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Abstract: Space vector modulation in voltage
source inverters offers improved DC-bus
utilization and reduced commutation losses,
and has been therefore recognized as the
preferred PWM method, especially in the case
of digital implementation. Three-phase
inverter voltage control by space vector
modulation consists of switching between the
two active and one zero voltage vector in such
a way that the time average within each
switching cycle corresponds to the voltage
command. However, the switching sequence is
not unique. This paper demonstrates that the
sequence most favored in the literature is not
the best one over the entire motor speed
range. Rather, a preferred switching segquence
is defined in the paper as a function of the
modulation index and a power factor. The
sequence is selected by using the inverter
switching losses and the current ripple as the
criteria. Results presented in the paper are
based on analytical study and are corroborated
by experimental data.

1. INTRODUCTION

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.

TABLE I:
DEFINITION OF THE VOLTAGE VECTORS AVAILABLE AT
THE INVERTER OUTPUT, THEIR o AND B COMPONENTS
AND THE INVERTER SWITCHING STATES.

The most preferred PWM technique today is
space vector modulation [1],{2],[4] which
offers 15% better bus utilization and 33%
fewer commutations per cycle than conventional
PWM. While some other methods (as, for
example, the one proposed by Ziogas et al [6])
give the same results, space vector modulation
is better suited for digital implementation.

In each cycle of space vector modulation,
the desired output voltage is approximated by
a time average of three voltage vectors (three
switching states). Of these, two are non-zero
voltage vectors adjacent to the reference (for
example, vectors 1 and 2 are adjacent to the
reference vector in Fig. 1), while the third
one is a zero vector. The strategy of
sequencing these three switching states within
each cycle will influence the current ripple,
the commutation losses and the spectrum of the
output voltages and currents.

Basically, there are
sequencing possibilities:

The first one [3] uses state 7 (111) as
the zero vector in sectors 1, 3, and 5
(Fig.1), and state 8 (000) as the zero vector
in sectors 2, 4, and 6. The switching sequence
remains the same during switching in the same
sector (Fig. 2). For example, for reference in
the first sector, Fig.l, the sequence is
100-110-111-100~110-111, etc. This strategy
requires four commutations per one switching
cycle. In this paper, this strategy is called
direct-direct (DD) sequence.

two practical
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The second one, proposed by many authors
[3]1,[4] and favored today, consists of using
the redundancy of zero vectors (states 7 and
8) to reduce the number of commutations per

switching cycle. The switching sequence is
reversed after passing through each zero
vector. For example, for reference in the

first sector, Fig. 1, the switching sequence
is 100-110-111-110-100-000, Fig. 3. The main
advantage of this approach is that it requires
only three commutations per cycle and gives
symmetrical pulses [5]. This strategy is
called here a direct-inverse (DI) sequence.

Since the space vector modulation offers
superior performance with respect to other
modulation techniques, it is important to
establish the sequencing strategy which is
best suited for variable frequency AC drives.
This paper presents analytical and
experimental results in order to compare these
two strategies and outline their most
important characteristics. In Section 2, both
sequencing strategies are defined, and for
each of them analytical expressions are
derived for the RMS value of the current
ripple as a function of the modulation index.
Section 3 presents experimental data which
consist of the stator current waveforms of an
induction motor, their spectra, and the RMS
values of the ripple current for both
sequencing strategies. The experimental
results, obtained for output voltages from 0.2
to 1.0 p.u., confirm those derived
analytically.

The discussion
the characteristics

in Section 4 summarizes
of reversing (DI) and
non-reversing (DD) sequences, and clearly
shows that a reduction in the number of
commutations obtained with DI sequence does
not result in a corresponding reduction of the
commutation losses for the most important
class of inverter loads (motor drives and UPS’
under rated load). For that case, the paper
recommends the DD sequence. For other cases,
the paper shows that the best results are
obtained by using DI sequence for low output
voltage and DD sequence when the modulation
index is increased. Section 5 gives some
concluding remarks, while the two Appendices
present the details of the performed
calculations.

2. ANALYTICAL CONSIDERATIONS

2.1 Review of space vector modulation

8
different switching states, corresponding to 7
at the
strategy defines

A three-phase inverter can assume

discrete voltage vectors output
(Fig.1l). The PWM the
sequencing of the available vectors in such a
way that the average voltage within one cycle
corresponds to the reference 3*. The cycle
time T is defined as the time necessary to go
through the of
vectors (interval T in Figs.

successive
2 and 3). The
cycle T can also be defined as the minimum

sequence three

interval where the average inverter output

corresponds to the reference 3*.

The space vector modulation and the
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problem of selecting the appropriate switching

sequence is best understood if the phase
quantities are transformed into the a-8
stationary reference frame:
u, +u
- b "c _ 3
u, = U= 5 ) Ug = 3 (up+u) (1)

(ua, ub, and uc are the phase voltages, u, and
are the components of the voltage vector
axes o is aligned with the motor phase A

“s
d, e
winding).

Table I gives the a and B components of
each with the
switching states for all six segments defined

in Fig. 1. (E denotes the DC-bus voltage).

’

voltage vector, together

The non-zero Vectors 71..?6 create a
hexagon Fig.l1 centered in the origin of the
o= plane, with the
d = E sin(60) and the
D E. The zero voltage vectors are located in
the

V

internal diameter

external diameter

]

]

origin of the a-f plain (77= 111 and
000) and they both short circuit the load.
Any reference vector ﬁ* located inside
1,
switching cycle T as a time average of
The
non-distorted output which can be obtained is

8

the can be realized within

one

hexagon, Fig.

three voltage vectors. maximum

when the vector ﬁaB tracks the circular locus

inscribed into the hexagon (Fig.1):
lﬁaB'maxz E sin(60 ). That voltage represents
the physical limit obtainable without
distortion and 1is 15.4% higher than the
maximum voltage obtained with sinusoidal
modulation. It also represents 90.6% of the

fundamental voltage obtained with a six-step
[31,[4]1. 1, it
is impossible to reach all the points on the
that circumscribed the
hexagon. Moreover, the be
arranged in such a way that the output voltage
[ij but then

af
the voltage components Ua and U, (as well as

modulation Referring to Fig.

circle is around

modulation can

tracks the hexagon boundaries,

line-to-line voltages U, , Uy and Uca) will

cl
be non-sinusoidal.

The best tracking of the reference
voltage 9* is obtained when the switching
sequence includes only the two vectors

adjacent to 3* and a zero vector [3],[4]. The
aim of this paper is to derive the optimum
of with

the the

commutation losses.

sequencing these three vectors,

respect to ripple current and




Tz, and To
(Fig.2), determine the duration of the three
vectors that compose the switching sequence.
These intervals depend on the amplitude and
the spatial of the reference
vector 0*. Assume first that the reference "
Fig.1 and that it has an
arg(_fl* ) with
adjacent

The time intervals Tl’

orientation
is in sector 1,
amplitude A4 and the angle 8 =
the «a The

non-zero voltage vectors are 71 and ?2. Notice
in Fig.l that the displacement between the

respect to axes. two

reference % and the clockwise-side vector 71
is A6 = arg(Z#)—arg(ii). Define the modulation
index m = 4/d, d = E sin(6d )
represents the radius of the circle inscribed

where and
in the hexagon. The intervals Tl’ T2’ and T,
are given by expressions (2-3):
the vector ?1 is applied during the interval
T, =Tnm sin(60°- ae), (2),
the vector ?2 is applied during the interval
T, = T m sin(A8), (3),
and the zero vector is applied during
To =T ~ T1 - T2.

The same rule (2-3) defines the intervals
Tn, Tn+1, and To for any other sector in Fhe
hexagon. Depending on the spatial orientation
of the voltage reference 3*, each modulation
cycle should consist of the of
vectors ?n, ?n+1’ and 7 where n € [1..6]

7/8"
is the sector number,

sequence

while the angle A8 is
arg(ﬁ*)-(n-l)xeoo. The zero vector is applied
to the inverter output during the interval
TO=T-T1-T2 in each cycle.

2.2 Regular sequencing strategy

With this the
sequence 1s repeated in each cycle as long as
the the
sector. For the case when a reference is in

strategy, switching

reference vector is within same

sector 1, the switching sequence is given in
Fig.2. If 77 is selected as the zero vector,
switching will
commutations in the inverter leg B and two in
leg C (a total of 4),
the upper switch ON during the entire cycle.

each cycle have two

while leg A will have

If the zero vector is ?8 (000), the number of
commutations (i.e. transitions) per cycle will
be the same, but the inverter leg that will
cease commutating in sector 1 will be leg C.
This redundancy of zero vectors allows
of

Selection of the zero vector should be done so

for a reduction commutation losses.
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as to avoid commutation in the inverter leg
carrying the largest current. Assuming a case
of an induction motor with the inverter output
current lagging the reference ﬁ*, one can
conclude that within the sector 1 the current
while the current i

c
reduced

ia reaches its peak,
the
commutation losses can be expected if vector
77 (111) is selected as the zero vector for
Following the same rule, vector

crosses Zero. Therefore,

the sector 1.
?7 should be also selected in sectors 3 and 5,
while ?8 should be used in sectors 2, 4, and
6, Fig.1.
will not commutate in sectors 1 and 4 (Fig.l1):

As a consequence, inverter leg A

leg B in sectors 3 and 6, while inverter leg C
will not commutate when the reference vector

lies in sectors 2 and 5. Hence, for the
sequencing strategy illustrated in Fig. 2,
each inverter leg will not commutate for
2x60%= 120° within each period of the
fundamental.

considering the number of commutations of
the inverter legs per time unit, the switching
cycle T = 1/f, of the space vector modulation
with regular (DD) sequencing can be related to

the chopping frequency fPWM (or, the carrier

period TPWM = 1/beM) of the sinusocidal
carrier-based PWM. For the same number of
inverter switchings, the relation is
Toum = 1.5 T (or, fPWM= 2/3 {).

2.3 Reverse sequencing strategy

One can modify the switching sequence
between the three voltage vectors so that each
transfer from one to the other state involves
[31,[4], Fig.3. This
the of Dboth
vectors (?7 and 78) in a given sector and a
of the switching
The Dbenefit
commutations four

only one commutation

obviously requires use zero

reversal every
of

with a

sequence
is a reduction
(obtained
regular sequence) to three (compare the number
of commutations in Figs. 2 and 3). The space
with the (DI)
sequence and the cycle frequency fc= 1/T has
the same number of inverter switchings as the

cycle.
from

vector modulation inversed

sinusoidal PWM with the carrier frequency

fPWM= fc/z.

2.4 Analytical comparison
In addition to the number of commutations
per switching cycle, the comparison of the DD
and DI sequencing strategies

requires an
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Fig. 2: Timing diagram for space vector modulation with regular (DD)
switching sequence and a reference vector in sector 1.
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Fig. 3: Timing diagram for space vector modulation with reversed (DI)
switching sequence and a reference vector in sector 1.

evaluation of the motor current spectrum and
the ripple. The spectrum of the motor current
is obtained experimentally for both DD and DI
strategies, and is shown in the next section.
The ripple is the largest when the reference
vector is equidistant from the two adjacent
voltage (A6 = 36)), so that all

analytical expressions+ for the RMS value of

vectors

the motor current ripple are derived for that
condition in Appendix 1 for both DD and DI
strategies. These expressions are:

2
. As2  _ (_mTE 1 _ s 3 2
DD: A1) grms™ [ 2L, ] ( ry R A J(4)
2
. As2  _ (.mTE 1 _ s 12
DI: A1, prms™ [ 2L, } [ 2 A e ](5)

where m is a modulation index, E is a DC-bus
voltage, T is the cycle period, and Lo is the
motor equivalent leakage inductance.

illustrated in
Fig.4. If both DD and DI strategies have the
same switching cycle T,

Analytical results are

the DI approach will

have 25% fewer commutations but will have an
than the DD
That is the price for
reducing the number of commutations; for m = 1

increasingly larger ripple

sequence for m > 0.28.

the DI sequence produces twice as large ripple
as the DD sequence.

Trace C in Fig.4 corresponds to the DI
sequence with a reduced time,
T'= 0.75 T,

frequency as the DD sequence,

cycle
thus having the same commutation
The
traces in Fig.4 suggest that the best result

trace A.

is obtained by combining these two strategies
when operating over the full voltage range.
Using only the current ripple and the number
the
the
above which one

of commutations as a criterion,

switch-over point M corresponds to
0.75,

should use DD sequencing strategy. However it

modulation index of m =

is shown in section 4 that this is not the
correct choice if switching losses need to be
minimized in a typical AC motor drive.
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Fig. 4: The RMS value of the current ripple as
a function of the modulation index m obtained
from equations (4) and (5) with the assumption
(TE)/(2Lo) = 1A, Trace A: with DD sequence;
trace B: with DI sequence, Trace C: DI
sequence with reduced cycle time; T’= 0.75 T
(the same commutation frequency  as DD
sequence, trace A4).

3. EXPERIMENTAL RESULTS

Analytical results given in Section 2 are
experimentally verified on a prototype
induction motor drive. Parameters of the motor
under the test are given in Table II.

TABLE II:
THE PARAMETERS OF THE MOTOR UNDER THE TEST
Motor type: 2K132, 4-pole,
D-connected standard induction motor

Rated power (kW): P = 7.5 kW

Rated voltage: U = 3x380 V, f = 50Hz
Rated current: I =16 A

Stator resistance: R« = 0.038 p.u.
Rotor resistance: R: = 0,043 p.u.
Winding inductances Ls = Lr = 1.993 p.u.
Magnetizing inductance: M = 1.91 p.u.

Equivalent leakage inductance: Lo = 0.164 p.u.

The induction motor is supplied from a
conventional three-phase inverter with IGBT
transistors. The motor is controlled in the
open-loop, maintaining U/f = const. The motor
current is always Kkept at the rated 1level,
I =16 A RMS, by adjusting the DC generator
load connected to the shaft. A set of
experiments is performed, using both DD and DI
modulation techniques and sweeping the
fundamental frequency from 10Hz to 50Hz. The
space~vector modulator (capable of generating
both DD and DI patterns) is implemented by
using a PC computer and the dedicated hardware
illustrated in Fig. 5.

Programming of the PAL is given by the
equations (6-8). The PAL inputs ABC determine
a sector ne [1..6]) (see Fig.l). Each binary
value of ABC from 001 to 110 corresponds to
one of the sectors. The values ABC = 000 and
ABC = 111 produce a three-phase output
RST = 000 and RST = 111 (respectively)
independently of the other inputs (D,E,F). The
states ABC=111 and ABC=000 are wused to
maintain the appropriate zero vector and

eliminate glitches at the RST outputs at the
beginning of each cycle. These glitches could
appear due to the fact that the code DABC
setting and the 8253 timer reload cannot occur
at the same instant.

The input D determines the sequencing
strategy: D = 0 gives a DD sequence (Fig. 2).
In order to achieve a DI sequence (Fig. 3),
the input D is toggled at the beginning of
each cycle (D = 1 for the V2-vV1-¥8 cycle, and
D = 0 for V1-¥V2-V7 cycle; Fig. 3). In such a
way, a smooth transition between DD and DI
sequencing can be done on-line, simply by
changing the logic level of the PAL input D.

The inputs E and F determine the
intervals Tl and T2 of the active (non-zero)
voltage vectors. The programmable timer 8253
is reloaded and restarted each 250 us. The
data loaded in <counters #1 and #2 are
determined in such a way that the output OUT1
(E) is low during the interval T1 (Fig. 2, Eq.
2), while the output 0OUT2 is low during the
period T1+T2 (from tO0 to t2 in Figs. 2 and 3).

R=ABD+ABDE+CDEF+ABCF+ABC (DE+DE ) +DFABC+BCDE+ABF
S=ABC+DEFC+ABF+ABCDE+ACDE+ABCD+ABC ( DE+DE ) +ABDEF

T=ABC+DEFC+DFBC+ABF+AC (DE+DE)+ABC(DE + DE)
(6),(7),(8)

Data loaded in counters and the code DABC
are calculated off-line and stored in the
appropriate table. Thus, the only task of the
real-time software is to read the table and
perform the I/0 functions. Since the main
objective of the experiment was to compare the
current ripples of DD and DI sequencing
strategies, attention was paid to reduce the
influence of the other parasitic current
components on the resulting THD (total
harmonic distortion). The dead-time was
reduced to the minimum (1.5us) and was
adjusted to the same value in all IGBT
drivers. The off-line calculation of PWM
pattern included the dead-time compensation,
assuming that the current 1lags 30° with
respect to the voltage (that is, the current
ia is positive in sectors 6,1, and 2. In this
way, the influence of the dead-time on the
current waveform and THD is significantly
reduced.

The recorded phase current for the rated
motor current and f = 25Hz (m = 0.5) is shown
in Fig. 6 (for DD seguence) and Fig. 7 (for DI
sequence). Figs. 8 and 9 present the phase
current waveforms for f = 50Hz (m = 1). It can
be seen that the difference between the DD and
DI sequencing is negligible for m = 0.5. On
the other hand, at the rated speed (m = 1,
Figs. 8 and 9) the DI sequencing results in a
significantly larger current ripple.

The spectra of the waveforms in Figs. 6-9
are obtained numerically and are given in
Figs. 10-13. For m = 0.5, the phase current
spectrum for the DD (Fig.10) strategy has a
predominant component at the cycle frequency
of 4 kHz. For m = 0.5 (Fig. 11), the DI
spectrum contains the main component at cycle
frequency (essentially the same as the one of
a DD sequence), and a relatively small
component at fc/2 (2kHz).

At rated speed and m = 1, Figs. 12 and
13, the main ripple component with a DI
strategy (Fig. 13) is located at half the
cycle frequency and has twice the amplitude as
that of the DD strategy, Fig.12.

Analytical expressions (Eg. 4, 5; Fig. 4)
for the ripple as a function of the modulation
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Fig. 5: Block diagram of the space vector modulator used in the experiments

Fig. 6: Motor phase current, 10A/div, Irms=In’
f=25Hz, m=0.5, DD sequence; corresponding

vector rotation in a-g plane.

Fig. 7: Motor phase current, 10A/div, Irms:In'

=25Hz, m=0.5, DI sequence; corresponding
vector rotation in «a-8 plane.

index m are experimentally verified over a
modulation range from 0.2 to 1 by recording
the phase current waveforms and then
calculating off-line the THD (the THD is the
relative value of the ripple RMS value). In
order to focus on the difference between DD
and DI strategies, the 5-th and 7-th harmonic
components as well as the parasitic DC
component are excluded from the THD
calculations. The results, presented in Fig.
14, are 1in agreement with those obtained
analytically (Fig. 4). Trace B in Fig. 14
represents the RMS value of the current ripple
for a DI sequencing. The DI-ripple is larger
than the DD-ripple (trace Aa) for all
modulation indexes larger than 0.2. For m = 1,
the ratio between the DI- and DD-ripple is 2.
The trace C in Fig. 14 shows a projected
DI~-ripple, derived from trace B by assuming

Fig. 8: Motor phase current, 104/div, I . =T,

f=50Hz, m=1, DD sequence; corresponding vector
rotation in a-f8 plane.

Fig. 9: Motor phase current, 10A/div, Irmszrn‘

f=50Hz, m=1, DI sequence; corresponding vector
rotation in a-f8 plane.

that the cycle frequency is increased by the
ratio 4/3. So, traces A and C can serve for a
comparison between DD and the DI strategies
having the same commutation frequency. The
intersection (M) of traces A and C represents
the point (m ~ 0.8) below which the DI
sequence is preferred if one only wants to
reduce the commutation frequency and the
current ripple.

4. DISCUSSION

For output voltage less than 50% of the
rated value and for the same cycle time T, DD
and DI space vector modulation strategies give
practically the same current spectra, Figs. 10
and 11, and current ripple, Figs. 4 and 14.
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Fig. 10: Spectrum of the phase current shown
in Fig. 6.
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Fig. 11: Spectrum of the phase current shown
in Fig. 7.
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Fig.14: The RMS value of the current ripple as
a function of the modulation index m
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Fig. 12: Spectrum of the phase current shown
in Fig. 8.
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“'
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Fig. 13: Spectrum of the phase current shown
in Fig. 9.
However, the DI method requires 25% fewer

commutations than the DD method.

Above 50% of the rated voltage, the
ripple resulting from DI control increases,
while that produced by a DD sequence
decreases. Specifically, at the full output
voltage (m = 1), the DI ripple is twice that
produced by the DD control, Figs. 4 .and 14.
Furthermore, the main ripple component for the
DI sequence has migrated to half the cycle
frequency, while DD ripple has remained at the
cycle frequency, Figs. 12 and 13.

The DI strategy has become popular
because it gives three instead of four
commutations per cycle. However, one is

concerned primarily with the total power loss
due to commutations rather than about the

number of commutations. For that reason, it is
important to analyze the conditions wunder
which the one commutation, eliminated by the
DI strategy, occurs. Starting with the

expressions for the commutation 1loss Py(DD)
(for the DD sequence) and Py(DI) (for the DI
sequence), calculated 1in Appendix II and
looking at their ratio, P¥(DD)/Py(DI), given
in Table III, one can see the strong influence
of the power factor, cos(¢). For typical
values of a power factor between 0.75 and 0.92
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for an induction motor at a rated load, the
reduction in the commutation losses with the
DI strategy is less than 1.5%.

TABLE IIXI: Commutation loss for DD and DI

sequencing, with the same cycle time, as a
function of a lagging power factor
cos(p) 0.0 0.1 0.2 0.3 0.4 0.5

PV(DD)
ﬁ;TﬁfT 1.49] 1.41) 1.33} 1.26] 1.19| 1.13

cos(gp) 0.6 0.7 0.8 0.9 1.0 -
Pr(DD)
PziDI)

1.08) 1.03) 1.01f 1.01| 1.12 -

For the angle ¢ = 30 (cos(p) = 0.866),

the DD- and DI-losses are the same. To
understand why the DI sequence does not
substantially reduce the commutation 1loss

while reducing the number of commutations,
consider sector 1, Fig.1. For ¢ = 30 the
phase A current in the first sector changes
from -30° to 30°, while the phase B current

and the phase C currnet lag 120° and 240°
respectively. Hence, ia goes through its
maximum in sector 1, while ib and ic go

through zero. Therefore, it can be expected
that tha average values of |ib| and |ic| will
be significantly lower than the average |ia|
in the first sector. So, the DI sequence is
replacing four "low~current commutations" of
the DD sequence (2B+2C, Fig. 2) with one "high
-current" commutation and two "low-current"
commutations (A + B + C, Fig. 3). For that
reason, the ratio Py(DD)/Py(DI) is close to 1
(Table III) for cos(¢) € 0.7..0.9. On the
other hand, if the load is purely inductive,
the ratio will be 1.5 according to Table III;
that is, the commutation 1losses will be
significantly reduced if the DI strategy is
applied.

For cases of AC drives during motoring
and for UPS systems, the ratio Py (DD)/Py(DI)
will be close to 1 under the rated load
conditions. Different values of the cos(¢) and
the ratio Py(DD)/Py(DI) can be expected for
no-load conditions, where the current
amplitude and the commutation losses are
anyhow low. Therefore, in most applications
the DI segquence will produce the commutation
losses similar to the losses of the DD
sequence, regardless of the 25% reduction in
the number of commutations. This means that
curves A and B, Fig. 4, have approximately the
same commutation losses. Considering now the
ripple, Fig. 4, it is clear that one should
select the regular (DD) sequence (curve A)
over the entire operating range.

If the angle ¢ of the inverter load
varies in a wide range (or cannot be defined),
the DI sequencing may result in a significant
reduction of the commutation loss (in Table
III, Py(DD)/Py¥(DI) = 1.5 for inductive loads,
cos(gp) = 0). At the same time, the DI sequence
results in an increased current ripple, curve
B, Fig. 4. Assuming for a moment that the
commutation losses depend only on the number
of commutations and not on conditions during
commutation (sequence DD or DI), one would
switch from a DI to a DD sequence above
m=0.75, Fig. 4. In principle, the DI
commutations will always be more "lossy" than
DD commutations so that a switch-over point M
will be at values of the modulation index

lower than shown in Fig. 4. The exact
calculation of the switch-over point requires
knowledge of the commutation loss, which, in
turn, depends on the 1load, the 1load power
factor, the type of power switches and the
snubber circuit. In summary, the DD sequence
should be used with standard industrial motor
drives. For other loads, one should consider
the DI sequence for low output voltages and
the DD sequence when the modulation index is
high. The exact switch-over from one to the
other sequence will depend on the commutation
losses.

The DI sequence should never be used for
pigh output voltages, due to a significant
increase in the current ripple.

5. CONCLUSION

Characteristics of regular (DD) and
inverted (DI) sequencing strategies are
investigated both analytically and experimen-
tally. The two strategies are compared with
respect to the current ripple, the current
spectrum, and the commutation losses. It was
found that DD sequence offers superior
performance for majority of 1loads such as
induction motor drives. For other types of
inverter 1loads, with small or 1leading power
factors, the optimal modulation strategy
consists in using the DI sequence when the
output voltage is low, and the DD sequence if
the modulation index is between m(M) and 1.
For best results, the switch-over point M has

to be evaluated in function of 1load and
inverter design.
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APPENDIX I
CALCULATION OF THE RMS RIPPLE CURRENT AS A
FUNCTION OF THE MODULATION INDEX m

DD sequencing strategy:

Neglecting the stator resistance and
assuming that the switching cycle T is
essentially small with respect to the motor
dynamics, one concludes that the motor current
will change linearly between the two
commutation instants. Referring to Fig. 2 an
considering the reference vector at A8 = 3
(where the current ripple is maximum), the
time intervals and the average a and B voltage
components within the switching cycle T are:

_ mT _ _ _ mT
ty= —5 ty=mT , T) =T, = 5 7 (A1)
av_ 3 vdV= / mE
Ud = mE , 8 3 "_4 . ( A2 )

Under the assumption that the back EMF
induced in the stator windings is balanced by

the inverter output voltage, the current
ripple can be calculated as the current
flowing through the equivalent leakage
inductance of the motor exposed to the

difference between the voltage reference and
the inverter instantaneous output. The « and 8
components of the stator current at the
instants t0..t3 (Fig.2) can be calculated as:

iu(to)=1a0’ .iB(to)=IB0 (initial values) (a3)
i(t)) = I o+ (B- 2E) g%; . (a4)
1g(t)) = Iy - /3 mE g%; .

i (ty) = To+ -2 E(1-m) %%; , (A5)
1g(ty) = Ipo + /3 EZM) g%;

ig(t) = Ing, dg(ty) = Igg (a6)
153V(tg o ty) = Ipgt —gig(ty) + (a7)
* (—%_ - —%_)ia(tz) = %%f 6;5m * Iyt
i;v(to..t3) = Igyt —iglty) + (a8)
+ (3 - S)ig(ty) = g%f /3 23m Igo-

From A3-A8, and assuming the linear change of
the current between the switching instants,
the RMS value of the a- and B-ripple
components are found as:

t

3
] 1 2 .av,2
ai2 o= -Tr-j i2(ryae (13%) (29)
t
t3
.2 .1 .2 .av, 2
a1l e = [ ihtiae (i3%) (A10)
o
2 2
2 _ ( mTE 1 _ _5m 3m
AlaBrms - [ ZLO‘ ] [ 2 v + 16 ]- (A1l1)

DI sequencing strategy:

From Fig.3, it is clear that the ripple
waveform (under the same assumptions as above)
will be a periodic function with a period 2T.
Hence, it 1is necessary to calculate the
current values from t3 to te:

1033

E 3m mTE
1,(ty) = Iyt (= - =) EZ;' (A12)
ig(ty) = Igg ¥ 5 g%f (1 -5
T p(ts) = T,6(t): (a13)

2,8(t0) = Tug(t3) = Zaglte) =[TaorTgo]

The average values of « and B current
components in the interval [t0..t6] of the DI

sequence (Fig.3) can be calculated as in
(A7-a8), and are found to be:

av _mrE 3 ,._
i (tg..tg) = EZ; ——(1-m) + I,q (Al4)
av _Vv 3 mTE . _

iB (to..ts) = — EE; (1-m).

The RMS values of the o and B ripple
components for the DI interval [tO0..té6] are
given by (A15-316).

t
6
:2 _ 1 .2 _ (:av.2
a2 = Sr J i2(yae - (150 (A15)
t:0
ts
P | .2 _,sav.2 Al6
M2e = 3T [ i5trar - (1g") (al6)
to

The total ripple RMS value for the DI

sequence, is given by (A17).

2 2
.2 _ [ mTE 1 _ 5m m ] A17
Aiygrms = [ 2L, ] [ ry 17t g (A7)
APPENDIX II

Comparison of the DD and DI sequences with
respect to the commutation losses for
different values of the load angle ¢

One cycle of DI space vector modulation
(Fig.3) comprises one transition of each
inverter leg (the total of 3; A,B,C). In the
case of DD strategy, the total n er of
transitions is 4, and within each 60 wide
sector, one of the inverter legs is not
commutating. Introducing Nx as the number of
commutations in phase "x" during one cycle,
the DI and DD transitions in the first sector

(Fig.1l) can be described as:
Na(DD) =0, Nb(DD) = 2, NC(DD) = 2 (Al18)
N, (DI) =1, N (DI) =1, N, (DI) = 1 (A19)

The energy loss per one commutation can
be considered roughly proportional to the
current which is commutated, AW = Kw i. If the
cycle frequency is fc= 1/T, the average power
losses Py due to the bridge commutations can
be expressed as:

Pw = Kw fc(Nalialav+ Nblib[av+ Nclic|av) (a20)

The comparison of the DD and DI space
vector modulation with respect to the
commutation losses is done on the relative
basis; that is, the ratio between P¥(DD) and
Py(DI) is calculated for different values of
the load angle ¢. The results are given in the
Table III, for inductive loads and cos(¢)
range 0-1.




