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Abstract— This paper presents a modified space vector pulse
width modulation to drive permanent synchronous motor, the
switching pattern of modified space vector pulse width
modulation (MSVPWM), with certain notches, in the switching
pattern of conventional type, are eliminated. These notches at
relatively high modulation index have small width compared
with switching period. The modified strategy has many
features, such as increasing the utilization of dc input voltage and
therefore higher output voltage, reducing the stress on power
switches, and reducing switching power losses. The percentage
reduction in the number of pulses for each switch device is
about 33% of total number of switching pattern. This is due to
the nature of space vector pulse width modulation. The proposed
approach is analyzed and simulated, using Matlab Simulink . The
obtained results prove that the proposed strategy has low
power switching losses, and higher fundamental range and good
quality of output voltage waveform compared with conventional
space vector. Practical results have been obtained which validate
the theoretical and simulation approaches.

Keywords- AC drive; Space vector pulse width modulation;
PMSM; Switching Power losses.

l. INTRODUCTION

The permanent magnet synchronous motor (PMSM) has
been used in various applications due to its merits and
features. Such applications are drive motion control, traction
and industrial applications. The absence of coil in the rotor
which replace by permanent magnet, made the PMSM higher
efficiency due to negligible copper power loss, compact size
and low weight compared with other types of synchronous
motors. Also a highest torque to-weight ratio is achievable
with high efficiency particularly when using rotor with magnet
type Neodymium Iron Boride NeFeB[1,2]. Two types of
PMSMs, have been used for applications requiring a wide
speed range of constant-power operation, are surface
permanent magnet and interior permanent magnet
synchronous machines. The surface type which the rotor is
made of iron and the magnet "glued afterword" [2,3], also
uniform air gap which results no reluctance torque between
rotor and stator field. While the interior type, the magnet
buried in the rotor, which has many advantages like high
speed, smaller size and good dynamic response due to the
present of reluctance torque. Due to the simplicity
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construction of PMSM, most researches deal with d-q model
of the PMSM[4], they were introduced modeling, using
different pulse width modulation (PWM) strategies to drive
system of PMSM based on Matlab/Simulink. Building of
simulation system had been discussed in detail. Reference [5]
has been used a high efficiency PMSM drive system, the
control signal for driving motor is provided by using dc link
voltage waveform of the inverter. The position of the magnet
has been obtained by controlling terminal voltage of the
PMSM. Also high efficiency can be obtained by controlling
the motor power factor at almost unity. Reference [6] was
presented efficiency optimization for interior permanent
magnet synchronous motor drive using vector control, by
controlling the optimum d-axis stator current based on "loss
model" which is validated by experiment results.

The space vector pulse width modulation (SVPWM)
strategy produces a high utilization of DC input voltage,
compared with other types of PWM strategies, such as
sinusoidal pulse width modulation (SPWM). Also in order to
reduce the total harmonic distortion (THD), the switching
frequency is required to be increased. This will cause an
increase of the stress and switching energy loss of the power
devices as well as increase the electromagnetic interference
(EMI). Therefore this paper proposes a strategy called modify
space vector pulse width modulation (MSVPWM) as a
contribution to improve the performance of PMSM.

Il.  SPACE VECTOR PULSE WIDTH MODULATION
APPROACH

Space vector pulse width modulation (SVPWM) is one of the
most popular techniques which is widely used by industrial
applications due to its features, such as its control strategy can
be implemented in digital system and has efficient utilization
of dc bus compared with other PWM strategies[7]. The theory
of space vector is based on representing three-phase system
Va(t), Vib(t) and Vc(t) by a rotating vector V, as given in (1):
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A six pulse voltage source inverter, is shown in Fig. 1, has
eight permissible switching states 2° = 8 .The  upper
switching power devices S1, S3and S5 are complementary in
switching with the lower devices S4, S6and S2 respectively, to
avoid short circuit across the dc link.

Table 1. shows the line and phase voltages corresponding
to the switching states, note that the lower switches of the
inverter legs aren't mention in table which take the opposite
states of upper switches.
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Fig.(1) Three phase voltage source inverter

Table 1. Line and phase voltages relationship with switching states

Vector | S1 | S3 | S5 | Vap | Vie | Ve Van Von Ven

Vo=(000) [ OFF | OFF | OFF 0 0 0 0 0 0

V1=(100) ON OFF | OFF | +Vg 0 —Vie | +2/3V | -1/3V -1/3Vae

V,=(110) ON ON OFF 0 +Vie | Vi | +13Va | +1/3Ve -2/3V e

V3=(010) | OFF ON OFF | Vi | +Vi 0 -1/3V4c +2/3Vge | -1/3Vg

V4=(011) | OFF ON ON —Vic 0 +Vic -2/3Vac +1/3Vge | +1/3Vge

Vs=(001) | OFF | OFF ON 0 Ve | Ve | 13V -1/3Vac +2/3Vac
Ve=(101) ON OFF ON +Vie | Vi 0 +1/3Vec -2/3Vac +1/3Vac
V7=(111) ON ON ON 0 0 0 0 0 0
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Fig.2. Eight states of voltage vector for six step voltage source inverter

The eight possible state vectors, for six step inverter, are
summarized in Fig. 2.The six- IGBT switches combinations in
the inverter have "eight permissible switching states”. The
active vectors (Vi...Vg) are represented by the axes of
hexagonal that has the magnitude of 2/3 Vg. The angle
between any two adjacent active vectors is 7/3 radians. The
non-active vectors (Vo and V;) are presented at the origin as
shown in Fig. 3. The space vector, according to the
equivalence principle and following operation rules, are
obtained as: V1= -V, Vo= -Vs5, V3 = -V and Vo=V7=0. The
value of reference vector (V) is adjusted as in (2).

Vet = Vo + =V + -+ 27, o
Where to,t;...t7 are the ON sharing time of all the vectors
V,,V,....V, , and Tz is the complete sampling period.
Equatlon (2) represents the decomposition of V_. into V,, V,...7,
has infinite ways [8]. To make full use of ON times for active
vectors, the reference vector splits in two nearest adjacent
active vectors and two non-active vectors. For example, if the
reference vector is in sector 1 for one sampling interval Tz and
with angle o along d-axes as shown in Fig. 3, then the relation
between d-g axes voltage Vg4 and Vg with phase load voltage
Van,Von and Ve, is given in (3) . Keeping in mind the
maximum length of the active vectors are equal to (2/3Vqc),
while the locus of Vi is a circle and its maximum value is
13 V.. This means that the maximum value of modulation
index (M) in linear region is [ (1/V3 Vac) / (2/3V4c)] = 0.866.
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Fig. 3. Voltage space vectors
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I1l. METHODOLOGY OF MSVPWM

When modulation index (M) value of SVPWM is higher
than 0.8 and sampling number is relatively high, some of
notches, appeared in the generated switching pattern within
the pulses, are small with respect to sampling period Tz. This
means that the pulse width of the sample is equal to( ti+
to+t0/2) and the notche'to/2' is relatively very small, compared
with Tz. Therefore the notch 'to/2' can be eliminated by
considering no change in switching state of the power to
reduce the switching losses and the stress on the power
switches. If the sampling frequency is multiple of six (i.e.
12,18,24...), then the total number of eliminated notches
(Nnoten) can be calculated according to Nnotch=2*N, where N is
the total number of samples in one sector and the rest
number of pulses = W -Nnoentl where Wk is the ratio of
sampling frequency (fs) to the operating frequency (f). This
approach, based on MSVPWM, is keeping the THD of the
PMSM current same as conventional SVPWM with less than
5% without using high pass filter.

A Three phase PMSM has the following specifications; The
rating values are; 1.1Kw, 220V, 50 Hz, 2.85A, armature
resistance is 6.34Q, Ld=89mH, Lq=65mH, A=0.6wb, and load
torque T =7N.m. These rating have been used for PMSM
simulation with SVPWM at sampling frequency fs=2250Hz,
M=0.85 and V4=300V. For calculation number of pulses, the
frequency ratio W; =2250/50=45, and the reference vector V,,
as given in Fig. 3, will rotate with angle equal to 360/45=8°
which made the number of pulses in each sector equal to 7-8.
For MSVPWM the number of eliminating notches is equal to
(7+8=15), there is two sector in hexagonal have the width of
to/2, therefore the number of pulses will be (45-15+1=31) and
the effective dynamic sampling frequency will be 1550Hz
while the dynamic sampling frequency is 2250.

Fig. 4(a), shows the switching pattern of SVPWM and Fig.

4(b) shows significant reduction of switching notches with
MSVPWM.
Figs. 5(@) &(b) show the motor line voltages and their
spectrums for SVPWM and MSVPWM respectively. The
most significant harmonic orders are almost same. But the
utilizing dc link voltage, with MSVPWM, is improved due to
the increase of the fundamental voltage and the reduce of
voltage stress on IGBT due to the significant reduction in
switching, i.e. on and off , states has less effect.
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Fig. 4. Switching pattern (a) SVPWM (b)MSVPWM

The motor current for SVPWM and MSVPWM are shown
in Figs. 6(a) &(b) respectively and Figs. 7(a) &(b) and Figs.
8(a) &(b) show the electromagnetic torque and motor speed
for SVPWM &MSVPWM respectively.
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Fig.(6) Motor line current a) SVPWM b) MSVPWM
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v POWER LOSSES CALCULATION IN SVPWM AND
MSVPWM INVERTER TEMPLATE

The power loss due to Power semiconductor switches,
such as IGBT, can be classified into [9] conducting losses
(Pcond), switching on and off power losses (Psw) and blocking
(Pp) or leakage loss which may be neglected. The total
switching losses of power semiconductor switches become
significant practically when the switching frequency and the
switching stress are high[10].Two categories of power loss
measurement in power electronic applications. The first is
electrical methods which is based on the multiplication of
both the instantaneous voltage and current ,for say IGBT to
get instantaneous power, then the mean value of instantaneous
power gives the power loss. The second is calorimetric method
which measure the total power Piss by mean of dissipates as
heat within a measurement chamber. In general, two main

Power losses(watt)

types of electrical power measurement, analogue electrical and
digital methods. The analogue type, such as electromechanical
wattmeter, is inconvenient for measuring non-sinusoidal
waveform or high frequency application, its suitable for dc or
low frequency sinusoidal waveforms[11]. Digital measurement
techniques, such as digital storage oscilloscope, FPGA,
microprocessor, dspace, etc. are the convenient tools for power
electronic applications, due to using high frequency sampling
waveform of current and voltage and therefore the power
losses can be predicted. The instantaneous power waveform is
equal to multiplications of both instantaneous collector to
emitter voltage v(t) and collector current i(t) , of IGBT.
Therefore integrating instantaneous power over a period of
T(sec) to obtain the real power P, (watt) switching loss as
expressed in (4).

Py =2 [ v(D.i(Ddt

(4)

The simulation-tool presents a relatively exact method for
calculating  power switching loss[12]. Switching and
conduction losses can be directly calculated using
Matlab/Simulink. For comparison, between traditional space
vector and MSVPWM at f=2250Hz and modulation index
M=0.8 with same loading condition, the total power loss is
given in Fig. 9. This Figure shows that the power losses in
IGBT switches in the VSI with MSVPWM technique are
significantly less than in traditional SVPWM, due to the
reduction in switching losses and the stresses on power
switches.

V. RACTICAL TEST RESULTS

The Drive system is tested in a real time system in order to
check its performance and the power losses. The base drive
circuit has been built using optocoupler 6N137, and the six -
pulse three phase power inverter circuit designed using
IGBT's type FGW30N120HD, where its specifications are
Vee=1200V, I= 30A and Vcesat =2V. The gate drive signals
has been built based on the dSpace digital control system
DS1103. Figs. 10 (a)&(b) show the practical gate drive pattern
at M=0.85 f=2250Hz, for SVPWM and MSVPWM
respectively.

Power losses verses input dc voltage for fs=2250Hz,M=0.8

—— SVPWM
—— MSVPWM

/

0 100 200 300 400 500 600
Input dc voliage (vot)

20 /

Fig. 9 Relation between input dc voltage and power losses
for SVPWM and MSVPWM
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while Figs.12(a)&(b) show the motor voltage spectrum for
SVPWM, MSVPWM respectively, Fig.13. shows the practical
calculation of power losses using digital oscilloscope for
resistive load with certain load condition. Fig.(14) shows the
practical relation between output line voltage and power losses
for SVPWM and MSVPWM respectively. Fig.(15) shows the
relation between line output voltage and input dc voltage.
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Fig. 10. practical gate signal (a) SVPWM (b) MSVPWM
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Figs. 11(a)&(b) show the motor line voltage and current
for SVPWM, MSVPWM respectively.
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Fig. 11. Motor line voltage and current (a) SVPWM (b) MSVPWM
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VI. CONCOLUSION

In this paper, the theory of the proposed modified space
vector pulse width modulation for a three-phase voltage
source inverter has been presented. A proposed MSVPWM is
introduced by eliminating the small notching of the pulses.
These notches are relatively small with respect to sampling
period Tz particularly at high modulation index higher than
0.8 . The proposed method confirms the following features;
reduces the switching frequency, reduces the stress on power
switching devices, improves the efficiency, increases the
utilization of dc link source, and minimizes the susceptibility
of fault for the complementary of the power transistors. For
typical case, when M=0.85, V4 =300V, using Matlab/
Simulink, the fundamental output line voltage is 290.5V when
the switching frequency fs=2250Hz, number of pulses=45 for
SVPWM. While the fundamental output line voltage is 300V

at effective sampling frequency f;=1550Hz, after eliminate the
notches which result number of pulses=31 for MSVPWM .
The simulation results for calculation the power losses, as in
Fig. 9, shows the power losses calculation based on
MSVPWM has lower power losses compared with SVPWM.
Therefore the proposed strategy has higher efficiency and
reduces the stress on power switches. For verification,
practical results shows that same harmonic component in the
line voltage spectrum for both SVPWM and MSVPWM
approaches, and determination of power losses and utilization
of dc input voltage as in Figs. 14&15 show the MSVPWM has
less power losses and higher output voltage.
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