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This paper proposes pulse width modulation schemes for a two-level five-phase voltage 

source inverter. According to the literature, the generation of a pure sinusoidal waveform 

requires an (n-1) number of vectors for 'n' number of phases, so in a five-phase system, a 

minimum of four-vectors is needed to generate a sinusoidal waveform. The author uses 

only two large vectors in this paper for a five-phase voltage source inverter. Vector 

diagram, switching table, and switching waveform have presented for two adjacent large 

space vectors. The performance for each PWM scheme is analyze based on fundamental 

components and total harmonic distortion. In last, results have verified in the Simulink 

environment. 
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1. INTRODUCTION

Variable speed AC drives are needed in various industrial 

applications such as traction, electric and hybrid-electric 

vehicles, and ship propulsion. Typically, a three-phase 

machine is used to obtain a balanced output for this purpose, 

but it has some power limitations. To address these limitations 

in terms of increased efficiency, researchers are looking into 

polyphase machines rather than three-phase machines. 

Polyphase machines have many advantages over three-phase 

machines, including a lower volume-to-weight ratio, lower dc-

link current harmonics, reduced rotor current harmonics, 

improved noise and vibration characteristics, and so on [1, 2]. 

In 1969, the first five-phase induction motor, which was the 

first step toward a polyphase system, was investigated [3]. 

Three-phase machines have a single stator current component 

around the d-q axis, while five-phase machines have more than 

one stator current component as the axis increases [4, 5]. The 

induced torque increases as the number of additional 

components increases. This property distinguishes the five-

phase system from the three-phase system. 

The five-phase induction motor requires a device that can 

provide a balanced five-phase output supply, such as a five-

phase inverter. The input of this inverter is a dc source, and the 

output is a balanced voltage and frequency with a five-phase 

AC. For controlling the performance of a five-phase VSI, a 

variety of control schemes are available, but the space vector 

pulse width modulation scheme is the most common due to its 

benefits and ease of digital implementation. The literature 

provides a thorough description of the SVPWM for the five-

phase scheme [5-10]. 

In this paper, the author proposes pulse width modulation 

schemes based on space vector by selecting the voltage vectors 

in different patterns, for a five-phase inverter system. All the 

schemes have analyzed on fundamental component and total 

harmonic distortion. 

2. SVPWM IN MULTIPHASE INVERTER

SVPWM (space vector pulse width modulation) is a 

technique for determining pulse-width modulated signals for 

inverter switches to produce the desired phase voltages for the 

motor. SVPWM is achieved by properly selecting inverter 

switching states in a stationary reference frame and calculating 

appropriate switching time periods. 

Various pulse width modulation schemes for multi-phase 

inverters are in literature [6]. Some are for more than five 

phases, but as phase increases, harmonics increase as well [7], 

and solutions for eliminating harmonic current have been 

proposed in Ref. [11]. A generalised SVPWM scheme for ‘n’ 

phase and ‘n’ leg inverter has presented by Kelly et al. [12], 

which was tested on a nine-phase inverter and compared to 

sine triangle PWM. The use of the dead banding technique to 

develop the voltage in the main domain and minimize 

switching has been presented in Ref. [13] and a generalized 

PWM scheme for any number of phases that limits harmonic 

currents in the output by Zhao and Lipo [14]. SVPWM 

strategy for complete utilization of DC link voltage has 

presented in the paper [15]. A multi-dimensional space vector 

technique for multi-phase inverter systems is introduced by 

Duran and Levi [16], which selects all the two-dimensional 

sub-spaces at the same time and to generate sinusoidal output 

voltages from symmetrical six-phase voltage source inverters 

PWM scheme has presented in Ref. [17]. A fast algorithm 

based on a vectorial approach to reduce the computation time 

for duty cycle calculation of each inverter leg in a multi-phase 

system is presented in Ref. [18] and to reduce harmonic 

current & high computation time in six-phase induction 

machines in Ref. [19]. In a five-phase PMSM drive method, 

two novel multiphase SVPWM techniques are verified to 

produce a resultant voltage vector with all other subspaces 

projected voltage zero [20]. Ryu et al. [21] introduced the 

concept of multiple d-q spaces for generating random non 
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sinusoidal phase voltage and Xue et al. [22] presented an 

SVPWM technique for multi-dimensional systems to monitor 

voltage and current harmonics in multiphase motor drives. 

Based on output efficiency, the authors [23, 24] presented a 

comparative simulation study for a five-phase two-level and 

three-level inverter. For the control of THD in output voltage 

and current for three-level five-phase inverters, a phase 

opposition disposition (POD) and in phase disposition (IPD) 

control system comparison was performed by Lihitkar and 

Rangari [25]. For a five-phase multilevel inverter drive, a new 

switch ladder topology has presented to test the output level 

using symmetric and asymmetric sources [26]. Simulation and 

experimental analysis using SVPWM have presented to 

minimize the typical mode voltage using redundant switching 

state voltage vectors for three-stage t-type neutral point 

clamped (NPC) three-phase inverters [27] and three-level NPC 

five-phase inverters [28]. In the five-phase multilevel inverter, 

the NPC inverter and the cascaded inverter topology were 

discussed to minimize bearing current and common-mode 

voltage [29]. 

 

 

3. FIVE-PHASE VOLTAGE SOURCE INVERTER – A 

REVIEW [5] 
 

Figure 1 shows the circuit diagram of two-level five-phase 

voltage source inverter. The inverter input is connected with 

dc-link source and the output of inverter is connect to non-

linear five-phase load through LC filter. Five-phase inverter 

consists of five legs having two semiconductor switches in 

each leg, i.e. IGBT, totaling ten switches. The operation of 

both switches on the same leg is complementary, to avoid the 

short-circuiting of the input DC source.  

 

 
 

Figure 1. Circuit diagram of five phase VSI 

 

Using the SVPWM scheme, a two-level voltage source 

inverter generates 2n space voltage vector, where n is the 

number of phases. Therefore, in a five-phase inverter, there 

will be 25 = 32 switching vectors with thirty active vectors and 

two zero vectors [3]. The five-phase input voltage equations 

are: 

 

𝑣𝑎 = √2cos(𝜔𝑡) 

𝑣𝑏 = √2cos(𝜔𝑡 − 2𝜋/5) 

𝑣𝑐 = √2 cos(𝜔𝑡 − 4𝜋/5) 

𝑣𝑑 = √2 cos(𝜔𝑡 + 4𝜋/5) 

𝑣𝑒 = √2cos(𝜔𝑡 + 2𝜋/5) 

(1) 

 

Since it is a five-phase system, all the vectors have to be 

represented in five axes, i.e. d-q, x-y and zero axis. The power 

invariant method will use to calculate the angle and magnitude 

of all vectors using a matrix. 

 

T =
2

5

[
 
 
 
 
1 cos( 𝜋/5) cos(2𝜋/5) cos(3𝜋/5) cos(4𝜋/5)
0 sin(𝜋/5) sin(2𝜋/5) sin(3𝜋/5) sin(4𝜋/5)
1 cos( 2𝜋/5) cos(4𝜋/5) cos( 𝜋/5) cos(3𝜋/5)
0 sin(2𝜋/5) sin(4𝜋/5) sin(𝜋/5) sin(3𝜋/5)
1 1 1 1 1 ]

 
 
 
 

 (2) 

 

Space vector of phase voltages in d-q and x-y axis are 

defined, using power variant transformation, as: 

 

𝑣𝑑𝑞 = 
2

5
(𝑣𝑎 + 𝑎𝑣𝑏 + 𝑎2𝑣𝑐 + 𝑎∗2𝑣𝑑 + 𝑎∗𝑣𝑒) (3a) 

 

𝑣𝑥𝑦 = 
2

5
(𝑣𝑎 + 𝑎2𝑣𝑏 + 𝑎∗𝑣𝑐 + 𝑎𝑣𝑑 + 𝑎∗2𝑣𝑒) (3b) 

 

where, a = exp (j2/5) and * stands for a complex conjugate. 

The space vector is a complex quantity, which represents the 

five-phase balanced supply with a single complex variable. 

The voltage vectors in d-q axis are in Figure 2 and in x-y axis 

in Figure 3. It can be seen from Figure 2 that the outer decagon 

space vectors of the d-q plane map into the inner decagon of 

the x-y plane (Figure 3), the innermost decagon of d-q plane 

forms the outer decagon of the x-y plane, while the middle 

decagon space vectors map into the same region. 

 

/ 5

q-axis
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Figure 2. Space vector in d-q axis 
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Figure 3. Space vector in x-y Axis 
 

All the thirty active vectors have divided in three groups 

according to their magnitude, i.e. large vectors, medium 
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vectors and small vectors. The magnitudes are identified with 

indices l, m and s and are given as: 

 

𝑣𝑙 = (4/5)cos(π/5)Vdc 

𝑣𝑚 = (2/5)Vdc 

𝑣𝑠 = (4/5)cos(2π/5)Vdc 

(4) 

 

Two zero vectors are at the origin with zero magnitude. An 

ideal SVPWM should satisfy several requirements: (i) to keep 

the switching frequency constant, each switch can change state 

only twice in the switching-period (once ‘on’ to ‘off’ and once 

‘off’ to ‘on’, or vice-versa), (ii) the RMS value of the 

fundamental phase voltage of the output must equal the RMS 

value of the reference space vector, (iii) the scheme must 

provide full utilisation of the available dc bus voltage, (iv) 

since the inverter is aimed to supplying the load with 

sinusoidal voltages, the low-order harmonic content needs to 

be minimised. There exist two conventional methods for 

realizing space vector PWM in a five-phase VSI: (a) using 

large vectors only which generates higher output, but the 

output is polluted with low-order harmonics, (b) using large 

and medium vectors which generate lower output, but a pure 

sinusoidal waveform. 

The author has proposed PWM schemes for the five-phase 

dual VSI using only large vectors in this paper. Large vectors 

are in the outer-most decagon of space vectors in d-q plane. 

The input reference voltage vector is synthesised from two 

active neighbouring large vectors and zero vectors. Figure 4 is 

showing the positions of all the large vectors and zero vectors. 

 

 
 

Figure 4. Space voltage vectors representation only large 

vectors 
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Figure 5. Principle of space vector time calculation for a 

five-phase VSI 

The switching vector application time can be used to control 

the output voltage and frequency. Consider Figure 5, which 

shows the location of different available space vectors and the 

reference vector in the first sector to calculate the time of 

application of different vectors. 

The times of active space vector application are from Figure 

4 [4]. 

 

𝑡𝑎 =
|𝑣𝑠

∗| sin(
𝑘𝜋

5
− 𝛼)

|𝑣𝑙| sin(𝜋/5)
 

𝑡𝑏 =
|𝑣𝑠

∗| sin(𝛼 − (𝑘 − 1)
𝜋

5
)

|𝑣𝑙| sin(𝜋/5)
 

𝑡𝑠 = 𝑡0 + 𝑡𝑎 + 𝑡𝑏 

(5) 

 

where, k is the sector number ( k = 1,2,3.......10). 

𝑣𝑎𝑙 = 𝑣𝑏𝑙 = 𝑣𝑙 = (4/5)cos(π/5)Vdc. 

𝑣𝑠
∗ = reference voltage vector. 

ta = time of application of vector ‘a’. 

tb = time of application of vector ‘b’. 

ts = total switching period for one sector. 

t0 = time of application of zero vectors. 

 

The sequence of vectors applied and corresponding 

switching pattern for sector 1 as per the conventional SVPWM 

is in Figure 6, where vectors v0 and v31 are zero vectors. The 

switching pattern is a mirror image for half of the switching 

time, i.e., if the total switching period for one cycle is Ts, then 

the switching pattern for Ts/2 is a mirror image for the other 

Ts/2 period. 

 

 
 

Figure 6. Switching sequence for sector 1 using conventional 

SVPWM with only large vectors 

 

 

4. PROPOSED SWITCHING PATTERNS FOR FIVE-

PHASE INVERTER 

 

The proposed switching sequences for a five-phase inverter 

with different time distributions of active vectors (Ta and Tb) 

and zero vectors (T0) are in Figures 7 to 10. The active and 

zero vectors are placed and applied in such a way that only one 

transformation occurs during each sequence, which helps to 

reduce switching losses.  

The switching sequence 1 (SS-1) in Figure 7 is just half of 

the pattern from the conventional pattern. During the sampling 

period each sector was divided into four parts for the switching 

period Ts in switching sequence 1. The switching period Ts = 

Ta+Tb+T0/2. The zero vector used in this scheme is v31. 

 

V1(1 1 0 0 1)

V7(0 0 111 )

V8(0 0 0 1 1) V9(1 0 0 1 1)

V10(1 0 0 0 1)

V6(0 0 1 1 0)

V5(0 1 1 1 0)

V4(0 1 1 0 0) V3(1 1 1 0 0)

V2(1 1 0 0 0)

V31(1 1 1 1 1)

V0(0 0 0 0 0)

α

β

 

T0/2 T2/2T1/2T1/2T2/2 T0/2

sa

se

sd

sc

sb

+1

0

+1

0

+1

0

+1

0

+1

0

V2 V1 V31V31 V1 V2 V0V0
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T31/2 T31/2
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In switching sequence 2 (SS-2), each sector has divided into 

three segments during switching period Ts for the selected 

voltage vectors v2, v1 and v31. Figure 7 depicts the switching 

sequence 2, which only uses the zero vector once per switching 

cycle. 

Figure 9 depicts the switching sequence 3 (SS-3) in which 

the sector is divided into three segments, but zero vector v0 is 

used this time. The switching series 4 (SS-4) is depicted in 

Figure 10. The sector has been divided into four segments, but 

this time no zero vector has been used; instead, only active 

vectors have been arranged in such a way that the switching 

process on sector 1 can be achieved. 

 

 
 

Figure 7. Switching sequence-1 

 

 
 

Figure 8. Switching sequence-2 

 

 
 

Figure 9. Switching sequence-3 

 
 

Figure 10. Switching sequence-4 

 

 

5. SIMULATION RESULTS 

 

The proposed switching sequences were simulated using 

Matlab/Simulink, and the results have presented for validation. 

The simulation parameters are 5 kHz inverter switching 

frequency, 50 Hz fundamental input reference frequency, and 

unity inverter dc-link voltages. The simulation results for the 

conventional switching sequence are in Figure 11.  

 

 
 

Figure 11. Five phase filtered leg voltages using 

conventional switching scheme 

 

 
 

Figure 12. Filtered five phase leg voltages using proposed 

switching schemes 

 

Figure 12 shows the simulation results for five-phase 

filtered leg voltages using the proposed schemes, which are 

identical to the conventional results, indicating that the finding 

is right. Simulation result shows that all the input phase 

voltages are 72° displaced from each other. The harmonic 

spectrum for phase ‘a' voltage for proposed switching 

sequences is shown in Figures 13 to 15. 
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Figure 13. Harmonic spectrum for phase ‘a’ voltage (SS-1) 

 

 
 

Figure 14. Harmonic spectrum for phase ‘a’ voltage (SS-2 

&3) 

 

 
 

Figure 15. Harmonic spectrum for phase ‘a’ voltage (SS-4) 
 

Table 1. Comparison of all proposed schemes 
 

Switching Sequence 
Fundamental Component  

(p.u.) 

THD 

(%) 

SS-1 0.422036 24.02 

SS-2 & SS -3 0.422942 23.99% 

SS-4 0.428628 23.71% 

 

The performance of all of the SVPWM switching schemes 

discussed and simulated in this paper has been investigated, 

and a comparison of their fundamental components and % 

THD has been made based on the data obtained from 

simulation. A fast comparison of all proposed schemes is 

shown in the Table 1. 

The fundamental component of all the schemes is nearly the 

same, but the %THD for SS-4 is the lowest of all the schemes. 

 

 

6. CONCLUSION 

 

This paper proposes voltage vector switching sequences 

based on the SVPWM scheme for performance evaluation of 

a two-level five-phase voltage source inverter. The switching 

pattern must be configured for quality control of the inverter 

system. Proposed switching schemes have simulated and the 

results shows that all of the switching schemes have 

approximately the same fundamental component magnitude. 

All of the schemes are easy to execute and dependable. 

Practical investigations may be used to verify the conclusions. 
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NOMENCLATURE 

 

PWM Pulse width modulation 

SVPWM Space Vector pulse width modulation 

IGBT Insulated-gate bipolar transistor 

THD Total harmonic distortion 
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