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EXECUTIVE SUMMARY

PWM techniques used in voltage source inverters for motor drives have a significant
impact on the distortion in motor currents and switching losses in the inverter. The space
vector approach to PWM offers several advantages over the traditional triangle
comparison methods. However, the conventional space vector PWM (SVPWM) does not
fully exploit these advantages, and is widely considered to be equivalent to triangle
comparison approach. However, new sequences in SVPWM, which divide the active
vector duration, offer additional degrees of freedom that are not possible in triangle
comparison approach. The main objectives of this research are to identify all such new
sequences, analyZe their characteristics and develop new hybrid PWM techniques that
reduce distortion and switching loss. "

Four new sequences involving active state division have been introduced. The
concept of stator flux ripple is applied systematically to analyze the effects of the new
sequences on THD. Three hybrid PWM techniques that divide the space vector plane
into zones of superior performance for different sequences have been developed. By
applying different sequences within a sector based on the above zone division, the THD
can be reduced by as much as 47% compared to conventional SVPWM, at maximum
modulation index. '

The effects of different sequences on the inverter switching loss also have been

~ analyzed. A switching-loss-optimized PWM has been developed by dividing the o—¢

plane into zones of superior performance for different sequences. This hybrid PWM can

reduce the switching losses by more than 30% over a wide range of power factor angles.

In general, to minimize the switching losses, the sequence that clamps the phase with the

highest current, and double switches the phase whose current is near zero, should be
chosen.

Finally, using the results obtained from the independent THD and switching loss
studies, new hybrid PWM techniques that simultaneously reduce both THD and inverter
switching losses have been developed, specifically for motor drive applications. These
techniques achieve a reduction of over 30% in THD and a reduction of over 20% in
switching loss simultaneously, while operating at nominal fundamental frequency of 60
Hz and at power factor angles close to 30° lagging.

The new PWM techniques have been implemented and validated on an
experimental prototype comprising of a 2kW IGBT-based VSI fed induction motor drive
controlled by a DSP - TMS320F243. THD reduction of 38% in the THD-optimized
PWM and switching loss reduction of 30% in the switching-loss-optimized PWM have
been demonstrated experimentally. With faster DSP clock frequency, experimental
results will match even closer to the analytical results. :

Future work in this area may focus on analyzing the effects of new sequences on
the input current ripple, which affects the reliability of input capacitors, and on extending
the concept of active state division to multi-level inverters.
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1. INTRODUCTION
1.1 Motivation and Objectives of the Research Project

Three-phase voltage source inverter (VSI) fed induction motors are popularly used as
variable speed drives. Extensive research has been carried out on pulse-width
modulation (PWM) techniques for VSI fed drives [1-18]. Triangle-comparison approach
and space vector approach have been the two most popular approabhes to real-time PWM
generation. The two approaches wcré held to be equivalent [4,10,11]. However, recent
research has indicated that the space vector approach offers additional degrees of freedom

in designing PWM techniques over the classical triangle-comparison methods [17,18].
The main objectives of the research described in this report are as follows:

1. Systematic study on the additional degrees of freedom available in the space vector
approach, using new sequences, which are not possible in the triangle-comparison

methods.

2. Analysis of the impact of the new sequences, which permit the additional degrees of
freedom, on the distortion in motor line currents and on the switching losses of the

inverter.

3. Design and experimentally demonstrate new hybrid PWM techniques using the above
sequences to simultaneously reduce both the line current distortion and switching

losses.
1.2 Popular PWM Techniques

A voltage source inverter is used to aipply variable magnitude, variable frequency three-
»phase AC voltage to the motor to control its speed as shown in Fig. 1. A block diagram
of a VSI fed drive is shown in Fi g- 2. Note that the controller and pulse width modulator
are shown explicitly as two different blocks. The controller determines the dynamic
performance of the drive. For example, vecfor control is used in applications where high
dynamic performance is required, whereas V/F control is used where the transient
response is not of importance. The controller provides the voltage reference for the

modulator PWM).
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Fig. 1. Three-phase voltage source inverter for motor drives

The modulator determines the switching instants of the devices in the three-phase
bridge based on the voltage reference, and optionally, on the motor currents also. The
calculated switching instants are such that the applied voltage on the motor equals the
commanded reference voltage in an average sense. The modulator affects the steady-
state performance including efficiency and total harmonic distortion factor (THD). The
present work aims at enhancing the steady-state performance, both in terms of efficiency

and waveform quality, without compromising on the dynamic performance.

Triangle comparison method and the space vector PWM method are the two most

popular approaches to real time PWM generation.

DC ¢

Speed Ref . Controller _;(_)I_r - PWM VSI \ )

___.‘+
——e

—>
(user defined) Ref ~
g -
11
11

Wﬁ

Fig. 2. Block diagram of a voltage source inverter fed AC motor drive




Triangle-ComparisonvApproach

Triangle-comparison approach, such as sine-triangle PWM, involves comparison of three
phase modulating waves against a common triangular carrier to determine the switching
instants of the three phases. It is also referred to as ‘per-phase’ approach, since there is a

distinct modulating wave corresponding to each of the phases.

~ Fig. 3 shows some of the popularly used modulating waveforms (shown just for
one phase). SPWM corresponds to the conventional sinusoidal PWM and SV-PWM
corresponds to a modulating wave that gives' similar performance as that of conventional
space vector mbdulation described in the next section. In the modulating wave referred
to as ‘Bus-clamped’, the instantaneous value of the modulating wave equals the peak of
thé carrier for one third of every half cycle. Therefore, the corresponding phase does not
switch, or is clamped, for one third of the half cycle. Such bus-clamping PWM
techniques reduce the average switching frequency of the devices to two-thirds the carrier

frequency [7], and therefore, lower the switching losses.

SV - PWM

Bus - clamped

Fig. 3. Different modulating waves used in triangle-comparison approach

Space Vector Approach

The three-phase inverter, shown in Fig. 1, has eight switching states — six active states
and two zero states. The six active states lead to corresponding active voltage vectors as
shown in Fig. 4. These active vectors divide the space vector plane into six sectors as

shown. The two zero states lead to a zero voltage vector.




——+(5) +-+(6)
- Fig. 4. Switching states and corresponding voltage vectors of a voltage source converter

The reference vector has a constant magnitude and revolves with a constant
frequency at steady state as shown in Fig. 4. A fundamental cycle is divided into several
small sub-cycles. The reference is sampled once in every sub-c‘ycle. An average vector,
equal to the sampled reference vector, is generated by time averaging the vo_ltage vectors
produced by the inverter over the given sub-cycle. Given a commanded vector with

magnitude Vggrand spatial angle in sector I as shown in Fig. 4, the volt-second

balance is maintained over the given sub cycle as follows.

Vegp Lo X Tg =1£0° XTy + 1£60° XT, + 0xXT, (1)
. v sin(60" —a)
where, T, = —_—~T
Lo ORER sin60° §
. sm(a)
T, =V, L T,
2= VREF o S
I; =Ts-T,-T,

The active state I, the active state 2 and the two zero states together are applied for

durations 7;, T, and T, respectively, as shown in (1).




In the conventional space vector PWM, T, is divided equally between the two
zero states. In modified space vector PWM, or bus clamping space vector PWM, only

one zero state is applied for the entire T, [4,10].

Fig. 5 shows the variation of THD with modulation index for different PWM
techniques. Bus clamping PWM techniques reduce the average switching frequency,
resulting in lower switching losses. However, the harmonic distortion is increased, as

shown in Fig. 5.

Much of the research on space vector PWM has focused on optimal division of
the zero state duration-leading to different types of bus-clamping PWM. The
conventional, as well as the above-mentioned modified forms of space vector PWM, are
equivalent to the triangle comparison approach [4,10]. However, recently it has been
shown that the space vector approach offers additional flexibilities over the triangle-
comparison approach in the design of PWM techniques, when division Qf active state

duration is also introduced [17,18].

The division of active state duration in a subcycle introduces several new
sequences in the implementation of space vector PWM. In this research these new

sequences are systematically studied in terms of their effect on THD and switching

0.5 | — | T

- Bus —clamped

l I I
- 0.907

Modulation index

r

Fig. 5. Variation of THD with modulation index for different PWM techniques
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losses. Based on this study, new hybrid PWM techniques that involve using different
sequences in different subcycles within a sector are developed, with the objective of

achieving simultaneous reduction in THD and switching losses.
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'2.NEW SEQUENCES INVOLVING DIVISION OF ACTIVE STATE DURATION

'

2.1 Derivation of All Possible Sequences

As discussed in the previous section, the reference vector is sampled once in every
subcycle, Ts and an average voltage vector equal to the sampled reference vector is
generated by time averaging the nearest active vectors and zero vectors. When the
sample of the reference vector falls in sector I as shown in Fi g. 4, the durations for which
active vector 1, the active vector 2 and the zero vector are to be applied for volt-second
balance are given by (1). Since the six sectors are symmetric, it is sufficient to analyze

Sector I alone.

Though the three voltage vectors must be applied exactly for durations given in
(1), they can be applied in different sequences within a subcycle. The multiplicity of
switching sequences can primarily be attributed to two factors: Firstly, the zero vector
can be applied either using the zero state 0 or the zero state 7. The division of Tz between
the two zero states has been thoroughly investigated [7,11]. Secondly, a given active
vector need not be applied continually for the total required duration. For example, the
active vector I can be applied over two intervals of time within the subcycle adding up to
T;. This multiple application of an active vector within a subcycle [17,18] has received

very little attention so far, and is a2 major focus of the research reported here.

The choice in the division of zero states leads to three different sequences, which
are presently widely used. These sequences are illustrated in Fig. 6. Conventional space
vector PWM (CSVPWM) divides the zero vector time 77 equally between the two zero

states 0 and 7 in every subcycle. Conventional sequence 0127 is illustrated in Fig. 6a. It

05T, T, T, ,0ST,
” oo [ 1 [ 2 |7
3 ’ 1 §
2
';—=§ ® o | 1 | 2 |,
o 7 | 2| 1 | .
" TS "

_Fig. 6. Conventional and existing bus-clamping sequences
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should be hoted that in the interest of reducing the nurﬁber of switchings, the same vector
that is used at the end of a subcycle is also used at the start of the subsequent subcycle.
Therefore, for example, sequence 0127 in further discussion, actually refers to the
application of space vectors iﬁ the following sequence — 0127, 7210, 0127, 7210... The

reverse sequence i$ not shown explicitly.

Existing bus-clamping PWM techniques employ clamping sequences, which use
only one zero state for the entire duration Tz in a subcycle. The known clamping
sequences 012 and 721 are shown in Figs. 6b and 6c, réspectively. Use of 012 where the
zero state 0 alone is used in a sﬁbcycle, results in phase ‘c’ being clamped to the negafive
DC bus during the entire subcycle. Use of 721, where the zero state 7 alone is applied
leads to clamping of phase ‘a’ to the positive DC bus during the subcycle.' As either of the
two phases can be clamped by avoiding one of the two zero states, these two phases can

be termed as the ‘clampable phasés’ of sector L.

The conventional sequence 0127 results in a total of three switchings — each phase
switching once, in a subcycle. The bus clamping sequences results in only two
switchings per subcycle. Also, all the above sequehces involve switching of only one
phase during a transition from one state to another. Therefore, while deriving all the
possible sequences, with the newly added freedom of dividing the active state duration,

the following constraints must be satisfied (apart from satisfying volt-second balance).

1. Only one phase switches during any state transition. For example, transition from
state O to state I and vice versa involves switching of phase ‘a’ alone and hence is
allowed. But, transition from state 0 to state 2 is not allowed, since it involves
switching of both phase ‘a’ and phase ‘b’ during the transition.

2. The total number of switchings in all the phases per subcycle should be less than or

equal to tﬁree.

3. The same state at the end of a subcycle should be used at the start of the next

subcycle.

13
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N @ (valid) @ (valid)

PO Ok S O—@ 8,
® ®
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Fig. 7. Derivation of possible sequences that result in two switchings in a sub-cycle

Fig. 7 shows the derivation of all possible sequences that have only two switchings per

subcycle and satisfy the above constraints. As seen, these are the known bus-clamping

(state 2 (state '1'
not used) _not used)

@——» CD — @ (\;alid) @——» (2) — O (valid)
@ | —
— @ (valid) o @ (valid)

(state '2' ‘ | (state ‘1’

not used) @ not used)

@'—" @ (valid) @'—-' @(valld)
@ (valld (valid)

GE (zero states C?z‘ (zero states
not used) - not used)
@ (valid) @ (valid)

Fig. 8. Derivation of possible sequences that result in three switchings in a sub-cycle
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sequences 012 and 217. Note that the other two valid sequences are only the reverse
sequences of the above two, and hence are not considered as new sequences. It may also
be observed that with only two switchings per subcycle, sequences that involve division

of active state duration are not possible.

Fig. 8 shows the derivation of all possible sequences that have three switchings
per subcycle and satisfy the above constraints. For example, starting from state 0 in Fig.
8a, the only possibility for the next state is 1, since states 2 or 7 will involve multiple
switchings. From state I, though transition to state 0 is possible, it will rule out the use of
state 2, and hence is not a valid sequence. Therefore the next state has to be 2. From
state 2, transitions to either state I or state 7 involve only one switching and hence both
are allowed. This leads to two sequences — the conventional sequence 0127 and the new
sequence 0121, which involves division of the duration of active state . Following a
similar procedure all the possible sequences with the above mentioned constraints can be

derived as illustrated in Fig. 8.

@lo[ 1T T2 17

o o [1 T2 ].

@ 7 2 T1 |
(d) | 1'| 0 |‘1|2|

©lo [TTzZ 111,

dp 7 J21 ' ]°]

Switching state of the converter

@[2] 7 [2T T 1]

05T, T, 05T, T

rg rg £ 4

TQ —

e
pa
Lg

Fig. 9. All possible sequences satisfying the imposed constraints
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Fig. 10. PWM waveforms corresponding to each of the seven sequences at a
fundamental frequency of 50 Hz and an average switching frequency of 1 kHz

Fig. 9 shows the seven possible sequences that can be used in space vector
16




approach satisfying the imposed constraints. The last four are new sequences that
involve division of active state duration. It may be noted that in Fig. 9, whenevér there is
a division of the duration of a state, either active or zero state, it is divided into two equal
intervals. It is possible to divide the durations unequally also, but this i‘s beyond the
scope of this research project, and may be pursued in the future. The PWM waveforms

generated by each of the seven sequences are shown in Fig. 10.
2.2 Distinguishing Features of Sequences Involving Active State Division

The PWM waveforms obtained using conventional space vector PWM using sequence
0127 and the different types of bus-clamping space vector PWM using sequences 012
and 721 can be equivalently obtained using the triangle comparisoh approach.
Corresponding to éach of the sequences above, there eXists a suitable modulating wave
with an appropriate triplen harmonic added, which when compared with a fixed
frequency, uniform, triangular carrier wave can result in identical PWM waveforms as
that of the space vector approach. However, there is no such equivalence in the triangle
comparison approach for sequences 0121, 1012, 7212 or 2721 that involve division of
active state duration. In sine-triangle PWM and conventional space vector PWM every
phase switches once in every sub-cycle (or equivalently, :every half carrier cycle). In bus
clamping PWM, two phases switch once each, whi‘le the third phase is clamped in every
sub-cycle. Thus, in state of the art PWM techniques, no phase switches more than once in

a sub-cycle. In other words, no switching state is applied more than once in a sub-cycle

The most distinguishing feature of the new sequences is that they involve multiple

switchings of a phase within a sub-cycle, while clamping another phase to one of the dc

rails. For example, 1012 results in double switching of phase ‘a’ (transition from / to 0,

and again from 0 to I), single switching of phase ‘b’ and clamping of phase ‘c’ to the
negative bus in a given sub-cycle in Sector I. Table I gives the number of switchings of
each phase in a sub-cycle in Sector I corresponding to all the seven possible sequences.

Note that the total number of switchings in all the sequences is less than or equal to three.
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TABLEI .
NUMBER OF SWITCHING IN EACH PHASE IN SECTOR I FOR ALL SEQUENCES

Due to multiple switchings of a phase within a subcycle, space vector PWM with
new sequences does not have an equivalence in the per-phase or triangle comparisoh

approach. The corresponding PWM waveforms cannot be generated by comparing any
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Fig. 11. Generation of PWM corresponding to 0127 using triangle comparison approach
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modulating wave with a fixed frequency, common triangular carrier. It may be possible
to generate these waveforms using different carrier waves for different phases, whose
frequency as well as shape change at different points in the fundamental cycle. Fig. 11
shows the generation of PWM waveforms corresponding to conventional 'sequence 0127
using the triangle comparison approach. As seen, the three pole voltages can be
generated by comparing three-phase sinusoidal voltages with a common triangular
carrier. Fig. 11 also shows the three line-line voltages, corresponding to 0127. As seen,

the line-line voltages have a total of two pulses in two sub-cycles.

Similarly, Fig. 12 shows the generation of PWM waveforms correspondingbto the
bus-clamping sequence, 012, where phasé ‘c’ is clampéd. Again, the pole voltages can
be equivalently generated by comparing suitable modulating waves with a common,
uniform triangular carrier. Fig. 12 also shows the line-line voltages. As seen, one of the
line-line voltages have two pulses in two sub-cycles while the other two phases have only

one pulse in two cycles.

Fig. 13 illustrates an attempt to generate PWM waveforms identical to those

~ generated by the new sequence 0121, using triangle comparison approach. As seen, the
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Fig. 12. Generation of PWM corresponding to 012 using triangle comparison approach
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Fig. 13. Generation of PWM corresponding to 0121 using triangle comparison approach.

Note that a complex carrier wave is required.
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Fig. 14. Generation of PWM corresponding to 272/ using triangle comparison approach.

Note that a complex carrier wave is required.

carrier wave for phase ‘b’, which double switches, needs to be at twice the frequency
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compared to that of other two phases, at selected points. Therefore, the carrier waves
have to be different for each of the three phases, and for each carrier wave the frequency
is different at different instants in a fundamental period. The waveform of the required
carrier also depends on Vggr. Clearly, such a carrier waveform is very difficult to
generate. The line-line voltages corresponding to 0121 are also shown in Fig. 13. As
seen, the three line-line voltages have different pulses per sub-cycle. Vy, has three pulses
in two sub-cycles, Vi two pulses in two sub-cycles and V., only one pulse in two sub-
cycles. Similarly, waveforms corresponding to the new sequence 7212 are shown in Fig.
14. Again, a \)ery complex carrier wave is required to generate the PWM waveforms by

an equivalent triangle comparison approach.

The above discussion clearly indicates that the space vector approach to
generation of PWM waveforms is a more general approach than the pcr-phasé approach,
and the sequences that divide active state durations fully exploit the additional degrees of
freedom offered by the space vector approach. As will be explained in later sections, the
double switchings of a phase leads to PWM waveforms with lower THD. By properly
choosing the sequences such that a phase whose instantaneous current is near zero
crossing double switches, while the phase whose current is at or near its peak value is

clamped, the switching ldsses can also reduced.
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3. THD CHARACTERISTICS OF NEW SEQUENCES

A major performance measure of PWM techniques is the distortion in the line current.
Evaluation of different techniques is often done based on the spectral properties of the
PWM waveforms. Fourier analysis, Fourier theory of jumps (FTJ) [19] and double
Fourier series (DFS) can be used to determine the harmonic content of different typés of
PWM waveforms [20]. Closed form expressions for harmonic components of PWM
waveforms generated by triangle comparison approaches and conventional space vector
PWM have been derived using FTJ and DFS methods [19,20]. However, it is convenient
to compare PWM techniques directly based on the distortion in the line current waveform
rather than the individual voltage harmonic components. The total harmonic distortion of
the no-load current waveform, Iryp, defined in (2) is a widely used performance index for
the quality of the waveform generated. I; and I, in (2) are the RMS values of the

fundamental and the n™ harmonic components of the no-load current, respectively.

1 : ‘
Lyp = 1_1/213 2
1 n=1

The weighted total harmonic distortion factor of the line voltage, Vrup, defined in (3) is
equivalent to Izyp and is independent of the motor parameters [1]. V; and V,, are the RMS
values of the fundamental and n™ harmonic components of the line-line voltage,

respectively.

1 v.)
VTHD"";/; Z[_] » i (3)

n=l\ N

Therefore, Vyup can be determined from the individual harmonic components obtained

'using any of the frequency domain methods. Alternatively, the quality of line current

waveform can be directly determined in time domain by integrating the error voltage. In
this work, a time domain analysis method based on the notion of stator flux ripple is used
to estimate current ripple at a sub-cycle level, which is subsequently integrated over a
fundamental cycle. This generalized method of analysis can be applied for conventional

sequences as well as new sequences that involve division of active state duration.
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3.1 Analysis Based on Stator Flux Ripple

The applied voltage vector equals the reference voltage vector only in an average sense
over the given subcycle, and not in an instantaneous fashion. The difference between the
reference vector and the instantaneous applied voltage vector is the instantaneous error
voltage vector. The time integral of the error voltage vector, is referred to as the ‘stator

flux ripple vector’, and is a measure of the ripple in the line current.

At any instant within a given subcycle, one of the two active vectors or the zero
vector is applied. When the zero vector is applied, the error voltage vector is equal to the
negative of the average vector to be generated. When an active vector is applied, the
error voltage vector is the vector originating from the tip of the average vector and ending
at the tip of the active vector applied. Volt-second balance ensures that the stator flux
ripple vector starts and ends with zero magnitude in every subcycle. Fig. 14 shows the

trajectory of the stator flux ripple corresponding to the conventional sequence 0127, for a

given Vggr and spatial angle, .

The error vector can be resolved in a synchronously revolving d-q reference frame,
which is useful while comparing different sequences. = The d-axis and the g-axis
components of the stator flux ripple vector corresponding to 0127 are shown in Fig. 15.
The values of .q-axis ripple at the switching instants are given in terms of Oz QI and O,
while those of d-axis ripple are given in terms of D. The quantities Oz Q1, Q and D are
defined in (4).

0.5Qz+Q,
_ ~~~05Q;
g 2
[
cr'% 0 / . D
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z2 2
520
& Iz T T, Iz
2 2

Fig. 15. Stator flux ripple corresponding to 0127
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4

The mean square value of the stator flux ripple vector gives a measure of the

distortion in the line currents. From Fig. 15, the expression for mean square ripple,

F0212—, over a sub-cycle for sequence 0127 can be obtained as shown in (5).

Ry =050, 22+ 1 (0.507)2 +0.507 050z +Q) | .
3 2Ts  3|4(0.50; + Q) Ty
[(osgz +0) "(OSQZ+Q1)05QZ+(_O5QZ):| _
S
L 2Tz 1 .2(0+7)
+3( 0.507) o1 +3D o

Similarly the stator flux ripple corresponding to the known bus-clamping sequences,
012 and 721along with their g-axis and d-axis componénts are shown in Figs. 16a and
16b respectively. Same values of Vggr and o have been assumed for all sequenccs..
However, the subcycle duration considered for a sequence is in proportion to the number
of switchings per subcycle to enable a comparison of the different sequences at a given
average switching frequency (Fsw). Expressions for the mean square value of the stator
flux ripple vector for 012 and 721 can be derived from Fig. 16 and are given in (6) and
(7) respectively.

T T;
F3, =30h7%+ %[Q%+Qz(Qz+Q1)+(Qz +o? ]zt

1 215 1 (1 +T5)
+3[(QZ+QI) }TS+3D Tg

(6)
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Fig. 16. Stator flux ripple corresponding to sequences (a) 012 and (b) 721
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Finally, stator flux ripple corresponding to new sequénces involving active state
division, namely 0121, 7212, 1012 and 2721 alvon'g with their g-axis and d-axis
components are shown in Fig. 17. Expressidns for the mean square value of the stator
flux ripple vector for each of these sequences can be derived from Fig. 17 and are given
in (8) - (11). ’

Rl =308+ 308 +0202 +050) +(0z +0500° [

2Ty
[(Qz +0.50))% - (Q7 +0.50,)0.50; +(-0.50;) }Ts 8)
2 2 5 |1 2(+T3)
+3(—-O.5Q1) 2TS+3(O.5D) T
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Fig. 17. Stator flux ripple corresponding to se(iuences (a) 0121, (b) 7212, (c) 1012 and (d) 2721
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The peak d-axis stator flux ripple for 0127 is D as shown in Fig. 15. Due to the
reduced sub-cycle duration, the peak d-axis ripple for 012 and 721 reduces to 2D/3. The
peak d-axis ripple due to sequences 0121 and 7212 is only half that of 0127 (i.e. D/2) as
seen from Fig. 17. Correspondingly, the mean square d—éxis ripple is also reduced as

shown by the last terms in equations (8) and (9).

If can be inferred that more frequent switching of the ‘unclampable phase’ (or
more frequent transitions between the active states) leads to reduction in d-axis ripple. At '
higher modulation indices, the d-axis ripple dominates over the g-axis ripple. Hence
sequences 0121 and 7212 can be expected to result in least current ripple where the d-

axis ripple is dominant, namely at high modulation indices, close to the maximum.

The above analysis based on stator flux ripple and the expressions for mean

-square ripple can be used to form new PWM techniques that involve new sequences.

Two approaches to PWM generation using new sequences are investigated. In the first
approach the same sequence (or symmetric pairs such as 0121 and 7212, or I 012 and
2721) are used throughout a sector. This leads to four different typés of new bus-
clamping PWM techniques that result in lower THD than the conventional bus clamping
methods. The second approach is the hybrid PWM where, in each subinterval the

sequence that results in the lowest mean square ripple is identified and applied.
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4., HYBRID PWM TECHNIQUES TO REDUCE THD

Conventional space vector PWM uses the conventional sequence 0127 over the entire
Sector I and corresponding sequences in other sectors.  Similarly, bus-clamping PWM
uses the clamping sequences through out. It may be noted that the same sequence need
not be applied over the entire cycle. The choice of the sequence can be made in every
sub-cycle. This choice need not be based only on the modulation index. It may also be
based on the spatial angle of the reference vector. Also, the three-phase currents and
other relevant variables may also be taken into account where necessary. The analytical
study based on stator flux ripple described in the previous section can be used to make |
the optimum choice of sequence in a given sub-cycle, in terms of minimizing distortion

in the line currents.

In this project, four different types of hybrid PWM techniques that minimize
distortion in the line currents have been developed, by considering different sets of the
possible seven sequences. The three-zone hybrid PWM technique uses the conventional
sequence 0127 in conjunction with a pair of complementary sequences - either 0121 and
7212 or 1012 and 2721. 1t may be noted that hybrid PWM technique involving 0127 and
the bus clamping complementary pair — 012 and 217, has already been investigated in the
literature. The five-zone hybrid PWM technique uses the conventional seqﬁence 0127,
and sequences 0121, 7212, 1012 and 2721. All the five sequences included in this
technique have the same number of switchings in a sub-cycle, and hence, the same
sampling frequency. The final technique, namely, the seven-zone hybrid PWM, uses all
the seven possible sequences. This technique involves twin-sampling frequency in order

to maintain the average switching frequency the same as that of the other techniques.
4.1 General Procedure for the Design of Different PWM Techniques

The standard performance index used to cdmpare different PWM techniques is the total

harmonic distortion in the no-load line current, Ir, defined in (12).

\/ZInz”“&l \/IRMSZ_IIZ " (12)

Iyp = =
I I
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where I, and I, are the root mean square values of the no-load current waveform and

the n™ harmonic current respectively, and I, is the root mean square value of the
fundamental current under no-load. Iy, depends on the motor parameters like the
leakage and the magnetizing inductances. An equivalent quantity, which is independent

of the motor parameters, and gives a measure of I, , is the weighted harmonic distortion
factor of the line-line voltage, Viyppp defined in (3). The method based on stator flux
ripple gives directly Vyrp,p . In our analysis, simulation results will be based onVyrup »
while the experimental results will be based on I, . The relationship between the two
factors is given in (13). |

: L
Vwrap == Imup
s (13)

where,L, =L, + L,
where, L, and L, are respéctively the magnetizing inductance and the stator leakage
inductance of the motor.

The general procedure for the design of hybrid PWM techniques, employing any

given set of sequences, involves the following steps.

e Consider sub-cycle duration proportional to the number of switchings per sub-cycle
for each sequence. (For example, Ts = T for sequences with three switchings per sub-

cycle, and Ts = 2T/3 for sequences with two switchings per sub-cycle.)
o Sketch the stator flux ripple trajectory over a sub-cycle for every sequence.
. Derive the expression for mean square ripple over a sub-cycle for every sequence.

e Identify the zone of superior performance for each sequence using the above

expressions.
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4.2 Experimental Setup

The experimental prototype consists of an IGBT based three-phase, two-level inverter
driving a 2 hp induction motor from Baldor. The dc bus voltage is obtained by rectifying
three-phase line voltage and has a nominal value of 325 V. The inverter is controlled by
a digital signal processor, TMS320F243 from Texas Instruments, with a CPU clock
frequency of 20 MHz. The studies were conducted at two different average inverter
switching frequencies - 1.5 kHz and 3 kHz. Fig. 18 shows a block diagram of the

experimental setup.

2KW
2Hp
DC Bus = 323V Inverter \Motor 3phase
DC bus 7 Line
voltage PWM Currents
Digital Controller

TMS320F243 - DSP
Evaluation module

20 MHz

Fig. 18. Block diagram of the hardware prototype

4.3 Three-Zone Hybrid PWM Technique I: 0127, 0121 and 7212

The first hybrid PWM technique denoted as -three-zone hybrid PWM 1, involves use of
sequences 0127, 0121 and 7212. The design of hybrid PWM technique for feduced
current ripple involves determination of zones of supeﬂor performance for every
'sequence. The zoné of superior performance for a given sequence is the spatial zone
within a sector where the given sequence results in less RMS ripple than the other

sequences considered.

The mean square ripple over a sub-cycle for any sequence is a function of Vggr, O
and Ts. Since, all the three éequences considered in this technique involve three
- switchings per sub-cycle, the same sub-cycle duration, Ts, may be considered for all three

sequences.
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Fig. 19. Comparison of sequences 0121 and 7212 in terms of THD (zones of superior performance)

Comparison of 0121 and 7212

Comparing the expressions given in (8) and (9), it can be seen that the mean square ripple
produced by 0121 and 7212 are equal at oL = 30° for any value of Vrer. However, for oL <
30°, 0121 results in smaller ripple than 721 2. For o> 30°, 7212 produces smaller ripple
than 0121. Comparison of 0121 and 7212 in Vgge-¢ plane is shown in Fig. 19.

Comparison of 0127 and 0121

From (5) and (8), the zones of superior performance of 0127 and 0121 can be identified.
Sequence 0121 results in smaller ripple in the spatial region above the solid line in Fig.

20, while 0127 results in smaller ripple below the solid line.
Comparison of 0127 and 7212

From (5) and (9), the zones of superior performance of 0127 and 7212 can be identified.
Sequence 7212 leads to smaller ripple in the spatial region above the dashed line in Fig,

20, while 0127 results in smaller ripple below the dashed line.
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Fig. 20. Comparison of 0121 and 7212 against 0127 (zones of superior performance)
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Comparison of 0127, 0121 and 7212

Figs. 19 and 20 together give a comparison of the sequences 0127, 0121 and 7212. The
region above the solid line in the left half of Fig. 20 is the zone of superior performance
of 0I21. The region above the dashed line in the right half of Fig. 20 is the zone of
superior performance of 7212. The remaining spatial region is the zone of superior

performance of 0127.

Fig. 21 shows the three-zone hybrid PWM technique I, in the Vgrgr-0t plane and in
the space vector plane. The zones of superior performance of sequences 0127, 0121 and

7212 are shown in the space vector plane as A, B; and B, respectively. Sequences 0127

and 7210 are used in alternate sub-cycles in zone A. Sequences 0121 and 1210, and

sequences 7212 and 2127 are used in alternate sub-cycles in zones B; and B,
respectively. As seen from Fig. 21, the two new sequences, 0121 and 7212, excel for
higher values of Vggr. Ffom analytical and simulation results, it is seen that the three-
zone hybrid PWM technique I reduces THD by 44% at maximum Vggr, compared to
conventional SVPWM.
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Fig. 21. Three-zone hybrid PWM technique I space vector plane (Sector I)
Zone A : Sequences 0127, 7210, ...
Zone B, : Sequences 0121, 1210, ...
Zone B, : Sequences 7212, 2127, ...

Figs. 22a and 22b present the measured spectra of line-line voltage for
conventional space vector PWM and the proposed three-zone hybrid PWM, respectively,
at a fundamental frequency of 60Hz and average switching frequency of 3 kHz. The

reduction in the harmonic contents in the three-zone hybrid PWM can be seen clearly.
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Fig. 22. Measured spectra of PWM voltage waveform (line-line) at Vg = 0.866, F, = 60Hz,
for (a) CSVPWM and (b) three-zone hybrid PWM. Switching frequency is 3kHz for both.

Another interesting characteristic of the hybrid PWM as seen from Fig. 22b, is that the
dominant harmonic has shifted to twice the average switching frequency. This is due to

the use of the new sequences almost through out the entire sector.

Figs. 23a and 23b present similar spectra at a fundamental frequency of 50Hz and
the same switching frequency as above. As seen, the spectrum is more spread out, and
the component at the switching frequency is significant. This is due to the use of both
conventional and new sequences at lower Vggr as indicated in Fig. 21. Figs. 24a to 24d
show the no-load current waveforms corresponding to the spectra shown in Figs. 22 and

23. The measured THD in the no-load current are also indicated in each of the ﬁgufes.

The simulation results showing Vyp,p vs. frequency for the conventional PWM
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Fig. 23. Measured spectra of PWM voltage waveform (line-line) at Vg = 0.722, F, = 50Hz,
for (a) CSVPWM and (b) three-zone hybrid PWM. Switching frequency is 3kHz for both.
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and three zone hybrid PWM I are shown in Fig. 25. The corresponding experimental

results, which show I, vs. frequency, at a switching frequency of 1.5 kHz, are shown

in Fig. 26.

It can be easily seen from the plots that the experimental results agree well
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Fig. 24. Measured no-load current () CSVPWM at F,=60Hz, (b) three-zone hybrid PWM 1
at F;=60Hz, (c) CSVPWM at F|=50Hz and (d) three-zone hybrid PWM I at F,=50Hz
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Fig. 25. Analytical results of Vg, vs. fundamental frequency for
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Fig. 26. Experimental results of I, vs. fundamental frequency for
conventional SVPWM and 3-Zone hybrid PWM L

analysis and that the hybrid technique performs better than the conventional technique at
‘higher modulation indices. The hybrid technique results in an improvement of 44% in

comparison to the conventional sequence at the highest modulation index.
4.4 Three-Zone Hybrid PWM Technique I1: 0127, 1012 and 2721

From the analysis of THD in the no-load line current, and from experimental results it
was found that the three-zone hybrid PWM technique II, does not result in significant
reduction of distortion compared to the conventional space vector PWM. However, the
sequences 1012 and 2721 can have significant impact on the switching losses. Hence, the
analysis, and expressions for mean square stator flux ripple obtained for these sequences

are important for later study, which involves design of hybrid PWM techniques to reduce
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Vref

Fig. 27. Three-zone hybrid PWM technique II shown in the space vector plane (Sector I)

both THD as well as switching losses. The division of zones in the space vector plane

corresponding to the three-zone hybrid PWM II is shown in Fig. 27.

4.5 Five-Zone Hybrid PWM Technique

The five-zone hybrid PWM technique involves sequences 0127, 0121, 7212, 1012, and
2721. As discussed with respect to the three-zone hybrid PWM earlier, the sequences
1012 and 2721 do not result in significant improvement in THD. Hence, the THD
performance of the five-zone hybrid PWM is expected to be only marginally better than

the three-zone technique — L.

The five-zone PWM technique is shown in Fig. 28 in both the Vgrer-0. plane and

in the space vector plane. The simulation results for the five-zone technique are shown in

1 T T
\.,.‘w ,,-*’;’
: /
0121/7212 -~
1012 2721
05 -
0127
0 | 1
1] 20 40 60
o (deg) .
(a) (b

Fig. 28. Five-zone hybrid PWM technique (a) in Vgge — 0 plane and (b) in space vector plane
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Fig. 29. Analytical results of Vg, vs. frequency for CSVPWM and Five-Zone hybrid PWM
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Fig. 30. Experimental results showing Ly, vs. frequency for CSVPWM and Five-Zone hybrid PWM
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Fig. 31. Measured spectra of PWM voltage waveforms (line-line) corresponding five-Zone hybrid
PWM, at a fundamental frequency of 60 Hz

T

Fig. 29. The corresponding experimental results are shown in Fig. 30. As seen, the five-
zone technique results only in a mafginal improvement over the three-zone technique I
involving sequences 0127, 0121 and 7212. The new sequences 1012 and 2721 do
perform better than the other sequences in some zones, 4however, the distortion
corresponding to these zones are already very small even with conventional sequence.

Therefore, 1012 and 2721 do not lead to large savings. The five-zone technique results in
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a savings of 46% in THD over the conventional sequence at the maximum modulation

index.

The measured spectrum of the PWM vdltage waveform (line-line) corresponding
to the five-zone PWM, at a fundamental frequency of 60 Hz, is shown in Fig. 31. The

experimental no-load line current corresponding to this technique is shown in Fig. 32.

2 | T T T T
60 Hz
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2 1 ! l ] 1

0 20 - 40 60

Time (ms)
Fig. 32. No-load current waveform corresponding to five-zone hybrid PWM.

4.6 Seven-Zone Hybrid PWM Technique

The seven-zone hybrid PWM involves all the seven possible sequences. It results in
savings of 47% in THD compared to the conventional space vector PWM, at a
fundamental frequency of 60 Hz that corresponds to maximum Vggr. The seven-zone
hybrid PWM technique utilizes twin-sampling frequency such that the average switching
frequency is the same as the other techniques. Whenever sequences 012 and 721 (which
result in only two switchings per sub-cycle) are used, the sampling frequency is made 1.5

times that of other sequences.
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Fig. 33. Seven-zone hybrid PWM technique (a) in Vg — ¢ plane and (b) in space vector plane
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The zones of superior performance for each of the seven possible sequences are

identified following the procedure described earlier and comparing expressions (5) to

(11). Fig. 33 shows the resulting seven-zone hybrid PWM technique in the Vgrgr-0 plane

and in the space vector plane. The analytical plots of Vwrup vs. frequency corresponding

to the seven-zone technique are shown in Fig. 34. The corresponding experimental plots

Fig. 34. Analytical results of V.0 vs. frequency for seven-zone hybrid PWM
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Fig. 35. Experimental results of L, vs. frequency for seven-zone hybrid PWM
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of Ityp are shown in Fig. 35. The measured spectrum of the PWM voltage waveform

(line-line) is shown in Fig. 36.

fundamental frequency of 60Hz, is shown in Fig. 37.

SMACEETIRY)
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Fig. 36. Measured spectra of PWM voltage'waveforms (line-line) corresponding
seven-zone hybrid PWM, at a fundamental frequency of 60 Hz

-

The measured no-load current waveform, at a
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Fig. 37. No-load current waveform corresponding to five-zone hybrid PWM.

The comparison of all the three new hybrid techniques along with the

‘conventional SVPWM in terms of analytical Vyryp is shown in Fig. 38. Comparison of

the experimentally obtained Ityp vs. frequency plots for all the four techniques are shown

in Fig. 39, corresponding to an average switching frequency of 1.5 kHz. The reduction in
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Fig. 38. Comparison of the three THD-based hybrid techniques
with CSVPWM in terms of analytical VWTHD vs. frequency
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Fig. 39. Comparison of the three THD-based hybrid techniques
with CSVPWM in terms of experimental I, vs. frequency
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THD achieved by each of the three new hybrid PWM techniques over the conventional

space vector PWM are given in Table II. The reduction is calculated as given in (14).

| 1 ~1I . »
| % Reduction = T”D-CS;”’WM DM %100 (14)

?' THD _CSVPWM

| TABLE II - REDUCTION IN THD IN HYBRID PWM TECHNIQUES COMPARED TO CSVPWM
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5. HYBRID PWM TECHNIQUES TO REDUCE SWITCHING LOSS

Hybrid PWM techniques that use different sequences in different sub-cycles of the same
sector, with the objective of reducing THD in the line current, have been developed in the
previous section. In this section, the switching loss characteristics of the different
sequences are analyzed. Based on this analysis, a new hybrid technique that minimizes

the switching losses in the inverter is developed.
5.1 Possibility of Reducing Switching Loss

In a voltage source inverter, the overlap of high currents and high voltages during turn-on
and turn-off of the switches result in switching losses. The switching loss in each
switching transition dependé mainly on the dc bus voltage, instantaneous line current, and
turn-on and turn-off transition times. The average power lost is the product of the loss per

switching transition and the number of switchings per unit time.

The switching loss per switching transition is independent of the PWM technique
applied. Hence, the switching loss characteristics of the different sequences differ only
based on the number of switchings in a phase per sub-cycle in relation to the
instantaneous magnitude of the corresponding phase current. When the conventional
sequence, 0127, is applied, each phase always switches once in a sub-cycle in all the
sectors. When a bus-clamping sequence — 012 or 721 is applied, each phase switches
once in four of the six sectors and is clamped during the remaining two sectors. This

results in the average switching frequency over a fundamental cycle being less than that

‘of conventional sequence. Hence, for the purpose of comparison in terms of both THD

and switching losses, the sampling frequency corresponding to the two bus-clamping

.sequences is chosen highér than that of other sequences by a factor of 1.5, thus

maintaining the average frequency the same for all sequences.

With conventional sequence 0127 and the existing bus clamping sequences 012 and
721, there cannot be more than one switching per sub-cycle for a given phase. However,
as discussed earlier, a distinguishing feature of the new sequences 0121, 7212, 1012 and
2721 that involve active vector division, is that there can be mliltiple switchings in a
given phase per sub-cycle. Specifically, with the new sequences applied, each phase

switches once in two of the six sectors, switches twice in another two sectors, and is
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clamped in the remaining two sectors. For a given sequence, the sub-cycles in which a
particular phase experiences double switching, single switching or clamping is fixed.
Total switching loss can be reduced by carefully ensuring that the double switching
sequence corresponding to a phase is chosen only when the instantaneous phase current is
near its zero crossing, and clamping occurs when the current is near its peak value.
Hence, as discussed in detail in subsequent sections, the choicé of sequence depends
mainly on the power factor of operation, which determines the instantaneous current

values in a given sub-cycle.
5.2 Effect of Different Sequencés on the Switching Losses

The loss per switching depends oﬁ the DC bus voltage, instantaneous line current and the
turn-on and turn-off times of the switch. The DC bus voltage remains constant, and the
turn—oh and turn-off times are also assumed here to be constant for different values of
instantaneous line currents. Therefore, switching loss for a given phase in a given sub-
cycle depends only on the product of the instantaneous line current and the number of
switchings for that phase in the given sub-cycle. Initially, the switching loss
characteristic of a sequence is analyzed for the case where the same sequence is applied
throughout a sector. In order to cbmpare the switching loss characteristics of sequences
over a complete fundamental cycle, it is enough to consider just one phase, since
symmetry ensures that the losses in the other phase will also be the same, and the total

loss is three times the loss in phase ‘a’.

The switching loss factor corresponding to phase ‘a’ referred to as Ls,, is defined in
(15). It is the product of instantaneous line current in a sub-cycle and the number of
'switchings in phase ‘a’ in the given sub-cycle. The integral of the switching loss factor
over a complete fundamental period determines the total switching loss in phase ‘a’.

Ls, =|iak|.¢ak | (15)

where, Iy is the magnitude of the instantaneous line current in phase ‘a’ in the k™ sub-

cycle and n, is the number of switchings in phase ‘a’ in the k™ sub-cycle. Under steady

state, the line current of an induction motor is sinusoidal (neglecting high frequency
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ripple), and is lagging the line voltage by the power factor angle@. To simplify the

analysis, i, is normalized, to the peak value of the line current.
¥y a p

Fig. 40 shows the PWM waveforms and the corresponding switching loss factor
for phase ‘a’ at a power factor angle of 30° leading, for different types of sequences. For
each sequence the average of the switching loss factor over a fundamental period is also
shown (dotted lines). Fig. 40a shows the magnitude of the instantaneous line current
corresponding to phase ‘a’. Fig. 40(b) shows the PWM waveform c;)nesponding to the
conventional sequence 0727 and the corresponding switching loss factor. Since, 0127
always has just one switching per sub-cycle, the switching loss. factor also has identical

waveform as that of the magnitude of the line current.

Fig. 40c shows the PWM waveform and switching loss factor when sequence 0121 is
applied throughout sector I. It results in single switching in sectors I and IV, double
switching in sectors II and V, and clamping in sectors Il and VI. Hence, the switching
loss factor is same as the instantaneous current in sectors I and IV, twice the
instantaneous current in sectors I and V and zero in sectors IIl and VI. It can be seen
that, with the power factor of 30° leading, the peak of current occurs in sectors III and VI,
where the phase is clamped and there is no switching. Although the switching loss factor
twice the instantaneous current in sectors II and V, because the current magnitude is low
in these sectors, the increase in switching loss is less than the reduction achieved in
sectors IIT and VI. Hence, applying sequence 0121 throughout sector I (and sequences
corresponding to 0121 in other sectors) results in significant overall reduction of

switching losses at the given power factor of 30° leading as seen from the average

switching loss factor shown in Fig. 40c.

In contrast, Fig. 40d shows the PWM waveform when sequenée 2721 is applied
throughout sector I (and sequences corresponding to 2721 in other sectors). It is seen that
double switching occurs when the instantaneous current is at the peak. Hence, applying
2721 throughout sector I results in increased switching losses, compared to the
conventional, at the given power factor of 30° leading. Therefore, the average switching

loss factor shown in dotted lines is higher than that of conventional sequence.
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Fig. 40. Switching loss factor over a fundamental period for phase ‘a’ corresponding to different sequences
at power factor angle of 30°. (a) line current magnitude, (b) 0127, (c) 0121, (d) 2721 and () 0121/1012

Fig. 40e shows a possible hybrid PWM scheme, where 0121 is used for 0<a<30° and
1012 for 30°%0<60°. As seen, the switching loss factor with such a scheme is

significantly reduced as seen from Fig. 40e.
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From Fig. 40, it can be concluded that, to reduce switching losses, it is essential to
ensure that the double switching occurs when the magnitude of the instantaneous line
current is low, and clamping occurs when the instantaneous current magnitude is near its
peak value. For a given sequence, the sectors in which single or double switching or
clamping occurs is fixed. Therefore, the switching loss factor, and therefore the total
switching loss, depends mainly on the load power factor or the angle by which the line
current lags or leads the line voltage. Also, it may be noted that the effect of different

sequences on the switching loss does not depend on Vggr or the fundamental frequency.

Fig. 41 shows the normalized, total switching loss for phase ‘a’ corresponding to
different sequences as a function of power factor angle. The normalized, total switching
loss is just the integral of the switching loss factor over a fundamental period normalized
to the switching loss corresponding to the conventional sequence. Note that, in this
analysis the same sequence is applied throughout the sector. As seen, different sequences
perform better at different power factor angles. At the power factor of 30° leading,
sequence /012 results in 25% reduction in switching losses, and sequence 2721 results in

25% increase in switching losses, both of which can be explained by the waveforms

shown in Fig. 40.
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Fig. 41. Total switching loss of different switching sequences (applied over the entire sector)
normalized to that of CSVPWM
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5.3 Switching Loss Optimized Hybrid PWM Technique

From Fig. 41, it can seen that there is no single sequence that results in the lowest
switching loss throughout the whole range of power factor from 90° leading to 90°
lagging. Hence, hybrid PWM techniques, which use a combination of different
sequences, each applied at the appropriate sub-cycles, are required. Since, switching loss
is independent of fundamental frequency or Vger, in yorder to design hybrid PWM
techniques aimed at reducing switching loss, the a—¢ plane (instead of the a-Vger plane
as in THD study) needs to be partitioned into zones of superior performance for different

sequences.

The seven sequences need to be compared against each other on a sub-cycle basis
to determine the regions of superior performance. Therefore, at each point in the

a-¢ plane, the three-phase switching loss factor, Lss4, as defined in (16), for each of the

seven sequences is calculated and compared. Note that unlike in the previous section,
where the same sequence was applied throughout a sector, for a comparison at the sub-

cycle level, the sum of switching losses due to all the three phases needs to be considered.

+nbk lbk +nck l(_‘k

Ls3¢k =Ny, iak

(16) where, n, is the number of switchings in phase ‘a’ at the k™ sub-cycle and i, 1is the

instantaneous line current corresponding to phase ‘a’. The number of switchings in each

phase for different sequences has been listed in Table I in Section 2.2.

The o-¢ plane is divided into zones of superior performance for different
sequences, leading to the switching loss optimized hybrid PWM shown in Fig. 42 for the
‘entire range of power factor angles from 90° leading to 90° lagging. It may be noted that
the whenever sequeﬁces 012 or 712 are considered, the switching frequency is made 1.5
times as that of the .oth_er sequences, in order to maintain the same average switching
frequency. It is interesting to note from Flg 42 that only four of the seven sequences -
1012, 0121, 7212, and 2721, are used in the hybrid PWM technique for switching loss
reduction, and all of these are the new sequences involving division of active state
duration. It may be noted that the switching scheme suggested in Fig. 40e is an examplé

of the proposed hybrid PWM technique at the given power factor angle of 30° leading.
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Fig. 42. Switching loss optimized hybrid PWM in the 0~¢ plane

Fig. 43 shows the simulation result comparing the total switching loss of
switching-loss-optimized technique with that of conventional SVPWM technique. The
switching-loss-optimized technique results in more than 30% reduction in switching loss

compared to conventional SVPWM technique over a wide range of power factor angles.
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Fig. 43. Comparison of switching loss in CSVPWM and switching-loss-optimized
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hybrid PWM at different power factor angles, obtained from simulation.
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5.4 Experimental Results

The switching-loss-optimized hybrid PWM technique is implemented in the experimental
prototype using TMS320F243, a DSP from Texas Instruments with a CPU clock
frequency of 20 MHz. '

Fig. 44 shows the experimental results comparing the switching-loss-optimized
technique and conventional technique. Fig. 44a corresponds to conventional SVPWM‘
and has single switching throughout the fundamental period. Fig. 44b corresponds to the
switching-loss-optimized PWM technique at a power factor angle of 30° lagging. ‘The
double switching occurs near the zero crossing of the line currenf, and the clamping

“duration is exactly centered around the peak. This results in significant savings in the
switching losses. Fig. 44c corresponds to a power factor angle of 60° lagging. As seen,‘
the double switching occurs near the zero crossihg of the current, but, the clamping is not
centered around the peak of the line current, and hence there is not a significant reduction

in the switching loss, just as expected from Fig. 43.

Direct measurement of switching losses by measuring the instantaneous switch
current and switch voltage is not practical. Finite differences in the delay times of
voltage probes and current probes introduce a large error in power loss measurements,
especially considering that the total switching losses, and therefore the savings achieved
by the proposed schemes are small. Besides, with an integrated three-phase IGBT
module, the terminals are also not easily accessible for current measurements. An
alternate approach used here is to compare the temperature rise of the heatsink on which
the IGBT is mounted, for different PWM techniques. The temperature rise dépends on
the total power loss in all the three phases, and includes both conduction losses as well as
switching losses. The conduction losses are independent of the PWM technique used. In
order to obtain the conduction losses and switching losses separately, the system is
operated at two different switching frequencies keeping all other parameters such as dc |
bus voltage, fundamental frequenéy and load unchanged. For example, when the
switching frequency is doubled, the conduction losses remain the same, and the switching
losses are doubled. Therefore, the difference in temperature rise between the two cases

corresponds to the temperature rise due to switching losses alone, at the original
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Fig. 44. Experimental PWM waveforms and line currents of CSVPWM and switching-loss-optimized
hybrid PWM at different power factor angles. (Scale: 2A/div and 2ms/div).

switching frequency. The temperature rise due to switching losses alone for the

conventional SVPWM, corresponding to the waveforms shown in Fig. 44a is 2.6°C
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where as the temperature rise due to switching losses using the switching-loss-optimized
PWM, corresponding to the waveforms shown in Fig. 44c is 2.0°C. Therefore, the new
hybrid PWM technique reduces the switching losses by approximately 30% compared to

the conventional SVPWM, which agrees well with simulation results.
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6. HYBRID PWM TECHNIQUES FOR SIMULTANEOUS REDUCTION IN
THD AND SWITCHING LOSS

In the previous sections hybrid PWM techniques to reduce either the THD in the line
current or the switching losses in the inverter have been developed and éxpen'mentally
validated. The hybrid teéhniques for THD reduction involved division of the V,,vs
plane into zones of superior THD performance, and the hybrid techniques for switching
loss reduction involved the division of ¢ vs « into zones of superior switching loss
performance. In this section, based on the previous analysis of THD and switching loss

characteristics of different sequences, hybrid PWM techniques that simultaneously

reduce both THD as well as the switching losses are developed.

Fig. 45 compares the performance of the THD-optimized (seven-zone) technique

and the switching-loss-optimized technique along with the conventional space vector
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Fig. 45. Comparison of conventional SVPWM, THD-optimized-PWM (seven-zone)
and switching-loss-optimized-PWM in terms of THD and switching loss.

(a) THD vs. fundamental frequency (or Vref) at 30° lagging power factor angle and
(b) Switching loss vs. power factor angle at 60 Hz
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PWM. Fig. 45a shows the THD as a function of the fundamental frequericy, and Fig. 45b
shows the normalized switching loss as a function of power factor angle, for the above
three techniques. It can be seen from Fig. 45 that none of the three techniques result in

optimized performance if both THD and switching losses are to be minimized.
6.1 Hybrid PWM Technique Based on Quality Factor

To develop a new hybrid PWM technique that reduces both THD and switching loss, the
goal is still to obtain the zone division of the space vector plane and applying the right
sequence in each zone. To evaluate the performance of different sequences on both the

switching losses and THD, a new performance index, Q is defined as:

| F uenc LS3 sequence
Q =WTHD — 2 +WL0SS 'f—¢f;q_ ces (17)
) 0127 Ls3¢0127
where, F is the mean square ripple for the valid sequences in a given sub-cycle as defined

in Section 3, and Lsy is the three-phase switching loss factor of a sequence over a sub-

cycle as defined in (16). Wrup and Wi are user-defined weights assigned to THD and

switching loss performance, based on the requirements of the given application.
Wrap + Wi =1 | (18)
As discussed in Section 3, mean square ripple, F, is a function in theV, ,vs &

plane, and as discussed in Section 5, the switching loss factor is a function in the

¢ vs «a plane. Therefore, the performance index, Q of different sequences then must be

analyzed in a three-dimensional space — Vggr, ¢ and o, where Vpgr is from 0 to
0.866(corresponding to fundamental frequency from 0 to 60 Hz), o is from O to 60°(due
‘to the symmetry, only sector I needs to be considered), and ¢ is from 90° leading to 90°
lagging. The quality factor as defined in (17) corresponding to each valid sequence is
calculated and compared at every point in the three-dimensional plane. The sequence that
minimizes Q in a given sub-cycle is selected to obtain the desired zone division. It may
be noted that, as before, whenever sequences 012 and 721.are considered, the switching
frequency is made 1.5 times that of other sequences, in order to maintain the same

average switching frequency. Because the zone division is in a three-dimensional space,
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Fig. 46. Zones of superior performance in terms of quality factor at a fundamental frequency of 60Hz

which is too complex to be shown in one plot, only the division corresponding to the

nominal fundamental frequency (60 Hz) is shown here in Fig. 46.

vFig. 47 shows the simulation result comparing Q of the new hybrid technique
suggested in Fig. 46 and Q of conventional SVPWM technique. The new technique
results in 10% to 40% reduction in Q compared to conventional SVPWM technique over
a wide range of power faétor angle at the considered fundamental frequency of 60 Hz.
Though the results shown in Fig. 47 are encouraging, this hybrid PWM technique
involving a three-dimensional plane, is too complex to implement using simple digital

signal processors, and hence is not very practical.
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Fig. 47. Simulation results comparing the quality factor for CSVPWM with the hybrid PWM suggested in Fig. 46
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6.2. Practical Hybrid PWM Techniques for Reduction of THD and Switching Loss

A more practical approach is to carefully study the THD characteristics and the switchihg
loss characteristics of the different sequences, described in details in Sections 3, 4 and 5,
and identify zones of superior performance in the Vggr-¢ plane for a limited range of
power factor angles that are typical of the application considered. In this project, a
simple PWM technique that reduces both THD and switching losses for induction motor
drive applications, where the typical power factor angles range from 20° to 60°, has been

developed.

From the hybrid PWM technique for best switching loss performance shown in Fig.
42, it can be seén that for the range of power factor between 20° to 60° lagging, 7212 is
one of the sequences that result in minimum switching losses. Also, from Fig. 41, it can
be seen that sequeﬂce 0121 results in higher switching loss than conventional sequence
for ¢ > 30°. The three-zone'technique shown in Fig. 21, based on THD considerations,
suggests use of 0121 for 0° < o< 30° and 7212 for 30° < o< 60° and higher values of
Vrer. However, the difference between the stator flux ripples of 0121 and 7212 is not
significant at high values of Vrgr. But, the sequence 7212 results in significantly lower
switching loss than 0121 for typical power factor angles considered. From these
observations, a possible PWM technique that simultaneously lowers THD as well as
switching loss can be designed and is shown in Fig. 48a as Type I hybrid PWM. The
boundary between the zones corresponding to sequence 0127 and sequence 7212 is the
same as the boundary separating the superior performance regions of 0127 and 7212 in

the THD based three-zone hybrid technique shown in Fig. 21.

Sirnilarly, from Fig. 42 and Fig. 33, which shows the seven-zone PWM technique for
THD improvement, some other useful facts can be derived. For the range of power factor
between 20° to 60° lagging, 721 can also result in low switchiﬁg losses, although not as
low as 7212. However, 721 performs significantly better from THD consideration at
lower values of Vggr. The seven-zone technique shown in Fig. 32 suggests use of 012 for
0° < o0 <30° and 721 for 30° < o < 60° at low values of Vggr. Similar to 0121 and 7212,
the difference between the stator flux ripples of 012 and 721 is not very significant; hence

721 can be used instead of 0I2 achieving reduction in switching loss without much
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Fig. 48. Four different hybrid PWM techniques to reduce both THD and switching loss
(a) Type 1-0127 and 7212 (b) Type 11 0127, 7212 and 721
(c) Type L 0127, 7212 and 2721 (d) Type IV 0127, 7212, 721 and 2721

increase in THD. Sequence 272] is another choice for reducing switching losses at
typical power factor angles encountered motor drive applications, as seen in Fig. 42.
‘Also, it can be seen from expressions of stator flux ripple that 2721 results in lower THD
when ais close to 60°. From all these observations, another three possible PWM
techniques that simultaneously lower THD as well as switching loss can be obtained as

shown in Figs. 48b to 48d.

Simulation results corresponding to THD vs. fundamental frequency (or Vgep),
obtained with each of the new hybrid PWM techniques shown in Fig. 48, along with that
of the conventional SVPWM are shown in Fig. 49a. These plots correspond to a

nominal power factor angle of 30°. It can be seen that introduction of sequence 721
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Fig. 49. Simulation results comparing THD and switching loss corresponding to the four new combined hybrid
PWM techniques with those of CSVPWM. (a) THD, (b) switching loss at 60 Hz (c) switching loss at 50 Hz
results in significant improvement in THD performance in the fundamental frequency
region from 40 Hz to 50 Hz (PWM techniques Type II and Type IV). These new PWM
techniques result in more than 30% reduction in THD (in addition to the reduction in

switching loss).
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Simulation results corresponding to the switching losses produced by each of the
hybrid PWM techniques normalized to that of the conventional SVPWM, at 60 Hz, are
shown in Fig. 49b. From Fig. 48 it can be seen that at higher fundamental frequency,
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(c) Hybrid PWM technique Type IV indicated by Fig. 48d
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Fig. 50. Experimental PWM waveforms and line currents corresponding to CSVPWM and
Type I and Type IV hybrid PWM techniques at 50 Hz and at a power factor angle of 30° lagging
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close to 60 Hz, 7212 is the only mainly used sequence for all the four types of hybrid
PWM techniques. Therefore, the curves of the switching loss factors of the four
techniques are identical at 60 Hz, but at a lower fundamental frequency, for example, at
50 Hz, the advantages of introducing the sequences 721 and 2721 become obvious. Fig.
49c shows the switching loss curves corresponding to 50Hz. As seen, Type IV PWM
results in more than 16% reduction in switching loss throughout the power factor angle
range of interest, namely 200 lagging to 60° lagging. Type IV PWM also achieves the

maximum reduction in THD.

The proposed hybrid PWM techniques are easy to implement using standard DSP
such as TMS320F243 from Texas Instruments. Fig. 50 shows the PWM waveforms and
the line currents corresponding to the hybrid PWM techniques - Type I and Type IV
along with those of the conventional SVPWM. All the waveforms correspond to a power
factor angle of 30°‘ lagging. As seen, PWM using 2721, 7212, and 721 (Type IV) results
in clamping or single switching of phase ‘a’ around the peak of the current and double
switching near the zero crossing of the current. Hence, it results in lower switching loss
over a fundamental cycle compared to the conventional sequence. The FFT analysis of
the phase current waveforms corresponding to type IV PWM shows a 17% reduction in
THD at the fundamental frequency of 50Hz. Higher reduction in THD is possible at

higher Vggr corresponding to a fundamental frequency of 60 Hz as seen from Fig. 49a.
6.3 Hybrid PWM Techniques with Current Feedback

As discussed in Section 3, the distortion due to different sequences or PWM techniques
in a given sub-cycle depend only on Vggr and 0, which are parameters generated by the
“controller. However, the switching loss corresponding to the sequences depend on the
power factor angle of the motor, which depends on the load and other operéting
conditions. All the hybrid PWM techniques, to reduce both THD and switching loss,
developed in 6.2, have been designed for an assumed range of power factor angles,
typically of motor drive applications. Specifically, these techniques do not use actual
power factor information. Therefore, the zone division remains identical even when the
power factor angle changes. For example, it can be seen from Fig. 49 that the switching

loss performance of Type I hybrid PWM becomes worse than even the conventional
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SVPWM when the power factor aﬁgle goes beyond 60° lagging. This is Type I technique
continues to use 7212 in most of sector I (corresponding to high Vggr), which, as shown
in Fig. 41, results in higher switching loss than 0127 for 0>60°. Also, the switchihg loss
performance of different PWM techniques are very different when #<20°. Hence, it can
be concluded that by utilizing feedback of motor current and designing new PWM
techniques based on the current or power factor angle- information can lead to further

reduction in switching loss.
Current peak detection feedback technique

From previous analysis, the basic method of reducing switching loss is to avoid
double switching at peak current. Using current feedback, a new hybrid PWM technique
is developed based on the five-zone hybrid PWM (THD) described in Fig. 48. In the new
technique, Sector I is also divided into zones of supcﬁor perfbrmance based on THD
considerations alone. In addition, for each zone the second best sequence based on THD
is also identified. In each sub-cycle, the best sequence that results in minimum THD is
applied when it does not cause double switching near current peak. If it involves double
switching near current peak, the sequence that results in second best THD performance is

applied. Since, the best sequence involves double switching, automatically the second

0127

Z1
1012(0127)

Fig. 51. Hybrid PWM technique utilizing instantaneous current feedback
(sequences in parenthesis correspond to second best THD sequences)
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best sequence will not result in double switching. The new hybrid PWM technique with

instantaneous current feedback is shown in Fig. 51.
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Fig. 52. Simulation results comparing CSVPWM with hybrid PWM technique shown in Fig. 51
(a) THD and (b) Switching loss

- The THD and switching loss performance as a function of power factor angle

(corresponding to a fundamental frequency of 60 Hz), obtained using the, new PWM
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technique, along with those of the conventional SVPWM as well as the Type III
technique (Fig. 48) are shown in Fig. 52. As seen, the proposed PWM technique
~ improves the switching loss performance when the power factor is near 60° lagging, but

at the cost of THD performance.

Current peak and power factor angle feedback technique ,

From Fig. 42, it can be seen that in switching-loss-optimized PWM technique, the
boundaries of different zones are functions of the power factor angle of the motor.
Hence, utilizing information on power factor angle can possibly lead to an improved
PWM technique. A new hybrid PWM technique is proposed in this section that uses
power factor angle information also in the zone division (based initially on THD
performance) and also used instantaneous current feedback to ensure double switching

| does not occur near current peak. The zone division for the new PWM technique is

shown in Fig. 53 and the zone definitions are given in Table III, where ¢ is the measured

power factor angle.

Fig. 53. Hybrid PWM technique using power factor angle and instantaneous current feedback
shown in space vector plane (Sector I). Sequences used in each zone are given in Table III
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TABLE Il - ZONE DEFIINITIONS CORRESPONDING TO PWM TECHNIQUE OF FIG. 53
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Fig. 54. Simulation results comparing CSVPWM with hybrid PWM techniques shown in Fig. 51 and Fig. 53 .
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The THD and switching loss performance obtained with this PWM technique (Fig.
53), along with that of the conventional SVPWM and current peak detection feedback
technique (Fig. 51), are shown in Fig. 54, as a function of power factor angle
(corresponding to a fundamental frequency of 60 Hz). It can be seen from the figures
that with the power factor angle feedback, the switching loss performance at power

factors near 0° and beyond 60° is improved further without increasing the current THD.

In the experimental setup, the required current feedback for all the three phases is
implemented using Hall-effect sensors and on chip Analog/Digital converter of
TMS320F243 module from Texas Instruments. The best result in terms of reduction in
THD is achieved at maximum modulation index corresponding to a fundamental
frequency of 60 Hz. However, the zero state duration under this condition, becomes
smaller than the minimum pulse width set by the hardware implementation (for IGBT
shoot through protection, and time to run the DSP program). This results in several pulse
being dropped and the THD reduction does not correspond to those predicted by
simulation. Thefefore, the hybrid PWM technique‘ of Fig. 53 is implemented at a
fundamental frequéncy of 50 Hz. '

I

1 2ms 2.8 A 2ms 2.08 V 0 5TOPPED

Fig. 55. Experimental PWM and line current waveforms corresponding to hybrid PWM
technique shown in Fig. 54, at a power factor angle of 30° lagging
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Fig. 55 shows fhe corresponding, experimental PWM and line current waveforms.
As seen, the hybrid PWM technique using feedback, results in clamping around the peak
of the current resulting in reduced switching losses. The FFT analysis of the phase
current waveform shows an 8% reduction in THD (as against 8.8% predicted by analysis)
at the powef factor angle of 60°. At the power factor angle of 30°, the actual reduction in
THD is 9.8% (as against 14.2% predicted by anal};sis). It may be noted that at a
fundamental frequency of 60Hz, and a power factor angle of 30° lagging, the reduction in

THD obtained from analysis is more than 40% compared to conventional, and reduction

in switching loss is above 20%.
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7. CONCLUSIONS AND FUTURE WORK

The space vector approach to generation of PWM waveform offers several advantages
over the traditional tﬁangle comparison methods. However, the conventional sequence
0127 and the existing bus-clamping sequences, 012 and 721 in space vector PWM do not
| fully exploit these advantages. New sequences, which divide the active vector duration,
offer additional degrees of freedom that are ndt possible in triangle comparison approach.
All possible sequences that involve division of active vector duration, and satisfy
constraints similar to those of conventional sequences, have been identified in this work.
Specifically, four new sequences - 0121, 7212, 1012 and 2721 have been introduced.
With the new sequénces, it is possible to realize double switching, single switching or
zero switching (clamping) of a phase within a sub-cycle, as appropriate, whereas thé
conventional sequence always results in just single switching per phase per sub-cycle.
The number of pulses per sub-cycle in the line-line voltages is also different when the

new sequences are used.

In this research i)roject, the concept of stator flux ripple is further developed and
applied systematically ‘to compare the effects of the new sequences, as well as
conventional sequences, on THD in the line current. For each possible sequence, the
zone in the Vgep-Ol plane, where that particular sequence results in minimum THD, is
identified. Based on this study, three new hybrid PWM techniques of varying complexity
have been designed. Hybrid PWM technique refers to the use of different sequences in
different sub-cycles within a sector, unlike the conventional PWM, which applies 0127
throughout Sector I. These hybrid techniques result in as much as 47% reduction in THD
in the line current at maximum modulation index, compared to the conventional

SVPWM.

The effects of different sequences on the inverter switching loss also have been
analyzed in detail. Switching loss in a sub-cycle corresponding to a pé.rticular sequence
depends on the product of number of switchings of a phase in a sub-cycle and the
magnitude of the instantaneous line current of the particular phase in the given sub-cycle.
A switching-loss-optimized VPWM has been developed by dividing the a—¢ plane into

zones of superior performance for different sequences. This hybrid PWM can reduce the
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switching losses by more than 30% compared to the conventional sequence, over a wide
range of power factor angles. In general, to minimize the switching losses, the sequence
that clamps the phase with the highest current, and double switches the phase whose

current is near zero, should be chosen.

Finally, using the results obtained from the independent THD and switching loss
studies, new hybrid PWM techniques that simultaneously reduce both THD and inverter
switching losses have been developed, specifically for motor drive applications. These
techniques achieve a reduction of over 30% in THD and a reduction of over 20% in
switching losses simultaneously, while operating at norrﬁnal fundamental frequency of
60 Hz and powervfactor angles close to 30° lagging. Hybrid PWM techniques that utilize
feedback of instantaneous line currents and power factor angle have also been studied.
However, the improvement' in performance over hybrid PWM techniques with no
feedback, especially in the context of motor drive applications where the range of
variation in power factor is limited, is not very significant and does not justify the added
complexity. However, if the current feedback is already available, it may be utilized to

realize small improvement in switching loss performance.

All the proposed PWM techniques (corresponding to minimum THD, minimum
switching loss and simultaneous reduction), as well as the conventional space vector
PWM for comparison, have been impiemented and validated on an experimental
protbtype comprising of a 2kW IGBT-based VSI fed induction motor drive controlled by
a DSP - TMS320F243. THD reduction of 38% in the THD-optimized PWM and
switching loss reduction of 30% in the switching-loss-optimized PWM, over the

conventional space vector PWM have been demonstrated experimentally. The clock

frequency of 20 MHz for the DSP used has been a limiting factor, since pulses with width
~ less than a certain threshold need to be dropped leading to increased THD. With faster

clock frequencies (or lower switching frequency for high power drives), the experimental
results are expected to be even closer to the analytical results than what has been

demonstrated here.
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7.1 Suggestions for Future Work

Possible future work in this area that show promise of further improvement in the

performance of induction motor drives are listed below.

A: Analysis of the effect of new sequences on the input current drawn by the converter
from the DC source. The DC link current has an appreciable impact on the rating and
reliability of the DC link capacitor. Hence, PWM techniques that minimize ripple in the
input current can enhance the reliability of the input capacitor, and hence, the overall

drive system.

B: In the present study, the active state duration (as well as zero state duration) is divided
equally into two intervals, to form new sequences. Unequal division of active vector

duration can lead to further improvement in steady state performance.

C: The present study has focused solely on three-phase, two-level converters, which have
only eight states. Multi-level PWM converter has been a subject of vigorous research
recently. With a total of n’ possible states, the multi-level PWM can reduce the THD
significantly, though at the expense of increased control complexity. The concept of
division of active state duration can be investigated for multi-level converters to achieve

improved performance in terms of THD, switching loss and input current ripple.
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