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Abstract—Low switching frequency operation is preferred in
machine drives of high-power applications for controlling the
switching loss of power-electronic devices to a tolerable level.
Hence, the modulation frequency ratio is usually low. Synchro-
nized space vector pulsewidth modulation (synchronized SVPWM)
is a method designed to reduce current harmonic distortion in
low-frequency-ratio occasions. However, the switching frequency
apparently varies when the pulse pattern of synchronized SVPWM
changes, which makes it impossible to fully use the available switch-
ing frequency. In this article, the alternative pulse patterns of
synchronized SVPWM are extended by the proposed randomized
pulse pattern strategy. The proposed strategy divides pulse patterns
in a line cycle of the synchronized SVPWM into six pulse pattern
units according to the symmetry conditions, and randomly com-
bines these pulse pattern units according to the probability theory.
The pulse pattern units from different pulse patterns are analyzed
and modified to concatenate together smoothly. The proposed strat-
egy keeps the advantages of synchronized SVPWM that low-order
harmonics are suppressed. Meanwhile, lower harmonic distortion
and torque ripples are achieved compared with the conventional
strategy. The proposed strategy is verified through simulations and
experiments.

Index Terms—High-power drives, low frequency ratio, machine
control, randomized pulsewidth modulation (PWM), synchronized
PWM.

I. INTRODUCTION

OW switching frequency operation is frequently adopted
L in machine drives of high-power applications like high-
speed railways to control the switching loss of power-electronic
devices to an acceptable level [1]-[6]. Under low switching
frequency conditions, the high fundamental frequency will
make the frequency ratio of the modulation very low. Con-
ventional modulation methods like space vector pulsewidth
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modulation (SVPWM) show poor performance in such cases.
For example, the total harmonic distortion (THD) will be high
and low-order harmonics will be unacceptable. Researchers
have proposed kinds of modulation methods to improve the
performance in low-frequency-ratio operation. Synchronized
SVPWM [7]-[9], optimal PWM [10]-[12], and specified-
harmonic-elimination PWM (SHE-PWM) [13], [14] are three
popular modulation methods. Among these methods, synchro-
nized SVPWM is attractive due to the balance between the
implementation complexity and the performance in harmonic
distortion. Like all other synchronized modulation methods, syn-
chronized SVPWM circumvent the low-order harmonics, and
subharmonics [15].

Since synchronized SVPWM was proposed, a number of re-
searchers have reported improvements on this method [16]-[21].
Wang, et al. [16] applied synchronized SVPWM in the drive
of six-phase machine. Beig [20] discussed the overmodulation
strategy of synchronized SVPWM in a three-level inverter. Diao
etal. [17] proposed an efficient implementation of hybrid PWM,
which includes synchronized SVPWM in. However, despite
these works, a problem of synchronized SVPWM still remains
to be solved. Synchronized SVPWM has fixed pulse patterns,
which means the switching frequency can only be fixed integer
multiples of the fundamental frequency. When fundamental
frequency increases, the employed pulse pattern must change
to make sure the switching frequency does not exceed the limit.
Therefore, the available switching frequency cannot be fully
utilized in almost all the fundamental frequency ranges. The
drop in switching frequency may lead to problems like perfor-
mance degradation in current control and an apparent increase of
current harmonics. Besides, the discontinuous in pulse numbers
brings inconvenience in the application in which the switching
frequency needs to be dynamically adjusted.

Researchers have tried to solve this problem by adding more
available pulse patterns [7]. By using proper bus-clamping
strategies, pulse patterns with pulse number 3, 5,7,..., 15 can
be achieved. A denser pulse pattern list moderates the variation
in switching frequency, but the results are still not completely
satisfactory. The first problem is that some pulse patterns with
high pulse number do not have corresponding more excellent
harmonic performance. For instance, the pulse pattern with pulse
number seven generates higher harmonics than pulse patterns
with pulse number five due to its excess restrictions on the
implementation method [22]. The second problem is that the
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switching frequency still drops at least 40% when applying the
pulse pattern with pulse number three.

In this article, the authors try to solve this problem from
another perspective. This article is contributed to using prob-
ability theory to generate pulse patterns with fractional pulse
numbers, and generating little extra harmonics at the same time.
Random PWM has been researched mainly for reducing EMI of
inverters [23]-[25]. The essential idea of random PWM is using
a random-frequency modulation carrier. However, the conven-
tional random PWM cannot be applied in low-frequency-ratio
operations because it will destroy the synchronization and dete-
riorate low-order harmonic performance. In low-frequency-ratio
applications, the synchronization must be maintained with a
random frequency carrier. In order to achieve this target, the
conventional pulse patterns of synchronized SVPWM in a fun-
damental period are divided into six pulse pattern units according
to the symmetrical conditions, and proper modification is made
to pulse pattern units so that the units from different pulse
patterns can be arbitrarily combined. The randomized selecting
strategy of pulse pattern units are proposed based on probability
theory to guarantee the average switching frequency at the target
value. By means of the proposed randomized pulse pattern
strategy, the fast Fourier transform (FFT) spectrum of current
and torque become more dispersed and have a considerable re-
duction in primary harmonic orders, which is beneficial toreduce
the noise-vibration-harshness of machines as many researchers
proved [26], [27].

The rest of this article is organized as follows. Section II
introduces the pulse patterns of the synchronized SVPWM.
Section III elaborates on the proposed randomized pulse pattern
strategy. In this section, the idea of the pulse pattern unit is
firstly introduced. Then, the pulse pattern units from different
pulse patterns are analyzed and modified to be smoothly com-
bined with each other. Finally, the selecting strategy of pulse
pattern units is demonstrated. In Section IV, simulations and
experiments verify the effectiveness of the proposed strategy.
Finally, Section V concludes the article.

II. SYNCHRONIZED SVPWM
A. Pulse Patterns of Synchronized SVPWM

Synchronized SVPWM is a common modulation method in
low-frequency-ratio applications for reducing harmonic distor-
tions. In synchronized SVPWM, pulse patterns with different
pulse numbers are applied in different frequency-ratio cases,
which are implemented with half-wave symmetry (HWS), quad-
wave symmetry (QWS), and three-phase symmetry (TPS) con-
ditions. For a pulse pattern, the pulse number is represented by
P, and the frequency ratio is represented by IN

Chw N
AT

In (1), fe is the machine fundamental frequency, fsy is the
switching frequency, and f is the sampling frequency. The
existence of coefficient 2 in the calculation of IV is because of the
asymmetric sampling. For convenience, the pulse pattern with
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TABLE I
BASIC PULSE PATTERNS

Vector Position Vector
PN in Sector I Sequence
15 15 6°,18°, 30°, 42°, 54° I: 0127, 7210, 0127, 7210, 0127
1I: 7210, 0127, 7210, 0127, 7210
9 9 10°. 30°, 50° I: 0127, 7210, 0127
1I: 7210, 0127, 7210
3 3 30° 0127
TABLE II
Bus-CLAMPED PULSE PATTERNS
P N Ve.ctor Position Vector
in Sector I Sequence
11 15 6°,18°, 30°, 42°, 54° 012, 210, 0127, 721, 127
7 9 10°, 30°, 50° 127, 7210, 012
TABLE III
SPECIAL VECTOR SEQUENCE PULSE PATTERNS
P N Ve_ctor Position Vector
in Sector I Sequence
1318 0°, 10°, 20°, 30°, 010, 012, 210, 0127,
40°, 50°, 60° 721, 127, 727
5 6 0°, 30°, 60° 010, 0127, 727

pulse number z is written as P, in this article. Because high-
frequency-ratio synchronized SVPWM has no significant ad-
vantage over asynchronous SVPWM, only pulse patterns whose
pulse numbers do not exceed 15 are discussed in this article.
The available basic pulse patterns of synchronized SVPWM are
listed in Table I. In the table, the numbers in the vector sequence
column represent how a space vector is modulated by six active
vectors and two zero vectors. For example, 0127 mean a vector
is modulated in the sequence V)V, Va V7. Some of the basic pulse
patterns can be realized by different vector sequences marked I
and II. Proper bus-clamping strategy helps achieve more pulse
patterns. The pulse patterns with bus-clamping strategy is listed
in Table II. Additionally, proper vector position and modulation
vector sequence further extend the alternative pulse patterns, as
shown in Table III. Some pulse patterns are not shown in these
tables due to their complex implementations and unsatisfactory
harmonic performance. All the three kinds of implementations
are detailed in [22] and a full list of pulse patterns in synchro-
nized SVPWM can be found in [7].

B. Steady-State Flux Trajectory of Pulse Patterns

When the stator resistance of a machine is ignored, the integra-
tion of voltage vectors in a pulse pattern can be regarded as the
steady-state stator flux. The flux trajectory is depicted according
to the basic active voltage vectors of the vector sequences, as in
Tables I-III. Every pulse pattern has a corresponding stator flux
trajectory. The flux trajectories of Py and Py are demonstrated
in Fig. 1. As shown in Table I, pulse patterns P15 and Pg have
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Fig. 1.  Flux trajectories of Pg and Ps.

two vector sequence types corresponding to two different kinds
of flux trajectorys. However, the harmonic performance of type I
and II are similar. Hence, only type I is discussed and employed
in this article. The circles on the flux trajectory are the points
when modulation periods end. The flux trajectory is a vital
characteristic of a pulse pattern and the proposed randomized
pulse pattern strategy is constructed based on that.

III. STRATEGY OF PULSE PATTERN RANDOMIZATION

In synchronized SVPWM, a specific pulse pattern is selected
for a particular fundamental frequency. However, in most cases,
the available switching frequency cannot be fully utilized be-
cause there is no corresponding pulse pattern. Conventionally,
the pulse pattern whose switching frequency will not exceed the
limits is adopted. Nevertheless, when pulse number is low, the
change of pulse pattern brings a dramatic change in switching
frequency. For example, when pulse pattern changes from Pj
to Ps3, the switching frequency drops 40%, which leads to an
apparent increase in harmonics. In this article, this problem
is solved by the randomized pulse pattern strategy. Two pulse
patterns are randomly applied so that the available switching
frequency can be fully utilized.

A. Pulse Pattern Unit

The purpose of the proposed randomized pulse pattern strat-
egy is to apply different pulse patterns randomly to achieve
the target average switching frequency based on probability
theory. In order to achieve randomization, a complete pulse
pattern in a single fundamental period is first divided into six
pulse pattern units. According to the symmetry condition of
synchronized SVPWM, the voltage space vectors in a sector is
the minimal representation of a pulse pattern. The flux trajectory
has a periodicity of 60°. Hence, it is appropriate to select the
vectors in a sector as the unit of pulse pattern and which is the
smallest operable unit. The flux trajectory unit of Py and its
corresponding voltage vectors in unit 1 are shown in Fig. 2.
Therefore, it exists six instance to switch pulse pattern units in
a fundamental period.

The flux trajectories of pulse pattern units in P3, P5, Py, P15
are shown in Fig. 3. These pulse patterns are selected for the
randomized pulse pattern strategy according to the harmonics
performance and implementation complexity. The purpose of
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Fig. 2. Unit of Pg. The voltage vectors in a pulse pattern unit and the

corresponding flux trajectory are depicted.

P,

Fig. 3. Pulse pattern units represented in the form of flux trajectory.

the proposed strategy is to generate randomized pulse patterns
whose pulse number is between pulse numbers of the adjacent
conventional pulse patterns. Hence, it is unnecessary to select
too many conventional pulse patterns.

B. Combination of Pulse Pattern Units

The randomization of pulse patterns requires to combine
different pulse pattern units in a single fundamental period. The
combination is permitted only at the boundary of pulse pattern
unit. Generally, only two pulse patterns with adjacent pulse
number will be applied in a specific working point. However,
not all units in different pulse patterns can be directly combined.
Two questions need to be concerned in the combination process:

1) whether the combination of two pulse pattern units causes
extra switching events;

2) whether the flux continuity of two pulse pattern units
are kept without generating any extra harmonics when
combination is conducted.

The phase leg states, S, 55, at the beginning of the pulse
pattern units, decides the number extra switching events in
combining different pulse pattern units. S, /. = 1 means the
upper phase leg is on and the lower phase leg is off. S, /. = 0
means the upper phase leg is off and the lower phase leg is on.
Only the initial phase leg states of pulse pattern units indexed
1 and 2 need to be concerned, and the S, S;,S. of other 4 units
can be deduced via them according to the symmetry conditions.
The 5,555, of different pulse patterns in unit 1 and unit 2
depends on the starting and ending basic voltage vectors, and
which are related to their implementation methods, as shown
in Tables I and III. For basic pulse patterns in Table I, all
vector sequence starts with V) and ends with V7 with type I
implementation method considered only. However, the pulse
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TABLE IV
INITIAL PHASE LEG STATES OF PULSE PATTERN UNITS

SaSpSe in Unit 1 S4SpSc in Unit 2

P3 000 111
Ps 100 110
Py 000 111
Pis 000 111

Fig.4. Zoomed-in view of the differences between fundamental flux and actual
flux at the start of the pulse pattern unit.

pattern P is implemented with boundary vectors at 0° and 60°,
so its basic voltage vectors at the boundary of Sector I are V;
and V5, respectively. In Table IV, the initial phase leg states of
all the selected pulse patterns are summarized, which plays a
vital role in pulse pattern units combination process. From the
table, it can be found that the combination of pulse pattern units
from Pj5 and units from other pulse pattern will lead to one extra
switching event.

The answer to the second question is similar to the pulse
pattern transition strategy in the conventional synchronized
SVPWM strategy [18], [22]. However, in the randomized pulse
pattern synchronized SVPWM, the combination needs to be
more carefully considered because the pulse pattern will change
in a much higher frequency. For the purpose of avoiding extra
harmonics and oscillations, the combined two pulse pattern units
must have the same modulation index. Besides, the magnitude of
the actual stator flux at the connecting point must be the same.
In the cases where the two conditions are satisfied, the actual
stator flux trajectory will be connected smoothly between flux
trajectories of the two pulse pattern units, and the steady state
can be maintained. The consistency of modulation indexes in
different modulation units can be easily guaranteed. However,
it can be found in Fig. 3 that the boundary flux magnitude of the
same-MI pulse pattern units may be different. The relationship
between boundary actual flux magnitude and fundamental flux
magnitude of the selected pulse pattern units are illustrated in
Fig. 4 and evaluated quantitatively in (6). The difference mainly
exists between the pulse pattern units from P35 and Py. Hence,
an additional adjustment should be applied.

A natural idea to eliminate the differences in flux magnitude
is to adjust the flux trajectory of a pulse pattern to match the
start point of the pulse pattern unit with others. This adjustment
works on the voltage space vectors of pulse pattern units.
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Fig. 5. Modification of pulse pattern unit in the randomization between Py
and Ps. The modification on different pulse pattern units will lead to different
number of extra switches.

TABLE V
EXTRA SWITCHING EVENTS IN PULSE PATTERN UNIT COMBINATION

P, P, Combination Modifing P,  Modifing Py,
3 5 +1 - -
5 3 +1 - -
5 9 +1 +2 +0
9 5 +1 +0 +2
9 15 +0 - -
15 9 +0 - -

Assuming that P, will be combined with P,, the adjust-
ment can take place in either the units of P, or the units of
P,. The modification in different pulse pattern units will lead
to different extra switching events. The combination of pulse
pattern units of P5 and Py is shown in Fig. 5. When the unit
of Pj5 is adjusted, two extra switching events appear. When
the unit of Py is adjusted, there is no extra switching event.
Table V shows the number of extra switching events in pulse
pattern unit combination. From the table, it can be found that
the pulse pattern unit of Py is preferred to be modified in the
randomization between P55 and Py.

For analyzing how to adjust the pulse pattern unit, the modu-
lation indexes of pulse patterns should be first clarified. Under
low-frequency-ratio conditions, the relationship between the
modulation index and modulation vector length becomes more
complicated than in high-frequency-ratio cases. By defining the
modulation vector length as m and the modulation index as MI
as (2), where U is the fundamental voltage magnitude, Us is
reference voltage vector magnitude. The complex relationship
can be revealed through Fourier analysis. The relationship of m
and MI can be expressed as (3)
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Modification factor on vectors in the randomization between P5 and

Ul Us

M= —— = 2
V2 " 2Va/3 @
1.47m, Ps

MI =< 1.37m, Ps (3

1.33 m, Pg and P15.

The difference between the actual flux magnitude |1),¢|, and
the fundamental flux magnitude |tpal, at the beginning of a
pulse pattern unit can be calculated according to (3). For a pulse
pattern, |10, | can be calculated as

1
"Qbfund‘ = TweMI Ve 4

where w, is the angular electric frequency and Vg is the dc
bus voltage. Meanwhile, according to symmetry, the starting
point of the flux, the ending point of the flux, and the origin
construct a equilateral triangle. Hence, |1,(| can be calculated
by integrating the voltage space vector in the pulse pattern unit.
For example, |1),¢| of units in Py is

47Vy
|1/Jact| = 3&)6‘:

With [t),e | and |tPpnal, the differences can be found, which
are

ImelTs + mel® + me 1 . (5)

0.95, Ps
0.95, Ps 6)
1007 Pg and P15.

_ ltal _
| wfund |

Ky

From the equation, the modification on the pulse pattern unit can
be constructed. The modification works on the vector next to a
different pulse pattern unit. In the randomization of P35 and Py,
two modification cases exist, which are shown in Fig. 6. The
vector adjustment factors of these two cases can be calculated
by k., and the sampling frequency f of the two patterns, which
are

ad = 0.985e721" a2 = 0.985¢ 921", (7

The modification on the pulse pattern unit guarantees the
continuity of the flux trajectory in the randomization, which
ensures that the machine will be in steady state after a new pulse
pattern unit is employed. However, the modification inevitabil-
ity affects the fundamental flux magnitude. This phenomenon
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Moditied
trajectory

Fig. 7.  Flux trajectory of pulse pattern sequence Py P5 Py P5PyPs.

is only obvious in the randomization between Py and Psj.
The effect is demonstrated by the pulse pattern unit sequence
P{P5 PP Py Ps. The corresponding flux trajectory is shown
in Fig. 7, where the modified flux trajectory is denoted as
yellow solid line, which only occurred in pulse pattern Pg
due to fewer extra switching events as aforementioned. The
harmonic performance of the modulation is evaluated by dc-
normalized weighted harmonic distortion (WTHDO). The pulse
pattern sequence can be regarded as the worst case because
the modification are as much as possible. In this case, when
required modulation index MI" = 0.8, the actual modulation
index MI = 0.79, and the WTHDO is 4.39%. The modulation
index of the randomized pulse pattern slightly deviate from the
reference. Comparing with the original pulse pattern Py whose
WTHDOis 4.04% and P5 whose WTHDO is 5.26%, the WHTDO
of the randomized pulse pattern 4.39% is slightly different from
the average WTHDO of the two pulse patterns, which is 4.65%.
The negative effect is acceptable, considering the benefit of the
randomization.

C. Randomized Selection of Pulse Pattern Units

The strategy discussed in the previous section lead to minimal
negative impact when the two pulse pattern units are combined.
A remaining question is how to select pulse pattern units in
a fundamental period. In this part, the authors developed an
algorithm for pulse pattern selection based on the expectation of
the switching frequency.

Assuming the desired switching frequency is fsy, the ran-
domization method should make the actual switching frequency
fact» equal to fsy. This objective is realized by considering the
expectation of switching frequency when randomly selecting
pulse pattern units. In the implementation of the modulation
strategy, a sequence is maintained, which contains the following
three pulse pattern units for modulation. When the reference
voltage enters a new sector, the first pulse pattern unit in the
sequence, which takes effect is removed, while a new pulse
pattern unit is added to the sequence. The process is shown
in Fig. 8. The new pulse pattern unit is selected by a random
method. The steps of selecting the new pulse pattern unit are
expressed as follows.
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New Generated

To Modulator

2

Buffer ;PJ
Sequence i

P, P

0o 1 2

Fig. 8. Sequence of pulse pattern unit for modulation.

1) Select pulse patterns P, and P, for randomization strat-
egy. The selected pulse pattern should satisfy

Tfe < fow < Yfe- (®)

2) Verify the previous pulse pattern P; and the numbers of
extra switches n,, n, when connecting P, and P, with
P,;. Calculate the switching frequency when using P, and
P,

fx:($+nm)fe> fy:<y+ny>fe )

3) Calculate the probabilities of selecting P, and P, which
makes the expectation of switching frequency equal fy,

Py = fy_fsw Py = fsw_fm
‘ f y f x T f y f x

4) Generate a random number r, in range [0, 1]. If » < p,,

select P,. Else, select P,,.
The strategy ensures the switching frequency expectation of
the selected pulse pattern unit matches fgy, as

E(fact):pzf:v +pyfy:fsw (11)

which means a pulse pattern P, is generated by random-
ization. Theoretically, any pulse pattern between P, and P,
can be realized by the randomization method. However, if the
probability of selecting a pulse pattern unit is too low, the pulse
pattern unit may be selected only once in a couple of fundamental
periods. Hence, the lowest proportion of a pulse pattern is limited
to 1/6, which avoids the harmonics lower than the fundamental
frequency. Within the limit, the available pulse patterns are

(10)

P37 5, P g 67, P14 (12)

where the superscript ' means the pulse pattern is generated by
randomization.

D. Switching Frequency Compensation

When selecting the pulse pattern unit, a negative probability
may appear in (10) because of the switching frequency cor-
rection in (9). If the negative probability is limited to zero, an
error in F( f,e) will appear and result in an error in average
switching frequency, an example of which is realizing P’ ¢ by
randomization between P35 and P5. When the previous pulse
pattern unit belongs to P35, selecting P3 as P, will lead to
negative p,. in (10). If p, is set to zero, E(fu) Will be 4fe,
which is higher than the desired switching frequency 3.8f-..
Hence, a switching frequency compensation is introduced. The

6409

rStep k
1|2 Stepk+1
2| B 2 | B Step k+2
3 | P 3| P 3 | P
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e liTs
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v
Jerror (k1)

. j
Jerror (kK +2)

Fig. 9. Switching frequency compensation in probability calculation of pulse
pattern unit selection.

compensated process of pulse pattern unit selection is shown
in Fig. 9. When the E(f,) does not equal f.y, the error will
be recorded and affect the following process. The average of
E(fsw) in times of pulse pattern selection selection will equal
fsw- The steps of pulse pattern unit selection with switching
frequency compensation is expressed as follows.

1) When the available pulse pattern Py, /., is in (12), select
P and P, for randomization strategy. P, and P, should
satisfy (8).

2) Verify the previous pulse pattern P; and the numbers of
extra switches n, and n,, when connecting P, and P,
with P;. Calculate the corresponding switching frequency
using (9).

3) Calculate the desired switching frequency in this round of
pulse pattern unit selection as

fs,w = fow — ferror(k' - ].)

in which ferror (k — 1) is the switching frequency error in
the last round of pulse pattern unit selection.

4) Calculate the probability p, and p, of selecting P, and
P,

13)

Rl [ (R [
Pa fy*fx7py fy*fx
5) Limit p, and p,, to range [1/6, 5/6], the limited probabil-
ities are p/, and pj.
6) Generate a random number r in range [0, 1]. If r < p/,,
select P, else select P,,.
7) Calculate the expectation of actual switching frequency

(14)

using
E(fact) = Do fu + 1y fy 15)
and update the switching frequency error as
ferror (k) = E(fat) = f- (16)

The probability range, [1/6,5/6], in step 5) is to make sure
the proportion of a pulse pattern is no less than 1/6. With the
switching frequency compensation, E( f,) in one calculation
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Fig. 10.  Simulation results comparison between traditional strategy and the proposed strategy at I; = 0 A, I; =3 A, and f. = 30 Hz.
may deviate from f, but the error is recorded and corrected in A S (H2)
further calculation so that the tracking of switching frequency 400
will be accurate. 2 / / /
o)
c 2
. . . o © |async.
E. Comparison Between Conventional and Randomized g & P, P, P,
Pulse Pattern Strategy © Pt 1. (Hz)
1 1 Il 1 »
1) Switching Frequency: Utilization of maximum switching 0 25 50 75 100 125
frequency is shown in the curve of f,, versus f., and the compar- A G2
isons of the conventional strategy and the randomized strategy 5400
. . . . . o5}
are illustrated in Fig. 11. The allqwable switching frequency E § P, Py P’
is assumed 400 Hz. The randomized pulse pattern strategy S ® |async. P'”, PI(’ P,l o
ey . . . . = 10 i 5 3.6
utilizes the available switching frequency more efficiently so é 2 P, ;
that lower harmonic distortion can be realized compared with athiath . . I (Hz)
the conventional strategy. 0 25 50 75 100 125

2) WTHDO: The WTHDO curves of the line voltage are
depicted in Fig. 12. The modulation index is assumed rising
from Oto 1 in 0—100 Hz. It can be verified that the randomization
strategy brings a significant improvement in harmonic distortion
due to the higher switching frequency utilization.

The WTHD of the randomized pulse pattern is denoted as
WTHD', which equals the weighted root mean square (rms) of
the adopted conventional pulse patterns” WTHD, as

WTHD' = \/ ptWTHD? + pyWTHD? (17)

where p; and p9 are the proportions of the conventional pulse
patterns and WTHD; and WTHD, are their WTHD, respec-
tively. Following are the detailed deduction.

Electric Frequency

Fig. 11. Switching frequency comparison between the conventional pulse
pattern strategy and the randomized pulse pattern strategy.

The relationship of the line voltage’s WTHD is similar with
relationship of THD of currents when the motor is considered as
symmetrical inductive load. However, the latter would be more
clear and easy to understand, and is used to illustrate in the
following paragraphs.

The harmonic current can be expressed by (18), where i'(7)
is the fundamental current, i(7) is the actual current, and tp is
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the total time

) 1 to+ty ) N 9
z‘:msz\/tp / i () — it ()2 dr.

There are six pulse pattern units in a fundamental period. We
categorize the harmonic current into six parts according to pulse
pattern units. Each part of harmonic current is named as current
unit. Which results from the corresponding pulse pattern unit.
The harmonic current is shown in

(18)

a 1 6 E totity/6

rms 6 t [Z (T) — it (T)]Q dr.
i—1 P Jto+(i-1)t, /6

19)

Supposing there are m fundamental periods, and the randomized
strategy is applied. The current units from pulse pattern P, is
denoted as 7, and the current units from pulse pattern P, is
represented by 4, as shown in

h
Zrms -

m—1 5 totkty+(i+1)t,/6
1 1 6 0T P . . 2
— 8 t—/ [zx/y (1)—it (7‘)] dr
m = |° =0 tp Jtotkt,+it, /6
(20)
i?ms =
1 to+ltp 5 to+mt, 5
— [iz () =i (7)] dT+/ [iy (7) =" (7)]"dT
mtp \Jt, to+t,
1 R 2 . 2
~ \/ (lzlalv rms + (m - l) lgh; rms )
m 7 0
= \/]Dmi};}c,rms2 + Pyi}g},rmf)' (21)

Assuming that fundamental periods m is large enough, it exists
6m current units in all. Among them, 6/ current units result
from pulse pattern P, and 6(m — [) current units result from
P,. Due to the randomized strategy, the pulse pattern units of
P, and P, dispersed equally in six sectors If the current transit
smoothly in the pulse pattern unit combination instant, all the
6m current units can be divided into two parts according to their
corresponding pulse patterns as shown in (21).
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Although the forgoing deduction are conducted in time do-
main, The conclusion in (21) is also valid for current harmonics
at any specific order because the current consistency is kept in
pulse pattern units combination instants. Besides, the fundamen-
tal current maintained constant after the randomization strategy.
The total harmonic current equal to the weighted average of the
THD of current resulted from P, and P,. So is the WTHD
relationship of the line voltage.

3) Symmetry Conditions: In traditional synchronized
SVPWM, all the pulse patterns are implemented according to
symmetry conditions (HWS, QWS, TPS). The pulse sequences
meets the periodicity of the fundamental frequency. When
applying randomized pulse pattern strategy, the pulse sequences
of line voltage are composed of pulse sequences units that come
from different pulse patterns. So the line voltage in consecutive
line cycles would not be identical. The proposed randomized
pulse pattern strategy is achieved according to the probability
theory, so the spectrum analysis should be conducted in many
line cycles that are as much as possibly in statistical significance
rather than a single line cycle, due to the loss of periodicity.
In a couple of line cycles, it is prone to conclude that the
three symmetry conditions are not qualified. However, it is
inaccurate. As the aforementioned deduction of (17) shows
that if the line cycles are as much as possible, the pulse pattern
units of the same pulse pattern would disperse equally in six
sectors, we could categorize the pulse pattern units into two
parts and sort them together, respectively, according to their
pulse patterns. It would be amazing to see the three symmetry
conditions are kept as usual in the two parts, respectively, and
the transition between different pulse patterns take place only
once. Therefore, the proposed strategy also keep the symmetry
characteristics of the conventional synchronized SVPWM.

IV. SIMULATIONS AND EXPERIMENTS

The proposed strategy is verified through simulations and
experiments. The experiments are carried out on the test bench
shown in Fig. 14. A permanent magnet synchronous machine
is used as the test machine, and an induction machine is used
as the load machine. The inverter is based on the micro control
unit TMS320F28335 and the IGBT module PM75RL1A120.
The waveform in the experiment is recorded by a Yokogawa
ScopeCorder DL85S0E. The phase currents and line voltages
are directly measured from the machine by probes, and the
i4, 1¢, and pulse pattern indicator are output by the controller
using D/A converters. The parameters of the machine used in
the simulations and experiment are shown in Table VI. The
switching frequency of the inverter is limited to 400 Hz in
simulations and experiments.

A. Results of Simulations

The simulated steady-state current waveforms of the con-
ventional strategy and the proposed strategy are compared in
Fig. 10. In this experiment, a complex-gain current controller
is used while the speed is controlled by the load machine. The
fundamental frequency is 30 Hz, and the current references are
i = 3 A and ¢q = 0 A. The Conventional strategy uses pulse
pattern Py, and the proposed strategy uses the randomized
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Fig. 13.  Experimental comparison between conventional strategy and randomized strategy at [; = 0 A, I, = 3 A. (a)—~(c) Waveforms and current spectrum of

the conventional strategy. (d)—(f) Waveforms and current spectrum of the randomized strategy.

pulse pattern P4 55. The proposed strategy fully utilizes the
available switching frequency so that lower harmonic distortion
is realized. Meanwhile, unlike asynchronous SVPWM in low
switching frequency applications, the proposed strategy does
not generate apparent low-order harmonics. Besides, the current
frequency spectrum shows that in the proposed strategy, the
centralized harmonic distribution is dispersed, and the peak
magnitude of the 17th and the 19th order harmonics are reduced.
As Fig. 10(e)—(g) clearly shows the waveform ripples decrease a
lot when the pulse pattern unit comes from P;5. Moreover, the
FFT result of torque is presented in (h), which is normalized by
the average torque. The primary 18th torque ripple is reduced

significantly, and the spectrum is dispersed as the current spec-
trum.

A frequency-swiping simulation is carried out for comparing
the performance between the conventional strategy and the pro-
posed strategy within the full speed range. The results are shown
in Fig. 15. The phase current THD is measured every 1 Hz. In
the conventional strategy, once the switching frequency exceeds
400 Hz, the modulation switches to a lower-pulse-number pat-
terns. In the randomized strategy, the randomization is enabled
in such cases to keep the switching frequency around 400 Hz. A
significant reduction in current harmonics can be observed under
most operation conditions. In the best case where the machine
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Machine Test Bench

Fig. 14.  Photograph of the test bench.
TABLE VI
MACHINE PARAMETERS
Item Value
DC Voltage 200 V
Rated Power 1.4 kW
Rated Current 8 A
Rated frequency 100 Hz
Number of pole pairs 3
Stator phase resistance 0.75 Q
Back EMF Constant 0.142 V-5
Stator d-axis Inductance 3.5 mH
Stator g-axis Inductance 9.8 mH
60 . . . . . y
S
(m] L A\ 4
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[
a r \
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S
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a8 onventional Strategy
& Randomized Strategy
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Electric Frequency (Hz)
Fig. 15. Harmonic performance of the conventional and the randomized pulse

pattern strategy. iq = 0 A, iq = 8 A.

is running at 82 Hz, the THD of phase current reduces from
50.49% to 37.88%.

B. Results of Experiments

The performance of the proposed strategy is also verified on
the test bench. As with the simulation, the switching frequency
limit is 400 Hz. Fig. 13 shows the comparison of voltage
waveforms, current waveforms, and current and torque FFT
spectrums between the conventional strategy and the proposed
randomized strategy. Thereinto, dq currents and the pulse pattern
indicator are output by DA converter, torque are calculated
by the sampled dq currents offline and its FFT results are
presented. FFT results of torque are normalized by the average
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Fig. 16.  Comparison of harmonic performance in whole speed range between

conventional strategy and randomized strategy. The THD of currents is measured
every 5 Hz.

torque. In this experiment, the machine is running under current-
closed-loop control with references iq =0 A and i, = 3 A.
In this experiment, some low-order harmonics and side-band
harmonics can be observed in the current and torque spectrum
of both strategies. The main reason is that the load machine is
working as a generator and the power is consumed on a resistor
through a chopper circuit. The chopper causes ripples on the bus
voltage of the load inverter so that ripples exist on the torque and
speed. Besides, the third current harmonic and its corresponding
second torque ripple exist in the result, which is resulted from
the three phase asymmetry of the test motor. No significant
difference can be pointed out between the two strategies on the
low-order harmonics and side-band harmonics, which support
the explanation that these harmonics are not generated by the
randomized strategy. At fundamental frequency of 30, 60, and
90 Hz, the randomized strategy uses pulse pattern P’ 5, P 67,
and P, ,,, while conventional strategy uses pulse pattern Py,
P, and Pj3. At these frequencies, the reduction in current
harmonic is verified. Besides, the peak magnitude of the 5th,
7th, 11th, and 13th current harmonics are reduced in most of
these test cases. the torque FFT results of the proposed strategy
shows dispersed spectrum and decrease primary torque ripples
significantly compared with that of the conventional strategy.

A frequency-sweeping experiment is accomplished on the
test bench. The comparison between the conventional strategy
and the proposed strategy is shown in Fig. 16. The value of
current THD is measured every 5 Hz. Same as the simulation,
the harmonic performance is improved in most of the operating
conditions compared with the conventional strategy. The 28.2%
reduction in phase current THD can be verified at 85 Hz.
However, at 80 Hz, the harmonic performance of the proposed
strategy is worser than that of the traditional strategy. Though
both strategies has the maximum average switching frequency
utilization as shown in Fig. 11, some of the switching actions are
used to keep the pulse sequence consistency in the randomized
pulse pattern strategy. The switching of conventional strategy
is conducted by a hysteresis to avoid frequent switch between
pulse patterns, so it has the best harmonic performance with only
Py is applied.

Fig. 17 shows the waveforms of the randomized strategy in the
acceleration test. In this test case, a speed-control-loop is enabled
in the controller. The effect of randomization can be observed
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in the indicator of pulse pattern P in the waveform, which
is switching between adjacent pulse patterns frequently. The
randomized strategy works at most operation frequency. With
proper controller design and modulation delay compensation,
the performance of the current controller and speed controller is
not affected by the proposed modulation method.

V. CONCLUSION

In this article, a randomized pulse pattern strategy of syn-
chronized SVPWM is proposed focusing on improving the per-
formance of the modulation method under low-frequency-ratio
conditions. The proposed strategy fills the blank between two
adjacent pulse patterns so that the available switching frequency
can be fully utilized to reduce harmonic distortion. To realize
randomization, the authors analyze the pulse patterns and modify
pulse pattern units. Therefore, two units from different pulse
patterns can be combined. An algorithm of pulse pattern unit
selection is developed to guarantee that the average switching
frequency meets the requirement when randomization is em-
ployed. Experiments verify the correctness and effectiveness of
the proposed strategy.

Currently, the proposed randomized pulse pattern strategy
only works on synchronized SVPWM. Meanwhile, other syn-
chronized modulation methods like optimal PWM faces the
same problem. It is possible to extend the randomized pulse
pattern strategy to more modulation methods, and it will be
studied in the future.
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