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Abstract - This paper presents the comparative analysis of
three different SVPWM methods for a five-phase voltage
source inverter (VSI) in matlab/simulink. Five-phase voltage
source inverters are dominantly used to supply the five-phase
drives which are used for high power applications. It is
necessary to develop appropriate space vectors for the
inverters to provide required output voltages to a five phase
machine. In the SVPWM technique a large, medium and
combinations of large and medium space vectors are detailed.
The performances of the inverter with 5-phase are analyzed
with these switching techniques. The output voltage, THD and
lower order harmonics are observed through simulation. The
performances of the inverter with the above switching vectors
are compared for different modulation indices and the results
are presented.

Key Words: Large space vectors, medium space vectors,
large and medium space vectors, SVPWM, voltage source
inverters.

1. INTRODUCTION

Multi-phase (phase order more than three) machine drives
are gaining growing attention in recent years, due to their
several inherent benefits such as reduced torque pulsation,
harmonic content, current per phase without increasing the
voltage per phase, higher reliability and increased power in
the same frame as compared to their three phase
counterpart. Multi-phase inverter fed induction motor drives
has been found to be quite capable for high power ratings
and other specific applications are extensively analyzed in
[1-3]. These multiphase load requires a multiphase inverter
as source for these loads. An inverter circuit topology uses
two switches connected in series as one inverter pole. The
number of inverter poles depends on number of phases. For
example, a three-phase inverter will have three inverter
poles whereas a five-phase inverter circuit will have five
inverter poles. Therefore, appropriate PWM methods are
necessary for five-phase inverters. A number of PWM
techniques are available to control a two-level three-phase
VSI. However, SVPWM has become the most popular one
because of the easiness of digital implementation and better
DC bus utilisation compared to sinusoidal PWM method.
SVPWM for three-phase voltage source inverter has been
extensively discussed in the literature [4]. The similar

method does not apply to multiphase VSIs, since there are
only a very few application specific SVPWM techniques
available. In principle, there is a lot of flexibility available in
choosing the proper space vector combination for an
efficient control of multiphase VSIs because of large numbers
of space vectors. A specific problem, encountered in multi-
phase drive systems, is that generation of certain low-order
voltage harmonics in the VSI output can lead to large stator
current harmonics, since these are in essence restricted only
by stator leakage impedance [5]. In case of multi-phase
machines with concentrated windings, injection of certain
amount of voltage harmonics of specified low order is
preferable since enhanced torque production can be
achieved is discussed in [6,7]. The Carrier-based methods for
five-phase VSIs were analyzed in [8-11]. By extending the
well-known third harmonic injection principle for three-
phase VSIs [8], it has been shown that in the case of a five-
phase VSl injection of the fifth harmonicleads to an increase
in the DC bus utilization in the linear modulation region is
5.15%. A generalized continuous carrier-based approach
that allows control of both fundamental and the odd
harmonic injection, with emphasis on DC bus utilisation, has
been presented in [9]. A simplified SVPWM approach is
developed in [10-14] by using the concept of offset time.
Moreover, imaginary switching times based SVPWM
algorithm is used in [14]. In this method dc bus utilisation is
less compared to conventional SVPWM. As far as space
vector modulation of a five-phase VSl is concerned, there are
avery few SVPWM schemes currently available. A five-phase
VSI offers a total of 25= 32 space vectors, of which thirty are
active state vectors, forming three concentric decagons, and
two zero state vectors. The simplest method of realising
SVPWM is to utilise only ten large length vectors, belonging
to the largest decagon in the d-q plane, in order to
implement the symmetrical SVPWM [15-18]. Two active
space vectors neighbouring the reference space vector and
two zero space vectors are utilised in one switching period
to synthesise the input reference voltage. This method is a
simple extension of space vector modulation of three-phase
VSIs. It leads to generation of low order output voltage
harmonics of significant values, as shown in this paper. The
only attempt to realise sinusoidal output voltages by means
of SVPWM of a five-phase VSI appears to be the work
described in [19]. By combining the utilisation of large and
medium length neighbouring space vectors in an appropriate
manner, perfectly sinusoidal output voltages are created.
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However, this situation can only be maintained up to a
certain value of the input reference, which is considerably
smaller than the maximum reference achievable with the
given DC link voltage. In order to enable full utilisation of the
available DC bus voltage, the scheme is further
complemented with a different SVPWM method proposed
[20-22], which enables smooth transition from application of
four active vectors to application of only two vectors. To
achieve full utilisation of the DC bus, ultimately has to go
back to application of large vectors only. In this paper, a
novel SVPWM strategy of five-phase VSl is developed. Five-
phase voltage source inverters are dominantly used to
supply the five-phase drives which are used for high power
applications. It is necessary to develop appropriate space
vectors for the inverters to provide required output voltages
to a five phase machine. In the SVPWM technique a large,
medium and combinations of large and medium space
vectors are detailed. An attempt is made in this paper for
various simulation results are obtained for five-phase
inverter at different modulation indices. The effectiveness of
this method is investigated based on the concept of full
utilisation of the DC bus voltage, THD and low order
harmonics for different active space vector combinations.

2. FIVE-PHASE VOLTAGE SOURCE INVERTER

The five-phase voltage source inverter power circuit is
shown in Fig. 1. The inverter input DC voltage is considered
promote on constant. The load is taken as star-connected
and the inverter output phase voltages are denoted with
lower case symbols (a,b,c,d,e), while the leg voltages have
symbols in capital letters (A,B,C,D,E). The relationship
between the machine's phase-to-neutral voltages and
inverter leg voltages is given as follows

V, zﬂVA —%(VB +Ve +Vp +Ve +V,)

5
4 1
Vv, ZEVB _E(VA +Ve +Vp +Ve +V,)
V, :%VC —%(\/A +Vg +Vp +Ve +Ve) (1)
V, =%VD —%(\/a +V, +V, +V +V,)
4 1
V, :gvE —g(\/A +Vg + Ve +Vp +V;)

During the operation of a SVPWM method for five-phase VSI
as 25 = 32 possible switching configurations with 30 active
vectors and 2 zero vectors. A universal option is to use
utilization level of the available DC bus voltage through the
definition of the modulation index (M). Since analysis is here
restricted only to the linear modulation region, modulation
index is defined as the ratio of the fundamental component
amplitude of the line-to-neutral inverter output voltage to
one half of the available DC bus voltage.

(2)

3. SVPWM FOR FIVE-PHASE VSI

Decoupling transformation matrix for a five-phase system is
given with:

1 cosa cos2a cos3a cosda
0 cos2a cosda cosa cos3a
2 . _ ) _ (3)
c=§ 1 sina sin2a sin3a  sinda
0 sin2a sinda sina  Sin3«a
1 1 1 1 1
2 2 2 2 2 |

By applying (3) to the phase-to-neutral voltages of a five
phase load (1), one obtains space vectors in the d1—qland

d2-q2 planes, Fig. 2. There are 32 space vectors in each

plane (30 active and 2 zero space vectors) and each space
vector corresponds to one switching configuration. Space
vectors are identified with decimal numbers in Fig.2. By
converting each decimal number into a five-digit binary
number, switching functions that define particular space
vector are obtained. The most significant bit (MSB) of the
binary number matches the value of the switching function
Va, the second MSB that of Vb, etc. Active space vectors can
be classified into three different groups in accordance with
their magnitudes that are termed short, medium and large
space vectors. The magnitude of the short, medium and large
space vectors are

S, S, S: S, S;

1 1 4 4 1
\/'lk‘-— A B

S, S

4 1

Fig-1: Power circuit diagram of five-phase VSI
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V| = %COS(Z?Z’ I5)V,,

2
le | = gvdc @]

V| = gcos(zz I5)V,,

Thus d1-ql and d2—-q2 planes can be visualized as being

composed of three different decagons, which are formed by
these vector groups, and at the same time, each plane can be
divided into 10 sectors (each spanning z/5). Important
benefit obtained with this vector space decomposition is
decoupled harmonic mapping into two planes, since
harmonics of the order 10k +1 (k=0,1,2,3...). Appear only in
the d1—gl plane, while d2—q2 plane contains harmonics of

the order 10k 3. Harmonic components of the order 5k that
would normally appear as zero sequence components cannot
exist due to the star connection of the load. Therefore, in
order to generate pure sinusoidal output voltages, SVPWM
technique must synthesize fundamental component in the
dl-glplane, while simultaneously keeping harmonic

components in the d2—qg2plane at zero average value. A

space vector PWM method, based on utilization of only two
large active space vectors (2L), is considered first. This is the
simplest extension of a three-phase SVPWM and only the
first plane is considered in order to generate output voltages,
based on the reference space vector. By using the same
concept utilization in the medium space vectors of only two
medium active space vectors (2M) for second plane is
considered. Next, the number of active space vectors
involved in the switching pattern is increased to four (2L and
2M). Nominal set of appropriate mathematical expressions
are necessary to implement the three types of techniques are
detailed in the following subsections.

3.1 SVPWM USING LARGE SPACE VECTORS

In this section, the outer-most decagon of large space vectors
in d;-q: plane is considered. The input reference voltage
vector is synthesised from two active vectors and zero space
vectors respectively. The switching times are calculated by
using the reference space vector V., magnitude of the larger
plane and sector (sec) number respectively. The switching
time sequence of active and zero space voltage vectors is
derived from the expressions (5) & (6).

V et |sin(sec 7 /5—6)
tal = | s (5)
‘VI‘Slnﬂ'/S
V et | sin(6 — (sec—1) 7 /5)
t, =

’\7|‘sin7z/5 &

t0=0-5(ts _tal _tbl ) (6)

Fig.3 shows the phasor diagram for large space vectors of
five-phase VSI. Here, t; and tp correspond to times of
application of large space vectors. In sector 1, t; is the time
of application of the voltage space vector V35, while ty; is the
time of application of the voltage space vector V. tpand t3;
is the time of application of zero voltage vectors of Vy and
V31. For odd sectors, the sequence of the switching period is
(to toi ta tz1 t31 ta tyi tg), while in even sectors it is (o ta tw tz:
t31 ty ta ty) respectively. The maximum possible fundamental
peak voltage of large space vector
isv_, =V cos(7/10)V, =0.6155V,, . The switching time sequence for

large space vectors of sector 1 is shown in Fig.4. It is seen
that in one complete full cycle () has divided into two half
cycles (ts/2). In the first half of the switching time sequence
is zero space vector (ty), two active space vectors (ty ta) and
zero space vector (t3;) respectively. The second half of the
switching time sequence is a mirror image of the first cycle.

Sec-4
Sec-2

) ~ Sec-1

Sec-6 b

17

Fig -2: d1-q1 and d,-q; planes for five-phase VSI
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Fig-4: Switching time
sequence of large space
vectors (sector 1)

Fig-3: Phasor diagram for

large space vectors

(sector 1)
3.2 SVPWM USING MEDIUM SPACE VECTORS

In this section, the medium decagon of space vectors in d; -
q: plane is considered. The input reference voltage vector is
synthesised from two active vectors and zero space vectors.
The switching time is calculated by using the reference space
vector Vs magnitude of the medium plane and sector (sec)
number respectively. The switching time sequence of active
and zero space voltage vectors is derived from the
expressions (7) & (8).

\ | sin(sec z /5 —6)
tam = S, tS
I\/m Sin 72'/5 (7)
\V er | SiN(O — (sec—1) 7 /5)
t,, = — t,
’ I\/m sinz/5
t, = 0.5(t5 -t _tbm) (8)

where t; =1 /fs

ts- Sampling time

fs- Sampling frequency equal to carrier
frequency.
Fig.5 shows the phasor diagram for medium space vectors of
five-phase VSI. Here, tun and tm correspond to times of
application of medium space vectors. Thus, in sector 1, tam is
the time of application of the voltage space vector V¢, while
tym is the time of application of the voltage space vector V.
toand t3; is the time of application of zero voltage vectors of
Vo and V3; respectively. For odd sectors, the sequence of the
switching period is (to tam tom t31 t31 tom tam to), while in even
sectors itis (to tom tam t31 t31 tam tom tp). The maximum possible
fundamental peak voltage of medium space vector
ISV, =V, |cos(7/10)V,,=0.3804V,, . The switching time sequence for

medium space vectors of sector 1 is shown in Fig.6. It is seen
that in one complete full cycle (t;) has divided into two half
cycles (ts/2). In the first half of the switching time sequence
is zero space vector (tp), two active space vectors (tam tom)

and zero space vector (t3;) respectively. The second half of
the switching time sequence is a mirror image of the first
cycle.

V(i1

T,
tty / e PRRr,
o V1¢(10000)

Fig-5 Phasor diagram of Fig-6:
medium space vector
(sector 1)

Switching time
sequence of medium space
vector (sector 1)

3.3 SVPWM USING LARGE AND MEDIUM SPACE
VECTORS

In this section, the outer and medium decagon of space
vectors in di-q; plane is considered. The input reference
voltage vector is synthesised from four active and zero space
vectors respectively. The switching times are calculated
using the reference space vector V., magnitude of the large
and medium plane and sector (sec) number respectively. The
switching time sequence of active and zero voltage vectors is
derived from the expressions (9) to (12).

ta = tal +tam 9
b, =ty +b,

tal \75 = tam ’\7"‘

t, Vs|=t, [V (10)

Solving the expression (10) & (11), switching times for

active space vectors are obtained as
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tO =0. 5(ts _tal _tbl _tam _tbm ) (12)

Fig.7 shows the phasor diagram for combinations of large
and medium space vectors of five-phase VSI. Here, t; and ¢y
correspond to times of application of active large space
vectors and tu» and ty, correspond to times of application of
active medium space vectors. tp and t3; are the time of
application of zero voltage vectors of Vy and V3; respectively.
In the combinations of large and medium space vectors the
sequence of odd sectors is (tg tam ti tar tom t31 t31 tom tal tol tam
to), while in even sectors it is (o tom tar tor tam tz1 €31 tam toi ta
tsm to). The maximum possible fundamental peak voltage of
combinations of large and medium space vector
is Vm|cos(7 /10)V,, <V, <V |cos(7/10)V,,. The switching time
sequence with combinations of large and medium space
vectors of sector 1 is shown in Fig. 8. It is seen that in one
complete full cycle (t;) has divided into two half cycles (t;/2).
In the first half of the switching time sequence is zero space
vector (to), four active space vectors (tam tpi ta tsm) and zero
space vector (t3;) respectively. The second half of the
switching time sequence is a mirror image of the first cycle.

iy 43¢ 11000)

tind Vs (11101)

. / "}c?gm) Vugton) o, 42

em t dy

Fig-8: Switching time
sequence with combinations
of large and medium space
vector (sector 1)

Fig-7: Phasor diagram
for combinations of
large and medium space
vector (sector 1)

4. SIMULATION RESULTS

A simulation is performed in order to prove the efficiency of
the schemes are compared in terms of dc bus utilization,
THD and lower order harmonic components of output phase
voltages. In the simulation the dc link voltage is set to 1 p.u.
and the modulation index M is varying from 0.2 to 1. The
switching frequency of the VSI is chosen as 10 kHz and the
reference fundamental frequency is kept equal to 50 Hz. In
the simulation the results are presented for large, medium
and large and medium space vectors for 5-phase VSI.Fig.9
shows the resultant SVPWM signal for large space vectors.
Fig.10 shows the SVPWM results of phase voltage and its
spectrum of large space vector of 5-phase VSI. From the
observation the fundamental rms value equals 0.4434p.u.

(0.627p.u.peak) and THD is 46.91%. In the large space
vectors the maximum DC bus utilization is 85.64%. The
medium space vector modulating signals and fundamental is
shown in Fig.11 and 12. It is seen that the fundamental rms
value equals 0.2766p.u. (0.3912p.u.peak) and THD is
104.42% of medium space vectors. The large and medium
space vector modulating signals and fundamental is shown
in Fig.13 and 14. It is seen that the fundamental rms value
equals 0.3862p.u. (0.5462p.u.peak) and THD is 65.46% of
large and medium space vectors. In the large and medium
space vectors the fundamental voltage is lies between
0.3804v,, <V, <0.6155V,. . It is seen from Fig.15 that the

decrease of THD for different space vectors when increasing
modulation indices. Fig.16 shows the maximum fundamental
voltage of different space vectors for under varying
modulation indices. It is seen that minimum THD and
maximum fundamental voltage observed in the large space
vector combinations. Fig.17&18 shows the lower order
harmonics of the 3rd and 7% harmonics. It is seen that
minimum harmonics found in the large and medium space
vectors.

Resultant modulating carrier signal for large space vectors
T

SR, SN S TS g W
T

MI10.85
o

L L L L L L L L L
0 0.002 0.004 0.006 0.008 0.01 0.012 0.014 0.016 0.018 0.02
Time in secs

Fig-9: Resultant modulating signal for large space
vectors

Vinvolts

) 0.02 0.04 0.06 0.08 0.1
Time (s)
Fundamental (50Hz) = 0.627 peak (0.4434 rms).
THD— 46.91%

Phase voltage
fpectrum

oz2i---- R o R "T""”H-
o i 8

10 10 10 10"
Frequency (Hz)

Fig-10: SVPWM results of large space vectors output
phase voltage and its spectrum for M = 0.85
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Resultant modulating signal for medium space vectors
T T T T T T

T T
a b

—d —

MI0.85
°

L L L L L L L L L
o 0.002 0.004 0.006 0.008 0.01 0.012 0.014 0.016 0.018 0.02
Time in secs

Fig-11: Resultant modulating signal for medium space
vectors

Phase voltage (p.u)

Vin volts

0 0.02 0.04 0.06 0.08 0.1
Time (s)

Fundamental (50Hz) = 0.3912 peak (0.2766 rms) .
THD=104.42%

b
w

Phase voltage
spectrum
(=]
~

0.1 :
0 - b b :::::2 ) :tﬂ :!; \
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Frequency (Hz)

Fig-12: SVPWM results of medium space vectors output
phase voltage and its spectrum for M = 0.85

Resultant modulating signal for large and medium space vectors

| T T T T d T T T

| | | | | | | | |
0 0002 0004 0006 0008 001 0012 0014 0016 0018 002
Time in secs
Fig-13: Resultant modulating signal for large and
medium space vectors
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Fig-14: SVPWM results of large and medium space
vectors output phase voltage and its spectrum for M =

0.85
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Fig-15: Percentage Fig-16: Fundamental
decrease of THD for voltage increase for
different space vectors different space vectors
combinations
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Fig-17: 3rd harmonic for Fig-18: 7t harmonic for
different space vectors different space vectors

5. CONCLUSION

A simulation study of a five-phase VSI with three different
space vector switching technique is presented in this paper.
From the simulation results, it is seen that the large, medium
space vector technique involves two active vectors whereas
the combination technique with large and medium uses four
active vectors, thus increasing the complexity of the
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switching scheme. The THD decreases with increasing
modulation index and it is minimum for large space vectors.
However the lower order harmonics are minimum in the
large and medium space vectors. The maximum DC bus
utilization is observed in the large space vectors
combinations. Based on the THD, DC bus utilization and
switching pattern and space vector disposition complexity in
the large space vectors are optimum for the five-phase
voltage source inverters.
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