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Abstract — One of the main ways to improve the quality of a 

precision electric drive is minimization of the stator current 

pulsations generated by the voltage inverter. The solution of this 

problem can be achieved by using of multiphase inverters, as 

well as improving control algorithms. This paper considers the 

influence of the space-vector modulation algorithm with 

different switching sequences of basic vectors on the stator 

current pulsations generated by the five-phase voltage inverter. 
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I. INTRODUCTION

At the present time higher demands are placed on the 
precision electric drive of modern optical-mechanical 
complexes to ensure unique pointing accuracy over a wide 
range of speed control under conditions of variable load. In 
this regard, such systems are built on the basis of gearless 
synchronous motors with excitation from permanent magnets. 
This approach can significantly reduce the amount of 
Coulomb friction and eliminate the backlash of gears, 
providing the ability to control the coordinates of movement 
in a wide range. At the same time, when designing a precision 
electric drive, it is important to take into account the pulse 
mode of operation of the voltage inverter, since it leads to the 
generation of additional pulsations of the electromagnetic 
torque, which complicates the control process and reduces the 
accuracy of the entire system [1-3, 7]. 

By employing a higher number of phases, one can reduce 
the amplitude and increase the frequency of torque pulsations 
in the drive. This ensures satisfactory performance of the 
mechanical system of the inverter-fed motor even at lower 
speeds. It has also been established that the electrical 
efficiency of the inverter-fed multiphase motors are better 
compared to that of a three-phase motor. Increasing the phase 
numbers will also improve the reliability since the drive can 
start and run even after the failure of one of the phases [7]. 
Moreover, in such drives the current load per phase and 
current pulsations in the DC link are decreased [4]. 

With the increase of the number of phases, it becomes 
possible to control independently several harmonics of the 

stator current that provides the increase of the developed 
torque of the electric drive under the condition of a trapezoidal 
distribution of stator flux linkage in the gap [8-10]. 

Another feature of multiphase systems is associated with 
the so-called multi-motor drives, which implies the 
independent control of several multiphase machines with 
series or parallel connected stator windings using a single 
multiphase inverter [4, 5, 10-12]. 

To minimize pulsations of the generated stator current 
vector and, as a result, pulsations of the electromagnetic 
torque, it is proposed to consider the possibility of using 
multiphase voltage inverters in a precision electric drive. In 
this connection, the study of pulsations associated with the 
algorithm of the inverter in the mode of spatial-vector 
modulation is of interest, since it is possible to change the 
sequence of the base vectors formation, affecting the current 
and torque pulsations [3]. 

The paper addresses the above problem and compares 
PWM modulation schemes in terms of the stator current 
pulsation. Thus, the aim of the work is to present the influence 
of the five-phase voltage inverter operation algorithm on the 
pulsations of the generated stator current vector. 

It is important to note that spectral criteria, for example, 
THD (total harmonic distortion), which estimates only the 
effective values of higher harmonics without taking into 
account the phase spectrum of the pulsations, are usually used 
to assess the quality of electric energy conversion. However, 
the main function of the voltage inverters in a variable-
frequency drive system is the generation of a circular 
hodograph of the stator current vector, which is why such 
criteria are not a correct estimate. In this regard, it is proposed 
to evaluate the quality of the generated stator current using the 
coefficient of variation [3]: 
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 I I – average value of the magnitude of 

the stator current vector ( )tI  for the period of the current 

fundamental harmonic 1T in the steady-state operation mode.

II. FIVE-PHASE INVERTER

The schematic structure of the m-phase voltage inverter is 
shown in Fig. 1. A multiphase system of independent 
quantities (currents, voltages, EMF) forms a space whose 
dimension is equal to the number of phases. Using the 
Clarke’s decoupling transformation,  
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where 2 /5  , this space for a five number of phases can 

be divided into two-dimensional subspaces or planes, the 

number of which is equal to the ( 1) / 2 2m   and one-

dimensional subspace.  

Fig. 1. m-phase voltage inverter 

For a five-phase system of quantities, this transformation 
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where yp (p = {A, B, C, D, E}) is the phase quantity, x1 is the 
generalized space vector in the d1q1 plane, x2 is the generalized 
space vector in the d2q2 plane, x0 is the scalar quantity 
corresponding to the zero symmetrical component (x0 is not 
taken into account in the further work, since in the Y-
connected circuit zero symmetric component of the phase 
currents is zero), α is the rotation operator or the characteristic 
operator of the five-phase system [4, 6-9, 12-18, 19, 22]. 

The states of half-bridges of a five-phase inverter (Fig. 1) 
can be described by a five-digit binary code, assuming, for 
example, a single value corresponding to the closed state of 
the upper switch and the open state of the lower. Substituting 
the digits of this code as the variables yp in (3), we obtain 32 
points on the d1q1 and d2q2 planes that correspond to the basic 
vectors (Fig. 2).  

As follows from the Fig. 2, a five-phase inverter allows 
you to generate 30 non-zero (active) and two zero basic 
vectors (BV) in two planes. In this case, the points of the ends 
of active BVs form three regular decagons on both planes. 
Each basic vector is uniquely determined by the combination 
of states of the inverter power switches, which is indicated by 
the binary number in Fig. 2. Thus, each plane of the BVs 
corresponds to a four-level inverter, however, the segments of 
the sectors have a trapezoidal shape. In this case, the 
magnitudes of active vectors forming decagons are S = 
0.247Udc, M = 0.4Udc, and L = 0.647Udc.  

It should be noted that each vector of the d1q1 plane 
corresponds to a vector in the d2q2 plane. Moreover, BVs that 
form the outer decagon in one plane form the inner decagon 
in the other plane (Fig. 3), while the middle decagons for both 
planes are formed by identical BVs. In addition, the 
codirectional vectors of the inner and outer polygons of the 
d1q1 plane remain codirectional in the d2q2 plane, but the 

vectors of the central polygon turns through 180 with respect 
to them (Fig. 3). 

Fig. 2. The planes of the basic vectors of the five-phase 
inverter 
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The most important feature of the formation of the BVs in 
the d2q2 plane is a change of the A-B-C-D-E phase sequence 
to A-C-E-B-D one (Fig. 2). It means that in case of a sinusoidal 
distribution of the stator flux linkage of the electric motor, the 
currents in the d2q2 plane do not provide torque and create only 
leakage fluxes of the stator winding. While in the case of a 
trapezoidal or square stator flux linkage distribution, the 
currents in the d2q2 plane will create electromagnetic torque 
[7-10]. 

Fig. 3. Correspondence of basic vectors in the d1q1 and 
d2q2 planes 

III. SVM FOR FIVE-PHASE INVERTER

The implementation of the space-vector modulation 
(SVM) algorithm is based on the representation of the 

modulation vector of the inverter output voltage 
* * jU e U  

as the average value of the sum of a certain number of BVs 
generated during the modulation period. The maximum 
amplitude of the fundamental harmonic of the output voltage 
in the linear regulation zone in five-phase inverter corresponds 
to the radius of the circle inscribed in the external decagon, i.e.  

1max 0,647 cos(18 ) 0,616dc dcU U U    , which is almost 7% 

more than in the three-phase inverter. 

The task of implementing the control algorithm can be 
significantly simplified if we consider only one d1q1 plane, 
forming the modulation vector by the closest BVs. However, 
this approach will certainly lead to uncontrolled harmonics of 
current and voltage in the d2q2 plane, which, in turn, can cause 
overheating of the motor windings. In this case, the largest 
magnitude of the current vector in the d2q2 plane will 
correspond to an algorithm in which only small BVs S1, S2 are 
used (Fig. 4), since in the d2q2 plane they correspond to BVs 
forming an external polygon. 

Fig. 4. The first sector of the d1q1 plane 

There are generally known algorithms that use only zero 
vector and BVs of the outer decagon closest to the modulation 
vector (2L), as well as zero vector and BVs of the outer and 
middle decagon (2L+2M) [6, 14, 15]. In the case of the 2L 
algorithm, a hodograph is formed on the d2q2 plane from a 

sequence of zero and small BVs, exciting 10k3 order current 
harmonics in the load. The 2L+2M algorithm completely 
eliminates the generation of currents in the d2q2 plane, thereby 
minimizing pulsations. It is possible because the vectors in the 
d2q2 plane corresponding to the vectors bounding the sectors 
in the d1q1 plane have a mutually opposite direction and the 

same ratio of magnitudes, i.e. L/M M/S 1.618   (Fig. 3). 

However, current suppression in the d2q2 plane reduces the 
voltage utilization factor of the DC-link to 0.526Udc  [6, 14, 
15]. 

The 2L+2M algorithm essentially means the selection in 
all ten sectors of the d1q1 plane of trapezoidal segments 
corresponding to four BVs. In such a case, as the modulation 
vector magnitude gets smaller, the active BVs durations 
decrease, while the zero ones increase, causing an increase of 

current pulsations. Using the fact that L/M M/S , it is 

possible to distinguish a second trapezoidal segment formed 
by medium and small BVs (2M+2S) in each sector. This 
segment allows to use the same modulation algorithm as in the 
outer segment, while decreasing the duration of using of the 
zero BV and, accordingly, current pulsations. We call it the 
2L+2M+2S algorithm. 

The division of the first sector of the d1q1 plane into 
trapezoidal segments L1L2M1M2 (LM) and M1M2S1S2 (MS) 
is represented in Fig. 4. 

The relative duty cycles of the BVs provided that the third 
harmonic of the phase current for the MS segment is equal to 
zero can be calculated using the system of equations: 

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


4 

31

1 1 1

1 3 2

32

2 2 2

1 3 2

1 2 1 2

, ,

, ,

1 .

S M S

S M S

O S S M M

um

u u u

um

u u u

 


 


    

  

  

    

(4) 

Similarly, for the LM segment, the system of equations is: 
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where i is the relative duty cycles of the corresponding BVs

(i = {L1, L2, M1, M2, S1, S2, O}),
* *

1 2[cos( ) ctg(36 )sin( )], sin( ) / sin(36 )m m       U U

 are the oblique projections of the modulation vector 
*
U  onto 

the sector sides, 1 2 3, ,u u u are the magnitudes of the basic

vectors equal to 0.247 Udc, 0.4 Udc and 0.647 Udc, respectively, 

and  is the angle of the modulation vector within the current 
sector (Fig. 4). 

We introduce the definition of the modulation coefficient 
km as the ratio of the modulation vector magnitude to the 

maximum amplitude of the first voltage harmonic 1maxU . 

From the system of equations (5) for the minimum magnitude 

of the vector 
*
U inside the LM segment, the modulation 

coefficient is 0.561. At the same time, from the (4) the 
modulation coefficient corresponding to the maximum value 

of the magnitude of the 
*
U  in the MS segment is 0.528. Thus, 

there is a transition zone 0.528  0.561mk  , within which 

the modulation is carried out alternately in both segments 
(shaded area in Fig. 4). In addition, the upper limit of the 

control range for the magnitude of the vector 
*
U  inside the 

LM segment is achieved at km = 0.854 (dash-dot line in Fig. 
4). 

It is known that current pulsations depend not only on the 
algorithm and the modulation frequency, but also on the 
sequence of the formation of the BVs within the modulation 
period. It is related to the fact that the change of the switching 
sequence leads to the change of the initial conditions at each 
switching, which inevitably leads to the change of the current 
vector hodograph and, as a consequence, to the change of the 
pulsations [3]. 

Due to the fact that in the 2L+2M+2S algorithm five BVs 
are used during one modulation period Tc, the number of 
possible switching sequences for each segment is 5! = 120. 
Obviously, the minimization of the pulsation amplitude of the 
stator current vector can be achieved by the formation of the 
switching sequences with the use of the adjacent BVs of the 
sector. On the other hand, in order to reduce angular pulsations 
of the stator current vector, the transitions within the sector 
should be performed with phase alternating (Fig. 5). Thus, 
there are only seven unique switching sequences, which 
ensure that these conditions are met. Fig. 6 shows all this 
sequences for LM segment of the first sector. Similarly, 
switching sequences are formed for the MS segment. 

Fig. 5. Admissible transitions between BVs in the 
first sector of d1q1 plane 

a) 

b) 

c) 

d) 

Fig. 6. Switching sequences for the LM segment: 
a) – O-M1-L2-L1-M2-L1-L2-M1-O,
b) – O-M1-M2-L1-L2-L1-M2-M1-O,
c) – O-M2-L1-L2-M1-L2-L1-M2-O,
d) – O-M2-M1-L2-L1-L2-M1-M2-O,
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e) 

f) 

g) 

Fig. 6. Switching sequences for the LM segment: 
e) – M1-O-M2-L1-L2-L1-M2-O-M1,
f) – M2-O-M1-L2-L1-L2-M1-O-M2,
g) – L1-M2-O-M1-L2-M1-O-M2-L1

IV. SIMULATION RESULTS

The simulation results of the five-phase inverter with SVM 
are shown in Fig. 7. The simulation was performed in 

Matlab/Simulink under the condition 
* *U / =constf ( *f  is 

the rotation frequency of the modulation vector), the 
modulation frequency fс =100 f *, the electromagnetic time 
constant of the load Те = 3.25 ms. A symmetrical RL-circuit 
was used as the inverter load to evaluate the current pulsations, 
since the passive circuit is sufficient, especially in the low-
frequency region, where these pulsations are of the greatest 
interest and the rotational EMF is almost zero. 

Hodographs of the current vectors in the d1q1 and d2q2 
planes at km = 0.45 for 2L + 2M algorithm and 2L + 2M + 2S 
one are shown in Fig. 7a and Fig. 7b respectively. It is seen 
that in this case the pulsations of the current vector in d1q1 
plane for 2L+2M algorithm are about twice as much as for 
2L+2M+2S algorithm. At the same time, current vectors in the 
d2q2 plane are zero for both algorithms. Fig. 7c shows 
magnitude of pulsations of the current vector hodographs of 
the d1q1 plane in the time domain.  

The value areas of the coefficient of variation for seven 
considered switching sequences of the proposed 2L+2M+2S 

algorithm and the 2L+2M one are shown in the Fig. 8. A red 
line in the Fig. 8 corresponds to the switching sequence of the 
2L+2M algorithm [15].  

a) 

b) 

c) 

Fig. 7. Hodographs of the current vectors: a – 2L+2M 
algorithm, b – 2L+2M+2S algorithm; c – magnitude of the 
current vector pulsations 
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 Obviously, the choice of the switching sequence of the 
BVs significantly affects the level and power of the current 
pulsations, especially at low values of km, where minimization 
of pulsations is a high-priority task for the precision electric 

drives. At low frequencies * Hz19f   (km < 0.2), by choosing 

a switching sequence, the level of the CV of the current vector 
in the d1q1 plane can be reduced by about 1.5 times for both 
algorithms. From the Fig. 8 it also follows that for the 
2L+2M+2S algorithm the transition of the modulation vector 
from one segment to another leads to the violation of the 

function CV (k )mf monotony in the area of 

0.528  0.561mk  , which requires consideration when 

designing a precision electric drive, because it can lead to the 
resonance phenomena. 

Fig. 8. Coefficient of variation of the stator current 

 It is important to note that for both algorithms considered 
(Fig. 8), the lowest CV is achieved by using the sequence 
shown in Fig 6g, while the worst CV is provided when using 
the sequence shown in Fig. 6d. Moreover, the upper boundary 
of the CV region almost corresponds to the 2L+2M algorithm 
optimized to minimize higher voltage harmonics [15]. 

V. CONCLUSION

Thus, the following conclusions can be drawn from the 
simulation results: 

1) when developing a precision electric drive, it is
important to consider the modulation algorithm, since 
changing the switching sequence can significantly reduce the 
level of the stator current pulsations; 

2) the segmentation of the basic vectors plane and the
proposed 2L+2M+2S algorithm provide suppression of the 
low order current harmonics and have the lower CV of the 
current vector in d1q1 plane compared to the 2L+2M algorithm 
optimized to minimize higher voltage harmonics; 

3) a multiphase two-level inverter with the segmentation
of the basic vectors plane is actually a multi-level inverter, so 
the transition from one segment to another results in the sharp 
change in the magnitude of the current pulsations, what is 
typical for all multilevel inverters. 
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