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Performance of Variable Delay
Randomization PWM Algorithm based Vector
Controlled Induction Motor Drive with reduced

acoustical noise

T.Himaja, G.Naresh, K. Satyanarayana

Abstract— This paper presents Performance of Variable Delay Randomization pulse width modulation (VDRPWM) Algorithm
based Vector Controlled Induction Motor Drive with reduced acoustical noise. A simplified SVPWM algorithm for vector
controlled induction motor drive with the concept of imaginary switching times (IST) to reduce the computational burden
involved in the conventional approach. In order to reduce the acoustical noise, VDRPWM algorithm based on imaginary
switching times is proposed and numerical simulations have been carried for various operating conditions of the drive. From the
simulation results, it can be observed that the proposed VDRPWM algorithm reduces the THD and acoustical noise by giving

spread spectra.

Index Terms—SVPWM, VDRPWM, IST, Induction motor, vector control, THD, acoustical noise.

1 INTRODUCTION

HE high performance speed control of induction mo-

tor is based on the vector control, which is also

known as field oriented control (FOC). The invention
of field oriented control or vector control brought a re-
naissance in high performance induction motor drives.
With the vector control algorithm [1], the decoupling of
torque and flux control commands of the induction motor
is guaranteed, and the induction motor can be controlled
as a separately excited dc motor. However, the vector
control algorithm uses hysteresis type current controllers
for the generation of gating signals, which results in vari-
able switching frequency operation of the inverter. To
achieve constant switching frequency operation of the
inverter, the conventional space vector PWM (SVPWM)
algorithm [2] has been used for vector controlled induc-
tion motor drive. The SVPWM algorithm divides the zero
state time equally among the two zero voltage vectors.
The hysteresis controllers based FOC schemes suffer from
high ripples in torque and current since none of the in-
verter state is able to generate exact stator voltage vector
required to produce desired changes in torque. To
achieve a substantial reduction of ripple in current at each
sampling period, it is necessary to calculate the stator
voltage space vector to exactly compensate the torque
errors. In order to apply this principle, the control system
should be able to generate the desired voltage vector, us-
ing the SVPWM technique [3].
Acoustic noise has been a major problem since the inven-
tion of the induction motor drive. Basically, it is caused
by flux space harmonics. The flux space harmonics are
dependent upon certain factors, such as winding layout,
fluctuation in air-gap permeance due to slots of stator and

rotor, eccentricity [4], local saturation etc. The acoustic
noise radiated by induction machines increases when
they are operated from non sinusoidal power supplies,
such as pulsewidth modulated inverters[5]. Electromag-
netic noise due to PWM switching is generated at narrow
band high frequencies, which cause communication ob-
stacles and unpleasant high-frequency audible noise. Sev-
eral studies related to techniques to reduce this audible
switching noise have been reported [6-8]. Recently, new
PWM methods for noise reduction called random pulse
width modulation (RPWM) methods have been investi-
gated extensively. These use broad-band switching fre-
quencies to spread the noise spectrum instead of using a
specific fixed switching frequency. RPWM strategies are
attracting interest as excellent methods for noise reduc-
tion because of their simple algorithm [9].

To reduce audible noise, VDRPWM algorithm based on
imaginary switching times is proposed for FOC based
induction motor drives. The proposed algorithm reduces
acoustical noise and also avoids burden in calculations.
Further, the switching frequency of the inverter is main-
tained constant.

2 SVPWM ALGORITHM

Voltage source inverters (VSI) are utilized in many appli-
cations. The three-phase, two-level VSI has a simple struc-
ture and generates a low-frequency output voltage with
controllable amplitude and frequency by programming
high-frequency gating pulses. For a 3-phase, two-level
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Fig. 1 Voltage space vectors produced by an inverter

VS, there are eight possible voltage vectors, which can be
represented as shown in Fig. 1. Among these voltage vec-
tors, V1 to Vs vectors are known as active voltage vectors
or active states and the remaining two vectors are known
as zero states or zero voltage vectors. The reference volt-
age space vector represents the corresponding to the de-
sired value of the fundamental components for the output
phase voltages. In the space vector approach this can be
constructed in an average sense. The reference voltage
vector (V4 ) is sampled at equal intervals of time, T, re-
ferred to as sampling time period. Different voltage vec-
tors that can be produced by the inverter are applied over
different time durations with in a sampling time period
such that the average vector produced over the sampling
time period is equal to the sampled value of the V4,
both in terms of magnitude and angle. It has been estab-
lished that the vectors to be used to generate any sample
are the zero voltage vectors and the two active voltage
vectors forming the boundary of the sector in which the
sample lies. As all six sectors are symmetrical, the discus-
sion is limited to the first sector only.

For the required reference voltage vector, the active and
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3 SIMPLIFIED SVPWM ALGORITHM:

To reduce the complexity involved in the conventional
SVPWM algorithm and memory size, in this section,
SVPWM algorithm has been developed using the concept
of imaginary switching times. In this approach, the actual
switching times for each inverter leg are deduced directly
as a simple form. The proposed approach is based on the
instantaneous values of the reference voltages of a, b and
¢ phases only. This method does not depend on the mag-
nitude of the reference voltage space vector and its rela-
tive angle with respect to the reference axis. By the d-q
transformation theory, the transformation from two-
phase voltages to three-phase voltages can be obtained
from the stationary frame reference voltages as given in

(4)

|| 2 %]

VC n

SR o

If the reference voltage vector lies in the first sector as
shown in Fig.1, then the actual switching times can be
deduced as

3V

T, = Vet Szn(§0 —a) , T
2V, Sin60° (5)
—ﬁ ﬁvwf sa—lV s sinea [T,
VvV, 2 2
3V, Sina
2V, Sin60° ° (6)
V3

= v, (Vref cos a)* T,

C

zero voltage vectors times can be calculated as in (1), (2) But from Fig. 1 it can be observed that V, =V, cosa
and (3). and V, =~V sina . Hence, the active vector times can
T, = 2\/_ ZT° M. s|n(60° — a)T be simplified as
? 3 (/3
2J§ _ /3 3 1 .
T, :TMi sin(a)T, @) T, = V. [ > Vet Va | T,
T,=Tg-T;-T 3 / (7)
z=ls =12 ®) _ T, vV o+ lV 4 3 v,
Ve 7 2 17 2
where M; is the modulation index and defined as in [1]. T T
In the SVPWM algorithm, the total zero voltage vector = VS Vn — VS Vi =T, bn
time is equally divided between V, and V7 and distribut- de de
ed symmetrically at the start and end of the each sam- and
pling time period. Thus, SVPWM uses 0127-7210 in sec-
tor-I, 0327-7230 in sector-II and so on.
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From the above equations, the imaginary switching time
periods proportional to the instantaneous values of the
reference phase voltages are defined as

T;zn = VTS Vun ; T;m = L Vbn ; T‘(:l = ’TS Vcn (9)
Vdc Vdc Vd(

Hence, the active vector switching times T1 and T, if the
reference voltage vector falls in sector-1 may be expressed
as

Tl = Tun - Tb (10)

Thus, the active voltage vector switching times can be
represented by the time difference between the imaginary
switching time periods. In the SVPWM algorithm, when
the reference voltage vector falls in the first sector, the
imaginary switching time which is proportional to the a-
phase (T,, ) has a maximum value, the imaginary switch-
ing time which is proportional to the c-phase ( T, ) has a
minimum value and the imaginary switching time which
is proportional to the b-phase (T, ) is neither minimum
nor maximum switching time. Thus, in general to calcu-
late the active vector switching times, the maximum and
minimum values of imaginary switching times are calcu-
lated in every sampling time as given in (11) - (14).

n ’ TZ = Tbn _Tcn

Tmax = Max(Tan 4 Tbn 4 Tcn ) (11)
Tmin = Min(Tan 4 Tbn 4 Tcn ) (12)

Then the active vector switching times T; and T» may be
expressed as

Tl = Tmax _TX ’ TZ = TX _Tmin
where T, (T,

maximum imaginary switching time.
The zero voltage vectors switching time is calculated as

(13)

T,,,T.,) and is neither minimum nor

n’

T.=T -T,-T, (14)

By using the active vector times and zero vector times
can be calculated. Thus, the active state times and zero
states times can be calculated without determining the
angle and sector information with the help of imaginary
switching times.

4 PropPoseb VDRPWM ALGORITHM
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The proposed approach dithering the switching peri-
ods, subsequently referred to as a variable delay random-
ization PWM (VDRPWM) algorithm, is characterized by a
constant sampling frequency. In VDRPWM algorithm, the
individual switching periods are varied in a random
manner by randomizing the delays of switching cycles
with respect to the corresponding sampling cycles. The
variable delay acquires values between zero and the sam-
pling time period. A flow-chart of proposed VDRPWM
algorithm for the generation of random delay process in a
switching period is shown in Fig. 2, from which, it can be
observed that the number of switching cycles is the same
as that of sampling cycles, that is, the average switching
frequency equals the fixed sampling frequency. If the var-
iable delay equals to zero, then the proposed VDRPWM

algo-
rithm r, =rand[0,1]
be-
E}?mes v
e p—
stand- Al =nT
ard < Aty = Aty
SVPW \ 4 7'y
M algo- r, =rand[0,1]
rithm.
Atz = |’2T
A

TS =T +At2 —Atl

Switching

A 4

pattern

Genera-

tion

Atz = Atz +Ts.min —TS

Ts = Tg,min

Fig. 2 Flowchart of the proposed VDRPWM algorithm for
the generation of random delay process in a switching period
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5. PRoPOSED VDRPWM ALGORITHM BASED
VECTOR CONTROLLED INDUCTION MOTOR
DRIVE

The block diagram of proposed PWM algorithms based
indirect vector controlled induction motor drive can be
shown as in Fig. 3. This shows how the rotor flux linkage
position can be obtained by integrating the sum of rotor
speed and actual speed. In the indirect vector control
scheme, to regulate A, and rotor speed to desired values

are the two objectives. Apparently the stator voltages that
are required to generate the desired rotor flux linkage and
rotor speed are not directly related to these variables. So
the alternative way is to regulate the rotor flux linkage
and rotor speed through PI controllers and the outputs of
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these two controllers give out the reference values for the
g- and d-axis stator currents in synchronous reference
frame. Then the actual q- and d-axis stator currents are
regulated to these two reference currents to get the stator
voltages. The obtained two-phase voltages will be con-
verted into three-phase voltages and given in VDRPWM
block

Fig. 3 block diagram of VDRPWM based indirect vector con-
trolled induction motor

6 SIMULATION RESULTS AND DISCUSSIONS

To validate the SVPWM and proposed VDRPWM algo-
rithms based vector controlled induction motor drive,
several numerical simulation studies have been carried
out at various conditions by using Matlab/Simulink. For
the simulation studies, the switching frequency is taken
as 5 kHz and dc link voltage is taken as 540V. The induc-
tion motor used in this paper is a 4 kW, 400V, 1470 rpm,
4-pole, 50 Hz, 3-phase induction motor having the follow-

935

ing parameters:Rs= 1.57Q), Rr = 1.21Q, Ls = 0.17H, L: =
0.17H, L = 0.165 H and ] = 0.089 Kg.m2. The simulation
results of SVPWM and VDRPWM based vector controlled
induction motor drive are shown in from Fig 4 to Fig.11.
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Fig. 4 Starting transient of vector controlled induction mo-
tor drive with SVPWM algorithm
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Fig. 5 Steady state plots of vector controlled induction
motor drive with SVPWM algorithm
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drive with SVPWM algorithm during step change in load

Fig 9 Steady state plots of proposed VDRPWM algorithm
based vector controlled induction motor drive
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Fig. 7 Harmonic spectra of line current with the SVPWM
algorithm based vector controlled induction motor drive
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Fig. 8 Starting transients in proposed VDRPWM algo-
rithm based vector controlled induction motor drive
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Fig 11 Harmonic spectrum of line current of proposed
VDRPWM algorithm based vector controlled induction mo-
tor drive

Thus, the proposed VDRPWM algorithm reduces the
steady state current ripple and acoustical noise of the induc-
tion motor when compared with the SVPWM algorithm.

7 CONCLUSIONS

Here, A simplified SVPWM algorithm for vector con-
trolled induction motor drive with the concept of imagi-
nary switching times is analyzed in order to reduce the
computational burden involved in the conventional ap-
proach. To reduce THD and the acoustical noise, VDR-
PWM algorithm based on imaginary switching times is
proposed and numerical simulations have been carried
for various operating conditions of the drive. From the
simulation results, it can be observed that the proposed
VDRPWM algorithm reduces the THD and acoustical
noise by giving spread spectra. The simulation results
validate the proposed method.
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