment
and T31(11111) in the second segment are kept zero. DPWM3
is the opposite of DPWMZ2. Especially at low modulation
indices, the DPWMAX scheme offers the lowest Total
Harmonic Distortion (THD) and Weighted Total Harmonic
Distortion (WTHD) values [13]. Therefore, in this article, the
DPWMMAX scheme is chosen for the control of a five-phase
inverter. In this study, the switching sequences created for
Sector-1 and Sector-2 using the DPWMMAX scheme are given
in Figure 5.
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Figure 5. Switching sequence for (a) sector-1, (b) sector-2

4. MATLAB SIMULATION OF FIVE PHASE INVERTER

In this study, an SVPWM controlled five-phase two-level
inverter feeding an RL load is simulated using MATLAB
Simulink/Simscape blocks. The general view of the simulation
circuit is given in Figure 6. The five-phase SVPWM algorithm
developed for simulation is given in Figure 7. The SVPWM
algorithm is created as software using MATLAB S-Function
blocks, as seen in Figure 7. When calculating vectors dwell
times, calculations are made by directing the Vet to Sector-1
regardless of which sector it falls into. Thus, complex
calculations are reduced. The five-phase SVPWM algorithm
using zero, medium and large vectors is run for 9-segment
Discontinuous mode. The sampling time was taken as Ts=5us.
The dc-line voltage of the inverter is V4.=400V and the output
frequency is f=50Hz. The resistance and inductance value of
the load is taken as R=20Q, L=40mH. Simulation results are
obtained for different values of modulation index and
switching frequency. The waveforms are given below for only
one case where the modulation index is M;=0.98, the output
frequency is f=50Hz and the switching frequency is f;=2250Hz.
Other simulation results for different M, and fs are presented in
Table 2.

For M,=0.98, the five-phase modulation signals obtained
from the five-phase DSVPWM algorithm are given in Figure
8(a) and the turn-on time (T,) of the S; switch on the U-phase
leg is given in Figure 8(b).
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Figure 8. (a) 5-phase modulation signals, (b) the turn-on time (Tu) of the S;

The V4 output voltage waveform of the U-phase leg of the
five-phase inverter with respect to the midpoint of the DC-link
and its harmonic analysis are given in Figure 9. As can be seen
from Figure 9, the output phase voltage is a two-level voltage
with £Vg/2 levels. For M,=0.98, the amplitude of its
fundamental harmonic is obtained as 206.10V. It is
harmoniously with Equation 15. The %THD value was
calculated as 93.86%.
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Figure 9. Output phase voltage and THD analysis of 5-phase inverter
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Figure 10. Output voltage and THD analysis between adjacent phase legs

The output voltage Va, between two adjacent phase legs of
the SVPWM controlled five-phase inverter and its harmonic
analysis are given in Figure 10. The output voltage V., between
two non-adjacent phase legs and its harmonic analysis are also
given in Figure 11. As can be seen from Figure 10 and Figure
11, all output phase-to-phase voltages are three-level voltage
with -Vg/2, 0, +V4/2 levels. For M,=0.98, the amplitudes of
the fundamental component were obtained as 242.30V
(Va*1.1756) for the Vg, voltage and 392.10V (V.*1.9025) for
the V4 voltage. These values are compatible with Equation 2
and Equation 3. It is clearly seen from the harmonic analysis
that the line voltage Va, (105.02%) has a much higher harmonic
content than the line voltage Vac (54.75%).
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Figure 11. Output voltage and THD analysis between non-adjacent phase legs

Mag (% of Fundamental)

The current waveform 1, of the U-phase leg of the five-
phase inverter and its harmonic analysis are given in Figure 12,
and the five-phase current waveforms are also given in Figure
13. The phase current of the inverter, which feeds an RL load

with R=20Q, L=40mH (Z=23.62Q2) and whose phase voltage
is 206.10V, is obtained as 8.728A. As can be seen from the
harmonic analysis, it is an advantage that the phase current has
a low THD rate of 2.53%. This result is in accordance with the
literature for the five-phase SVPWM technique using zero and
four active vectors.
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Figure 12. U-phase’s current waveform and harmonic analysis
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Figure 13. Current waveforms of the five-phase leg of the inverter
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In addition to the results given above, the simulation is run for
0.7 and 0.4 values of the modulation index by keeping the
switching frequency constant as 2250Hz. In addition, the
simulation is run for the 5kHz and 10kHz values of the
switching frequency by keeping the modulation index constant
as 0.98. All obtained voltage, current and their THD values are
given in Table-2. The values in Table-2 can be divided into two
groups. The first is the case where fs is constant and M, is
variable, and the second is the case where M, is constant and fs
is variable. For constant fs, as M, increases, the amplitudes of
the fundamental components of all output voltages increase and
the %THD values decrease. In all cases, the amplitude of the
voltage Vqc is greater than Vg and the %THD of Vg is smaller
than V. In general, the %THD values of the voltages are very
close to the 3-phase inverter. In addition, as the M, values
increase, the %THD values decrease. The amplitude value of
the phase current fundamental component increases as M,
increases. The %THD value of the current is around 5%, even
at low M, values. In the second case, as fs increased for constant
M, there is a slight decrease of 2-5V in the amplitudes of the
fundamental component of the output voltages. This is because
the switching losses of IGBTs increase due to high fs. While the
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TABLE Il

SIMULATION RESULTS FOR DIFFERENT MODULATION INDEXES AND SWITCHING FREQUENCIES

Medium and Large Vectors— 9 Segment  DPWMMAX
No | Ma | fs(Hz) | Vao (V) | VatHp | Vab (V) | Vab tHD | Vac (V) | Vac 1D | la (A) la_THD
1 1098 | 2250 206.10 |%93.86 | 242.30 |%105.02 | 392.1 | %54.75 | 8.728 |%2.53
2 | 0.70 | 2250 147.40 |%152.46 | 173.50 |%139.06 | 280.60 |%90.31 | 6.246 |%3.74
3 | 040 | 2250 84.29  |%247.75 | 99.28 | %203.21 | 160.60 |%147.32 | 3.574 | %5.35
4 | 098 | 5kHz 204.10 |%95.65 | 240.00 |%105.44 | 388.30 |%56.03 | 8.642 |%1.27
5 | 098 | 10kHz | 202.10 |%97.50 | 237.60 |%106.08 | 384.50 |%57.18 | 8.558 |%1.15

amplitude values of the phase current fundamental component
are approximately constant, its %THD values are much lower
than 5%. It is about 1.5-2.5%, which is a good result.

5. CONCLUSION

There are two SVPWM methods for multi-phase VSI inverters.
The first of these is the method in which only zero and large
vectors are used. The second is the method in which zero,
medium and large vectors are used. The method using zero and
four active vectors provides output waveforms with lower THD
from the inverter. Besides, there are two switching schemes in
the SVPWM technique. These are called continuous and
discontinuous SVPWM. The use of zero vectors for one
switching period is reduced in the discontinuous SVPWM
developed to reduce the switching losses in the inverter circuit.
There are six different discontinuous SVPWM schemes in the
literature. Of these, the DPWMMAX scheme provides lower
THD even at low modulation indexes.

In this study, zero and four active vector-based SVPWM
technique in discontinuous switching sequence (DPWMMAX)
is proposed for a five-phase two-level VSI. The DSVPWM
algorithm was created using MATLAB S-Function blocks. In
addition, the complex calculations in the algorithm are reduced.
To demonstrate the validity of the algorithm, a DSVPWM-
controlled five-phase inverter feeding an RL load is simulated
in MATLAB/Simscape environment. The simulation results
show the accuracy of the DSVPWM algorithm used.
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