An Optimized PWM Switching Strategy for an Induction Motor Voltage Control
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ABSTRACT

An optimized PWM switching strategy for an induction motor voltage control is developed and demonstrated. Space vector
modulation in voltage source inverter offers improved DC-bus utilization and reduced commutation losses and has been therefor
recognized the preferred PWM method especially in case of digital implementation. An optimized PWM switching strategy for an
induction motor voltage control consists of switching between the two active and one zero voltage vector by using the proposed optimal
PWM algorithm. The preferred switching sequence is defined as a function of the modulation index and period of a carrier wave. The
sequence is selected by using the inverter switching losses and the current ripple as the criteria. For low and medium power application,
the experimental results indicate that good dynamic response and reduced harmonic distortion can be achieved by increasing switching

frequency.
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I. Introduction

The purpose of PWM is to generate an output
waveform with desired frequency and magnitudes with a
composition pulses of variable width form a given
constant magnitude input. Even thought the output voltage
waveform of idea inverters should be sinusoidal, the
waveform of practical inverters is non-sinusoidal and
contain harmonics [1].

During the last decade, various PWM switching
strategies have been proposed and developed. Modern AC
drives with gate-commutated switches use various PWM

methods for voltage or current control.

The desirability of a given method depends on
- harmonic distortion of the output waveform for a
given switching frequency
- utilization of a DC bus voltage
- dynamic response

- ease of implementation

The most preferred PWM technique today is space vector
modulation[2], [3], [4] which offers 15% better bus
utilization and 33% fewer commutations per cycle than
conventional PWM. Since the space vector modulation
offers superior performance with tespect to other
modulation technique, both establishing the sequencing
strategy in microprocessor- implemented PWM control
scheme which is the best suitable for variable frequency AC
drives and developing an efficient and simple strategy to
obtain the desired performance criteria are equally
important.

Analytical expression is derived for the RMS value of the
current ripple as a function of the modulation index.
Experimental data consist of the stator current waveform of
an induction motor, its line voltage spectra.

In the proposed scheme, the switching patterns are
directly generated by means of on-line computations and
stored by look-up table memory. The system memory

requirement and CPU time are reduced because the scheme

only needs the precalculation of a minimum number of
switching points per half cycle. The switching strategies are
determined by varying the modulation index, M, and period

of a carrier wave, T.

81, o-B IH Zpf oA olu{E HH
V.12l 9%
Fig.1 Location of the inverter vectors ;.- V,
in the a-B stationary frame

II. Space vector modulation

A three-phase invertor can assume 8 different switching
states, corresponding to 7 discrete voltage vectors at output

as shown in Fig.1.

The PWM strategy defines the sequencing of the
available vectors in such a way that the average voltage
within one cycle corresponds to the reference U.The cycle
time T is defined as the time necessary to go through the
sequence of three successive vectors(interval T in Fig.2).
The cycle T can also be defined as the minimum interval
where the average inverter output corresponds the

reference U.
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Fig.2 Timing diagram for space vector modulation
with proposed switching sequence and a reference
vector in sector 1
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Fig3. Timing diagram for space vector modulation
with regular switching sequence and a reference
vector in sector 1

The space vector modulation and problem of selecting
the appropriate switching sequence are clearly understood if
the phase quantities are transformed into the a-3 stationary

reference frame :

U,+U, 3
Un - 2 7U/3 = \/2_ X (UI)MUC) (1)
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Table 1 gives the a and 3 components of each voltage
vector, together with switching states for all six segments
defined in Fig.1. E denotes the DC-bus voltage.

E1 oHE EHoA MAHE{S He| o, BHE
a2 QIB{E ARE AEf
Table 1. Definition of the voltage vectors available at
inverter output, their a and 8 components and the
inverter switching states

STATES (%)
1 = HIGH ON
VECTOR | ANGLE | Us U
o * o-ton | ! D
A B C
v, 0 E 0 1 0 o0 E
vV, | e g 3 Y3t 1 o E
Vs, 120 |-E| Ealo 1 ol E
2 2
V., |180° | -E 0 0 1 1 E
Vs | 200 —g —‘2‘5\/5 e o 1| E
Ve | 300° —‘23— lzﬁiﬁ 1 o0 1 E
v, - 0 0 111 0
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The non-zero vectors Vy, * + +,V; create a hexagon as

shown in Fig.1. The zeto voltage vectors are located in the
origin of the -8 plain. The modulation can be arranged in

such a way that the output voltage U, ; tracks the hexagon

boundaries, but the voltage components ﬁ; and —ﬁ; will be

non-sinusoidal.

The best tracking of the reference voltage U is obtained
when the switching sequence includes only two vectors
adjacent to U and a zero vector[3], [4].

As shown in Fig.2, the time intervals T, T, and T,
determine the duration of the three vectors that compose the
switching sequence.

These intervals depend on the amplitude and the spatial
orientation of the reference vector U.

Assuming that the reference U is in sector 1, at Fig.1, the

time intervals T, T, and T, are given :
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T, =T m- sin(60°—A0) ()
T, =T m- sin(A0) 3)
Ty=T-T,-T, )

where, A : voltage vector amplitude,
m = A/d : modulation index,
d=FE sin(60°) : The radius of an inscribed circle in
the hexagon,
Af = arg( U) —arg( V,): The displace-
ment between the reference U and

the clockwise side V| vector.

The same rule (2)-(4) defines the intervals T, T, , ; and
T, for any other sector in the hexagon. Depending on the
spatial orientation of the voltage reference U, each
modulation cycle should consist of the sequence of vectors
Vﬁu«,V”H and m,where ne& (1,2, - -

,6is the sector

number, while the angle A8 = arg( ) —(n—1) X 60°.
The zero vector is applied to the inverter output during the
interval T, =T —T, —T, in each cycle.

As shown in Fig.2, in the transferring from one to the
other state, the switching sequence between the three voltage

vectors involves only one commutation.

This obviously requires the use of both zero vectors (77

and'\Tg) in a given sector and a reversal of the switching

sequence every cycle. The benefit is the reduction of
commutation from four th three comparing to a regular
sequence in Fig.2 and 3.

The space vector modulation with cycle frequency

1
f.= T has the same number of inverter switching as the

SPWM(Sinusoidal Pulse Width Modulation) with the carrier
f

frequency, fpyn = 7(

II. The RMS values of the
current ripple

From Fig.2, it is clear that the ripple waveform will be a
periodic function with a period 2T. Neglecting the stator
resistance and assuming the switching cycle T is essentially
small with respect to the motor dynamics, the motor current
will change linearly. Hance, the current values from t, and

t; are calculated th be :

l(y(t4) = I(x(J +( 2 4 ) 2Lo (5)
TE

i(t,) ﬂ.ﬂ(@) S (1= 5) O

i()ii (t')) = i(y,ﬁ (t2> (7)

Lo (tg) =1,4(ty) =i,,(tg) = [Ia()’Iﬁ[]] ®

where, 1

2 Ty

(ty) =14 i,(ty) =1L : initial values,
L, : The motor equivalent leakage inductance,

m : modulation index,
E : DC-bus voltage,
T : cycle period.

The average value of a and 3 current components in the

interval [t; - - t;] of the proposed sequence(Fig.3) are
given by :

Lav mTE 3

i (tytg) = Lo Z(l —m)+1

v 3 mTE

i (t‘),tﬁ)=% ST, (Lmm) ©)

The RMS values of the a and 8 ripple components are
given by :

‘ 1 [ -
AiZ =§T—/ i2 (t)dt—(i2)° (10)
tl]
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The total ripple RMS value is given by :

(12)

IV. Optimized PWM switching strategy for
microprocessor based implementation

An Z-80A microprocessor-based inverter controller
is built to optimized PWM switching sequence. The
block diagram of the implementation system is shown
in Fig.4.

3D - invener

3. AC
G
— I 4
Rectifier
ROM

——
Z-80A | % 3‘ 5, Jo-stepi
- step inverter
CPU ¢1c LY drive circuit

3

3o - PWM Generator

%4 Z-80A DlO|ARZZ2 MM J7|Z
3p-PWMRItHE{e| E3E

Fig.4. The block diagram of an Z-80A

microprocessor-based 3¢-PWM Inverter

The determinations of intervals T, , T, ., and T, are

difficult for the microprocessor-based implementation, since
the microprocessor requires powetrful arithmetic capabilities
and large memory space to store pulse width for a wide
range of output voltage and frequency.
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Fig.5. Proposed PWM wave generation strategy

To save the CPU time and look-up table memory and to
avoid floating point operation, the minimum number of
pulse per half-cycle, P, which to calculate the pulsewidths in
the proposed technique, is determined by :

P= =9+6(K—1) (13)

where, K = 1, 2- - - , n : integer,
f.. : The frequency of a triangular
wave,

f, : The frequency of a sine wave.

The modulation index, M is defined as :

M= (14)

where A = The peak of carrier wave,

A = The peak of sine wave.

As shown in Fig5, under f_> f  condition, the

reference wave between the two intersection points D and



E can be picewise linear. Therefore, the pulsewidths given
by the space vector modulation method, ¢T’, and the
proposed method, AT, are approximately equal.

AT = AT (15)

From the similarity between AAFO and AABK in
Fig.5, the following relation can be achieved :

éAT : %T =(A,—A):A, (16)

where, A; = The magnitude of i-th sine wave at the center

point of i-th triangular wave, i =1,2,3 - - ,[P/2+1],
[ ]=Gauss operator.
From (16), i-th pulsewidth, AT, is given by :
A,
AT =T(1- 1) (17

Ac

From (14) and (16), the simple analytic from of equation
(17) is obtained :

AT =1 A,
L =T(1="M) (18)

C

As shown in Fig.6, the time intervals, AT,, between the
i-th and (i+1)-th pulsewidth is given by :

AT —T(1+———Ai+Ai” )
U= 24, M (19)
where, t, =1,2,- - - i—1.

AT ;Tn‘
azle, 71F Melmlel vtET|Fotel AolE Mg
AT, 2tAT,
Fig.6. The gate signals AT, and AT,; during the
positive-half cycle of reference sine wave

During the positive-half cycle of reference sine wave, the

driving transistor gate signals are generated by following
operation :

TR On during the time interval of AT
TR Off during the time interval of AT ;

During the magnitude-half cycle of reference sine wave,

opposite gate signals are generated.

V. Analytical and experimental results

Analytical results for the RMS value of the motor current
ripple are shown in Fig.7. If both regular and optimized
strategies have the same switching cycle, T, as shown in
Fig.2 and 3, the optimized strategies approach will have
25% fewer commutation but will have an increasingly larger
ripple than the regular strategy for m>0.28, as the ripple for

reducing the number of commutation. Trace C in Fig.7
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corresponds to the optimized sequence with a reduce cycle
time, T* = 0.75T, having the same commutation frequency
as the regular sequence, trace A, but will have an
increasingly larger ripple than ‘the regular strategy for
m>0.75. Trace D in Fig.7 with a reduce cycle time,
T’ =0.5T has 25% fewer commutation frequency than
trace A but will have lower ripple than the regular sequence
over the full voltage range.

The traces in Fig.7 suggest that the best result is obtained
by the optimized strategy with a reduced cycle time,
T' =0.5T.

By reducing the cycle time ‘T; the motor current ripple is
reduce as shown in Figs.8-10, but switching losses are
increased with the number of commutation.

Experimental result of the motor phase current and the
line voltage spectra are shown in Fig.8-13. The phase
current waveform for m=0.8 is shown in Figs.8-10. At the
rated speed, it can be seen that the optimized sequence
results in a significantly lower current ripple by reducing
the cycle time, T.

Alaprms RMS waveform
0.09 v

0Bt
007
006
0os
004

0.03

Fig7. The RMS value of the current ripple as a
function of the modulation index, m. Trace A : with
regular sequence, trace B : with optimized sequence,

trace C : optimized sequence with reduced cycle

time, T’ =0.75T ; trace D : with cycle time,
T =0.5T.
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Fig.8. Motor phase current, m=0.8, p=9, proposed
seguence
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Fig.9. Motor phase current, m=0.8, p=15, proposed
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The line voltage spectra of the waveforms in Figs.8-10
are obtained numerically and are given in Figs.11-13.

In Fig.11, the line voltage spectrum has a predominant
components at the synchronous frequency of 57Hz, and a
relatively small component at 63Hz. This small component
is due to the relatively large harmonic distortion and current
ripple.
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Fig.11. Spectrum of the line voltage shown in Fig.8

In Figs.12-13, predominant components are located at
about 50Hz, and relatively small components at about
70Hz.

RANGE: 5 BV STATUS: PAUSED
A MAG
5
dBv f
: I
i
[
I
10 i
B '
/o1v i
" ' i
ir it
o i
/| [l
e Ejee |
L N ! i
| : Li }
1 U el [
1l . ‘ T
[ i | 4
75 Ly el |
STARTY O Hz B 954,85 miz STORY 100 Wz
X 53.75 Mz i 0,21 dBv

212 JE90M HoiE MTete] AHER
Fig.12. Spectrum of the line voltage shown in Fig.9
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Fig.13. Spectrum of the line voltage shown in Fig.10

Thus, these large bandwidths between the main
components and relatively small components are due to
small harmonic distortion and current ripple. However, by
reducing the cycle time, T, the synchroﬁous frequency is
lower than the rated frequency of 60Hz because of
increasing the slip. Therefor, for maintaining V/f=constant,
the motor current should be controlled by adjusting the DC

generator.

VI. Conclusion

Characteristics of regular and proposed PWM sequence
strategies are investigated both analytically and
experimentally. Experimental results are obtained by
varying the cycle time with respect to the current ripple, the
line voltage spectrum, and the commutation losses.

The developed technique is particularly suitable for a
minimal size memory microprocessor implementation.
Since the proposed switching sequence is defined by simple
analytic expressions, and required the minimum number of
pulse per half-cycle for the calculation of the pulsewidth.

For the modulation index, m, is less than 0.8, the
proposed modulation strategy offers superior performance

for majority of loads such as induction motor drives.
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