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Common-Mode Current Elimination PWM Strategy
Along With Current Ripple Reduction for
Open-Winding Five-Phase Induction Motor Drive

Ramsha Karampuri *“, Sachin Jain

Abstract—The three-level dual-inverter connected to five-phase
open-end winding induction motor (FPOEWIM) drive with a sin-
gle dc source results in the flow of common mode current (CMC).
The CMC flows through the common dc bus connected to dual-
inverter and the motor phase windings. The CMC can be elimi-
nated by using the switching states that can generate zero common
mode voltage (CMYV). In case of FPOEWIM, these switching states
may result in higher current ripple. This paper proposes a decou-
pled pulsewidth modulation (PWM) technique to reduce the motor
phase current ripple by using nearest possible space vector loca-
tions (SVLs) with zero as well as non-zero CMYV. The use of non-zero
CMV states results in CMC. So, the CMC is averaged to zero us-
ing sample-averaged common-mode current elimination (SACE)
PWM technique in conjunction with decoupled PWM, which is
named as DSACE PWM technique. Furthermore, the application
of the proposed PWM is also supported using simulation for the
closed-loop control scheme, such as DTC. Also, the proposed de-
coupled and DSACE PWM techniques are verified experimentally
and the results are compared with the conventional 144° decoupled
PWM technique.

Index Terms—Common mode current (CMC), common mode
voltage (CMYV), five-phase induction motor, open-end winding
(OEW) topology, pulsewidth modulation (PWM) technique.

1. INTRODUCTION

XTENSIVE research work is being carried out throughout
E the world to improve the performance of an electric drive
system for medium- and high-power electric applications. Such
applications include electric vehicles, hybrid electric vehicles,
rolling mills, electric ship propulsion, wind energy systems,
etc. Most of the researchers have suggested the use of multi-
phase machines for these medium- and high-power applications
[1]-[4]. Multi-phase drives have the advantages of higher fault-
tolerance [5], reduced torque ripple, reduced per phase current
without increasing the per phase voltage, etc. They also reduce
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the VA rating of power electronic switches used in the converters
because of the reduced per phase current [6], [7]. Furthermore,
the overall performance of the drive system may also be im-
proved with the use of multi-level inverter [8], [9].

A few authors have investigated the multi-phase, multi-level
drives, especially with open-end winding (OEW) configuration
[10]-[13]. The five-phase three-level dual-inverter with OEW
configuration has attracted many researchers, owing to the
advantages, such as the absence of neutral point fluctuations,
redundancy in the switching states, etc. [14]. The OEW configu-
ration also allows the use of either a single source (i.e., acommon
dc bus) or two isolated sources with separate dc links. This
paper uses a single source connected to dual-inverter through
a common dc bus, which could avoid the use of bulky isolation
transformers [15]. The use of common dc bus could result in the
flow of common mode current (CMC), which is undesired as in
the case of the three-phase drive system. Since the CMC do not
contribute in the electro-mechanical energy conversion but heats
up the machine windings [16]. Also, the common mode voltage
(CMV) coupling through motor parasitic capacitance creates
shaft voltages, which can lead to premature bearing failure.

In the case of three-phase OEW induction motor (OEWIM)
drive system with single dc source, many investigations were
reported to eliminate or suppress the CMC [16]—-[23]. The basic
approach to eliminate the CMC from the common dc bus and the
motor windings is to operate both the inverters with 120° (i.e.,
360°/3) phase displacement [16], [17]. This pulsewidth modu-
lation (PWM) technique [16], [17] uses only those space vector
combinations that could generate zero CMV. Hence, this results
in the underutilization of the available space vector locations
(SVLs) [18]. To improve the utilization of the SVLs, another
PWM technique was proposed in [18]-[21], wherein the CMC is
averaged to zero within a sampling time interval. This technique
can be named as sample-averaged common-mode current elim-
ination (SACE) PWM technique. However, the SACE PWM
technique for three-phase drive results in higher current ripple,
which was reduced using the decoupled SACE (DSACE) PWM
technique, as presented in [22] and [23].

Similarly, in the case of five-phase OEWIM (FPOEWIM)
drive with the common dc bus, both of the five-phase two-
level inverters could be operated with the phase displacement of
either 72° (i.e., 360°/5) or 144° (i.e., 2 x 360°/5) to eliminate
CMC [11], [13]. The phase displacement of 72° between both
the inverters could result in poor dc bus utilization, whereas the
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144° decoupled PWM technique gives better dc bus utilization
than the former. However, this technique uses the space vector
combinations for which the CMV is zero. The number of space
vector combinations in case of the five-phase dual inverter is
1024. Out of which, only 22 space vector combinations could
be used in case of 144° decoupled PWM technique. Hence,
resulting in the under utilization of the available space vector
combinations. In addition, the farther SVLs are to be used to
realize the reference voltage vector, which may result in the
higher ripple content in the motor phase current [24]. A similar
SACE PWM technique for FPOEWIM drive was proposed in
[25], which is the extension from the three-phase OEWIM drive.
This technique could also lead to the higher current ripple in the
motor phase current.

This paper proposes the decoupled PWM technique, where
the reference voltage vectors of inverter-I and inverter-II are
phase displaced by 180°. The phase displacement of 180° be-
tween both of the inverters helps in reducing the required dc bus
voltage, since both of the reference voltage vectors are added to
generate the required motor phase voltage [22]. In addition, the
proposed PWM technique uses the nearest SVLs for which the
CMYV is zero as well as non-zero. This results in the minimiza-
tion of ripple in the motor phase current. But, the decoupled
PWM technique induces the CMC into the motor windings be-
cause of the use of non-zero CMV SVLs.

To eliminate the CMC, the DSACE PWM technique [22] is
extended to FPOEWIM drive and is presented in this paper.
The DSACE PWM technique for five-phase drive system is
quite complex when compared to that of a three-phase system,
because of the large number of space vector combinations and
locations. The above-discussed decoupled PWM technique is
combined with the SACE PWM technique, wherein the variation
of the effective time period (the time period for which only
the active vectors are realized) is used [18]. The variation of
the effective time period within a sampling time interval could
nullify the CMV in the average sense and thereby eliminate the
CMC.

In the following sections, a brief explanation of the system
modeling is presented followed by the explanation and analysis
of both the proposed decoupled and DSACE PWM techniques.
Thereafter, the simulation results along with the experimental
verification are furnished. Later, the conclusions from both the
PWM techniques are presented in the last section.

II. SYSTEM MODELING

The circuit schematic of the considered topology with a
single dc source connected to a three-level dual-inverter fed
FPOEWIM drive is shown in Fig. 1. The dual-inverter consists
of 20 switches in 10 legs (namely a, b, ¢, d, e, a’,b', ¢, d’,and '),
which are connected to the either ends of FPOEWIM forming
the phases aa’, bb', cc’, dd', and ee’. The mathematical model of
symmetrical distributed wound FPOEWIM is considered in this
paper. The windings are equally displaced by an angle § = 27 /5
with the neutral point opened. The motor model is constructed
by considering all the standard assumptions of the general the-
ory of electrical machines. The machine model is represented
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Fig. 1. Three-level dual-inverter connected five-phase open-end winding in-

duction motor drive with single dc source.

Fig.2. Space vector locations and switching states for inverter-I in o« — 3 and
x — y subspaces.

by a set of stator and rotor phase voltage equilibrium equations
referred to a fixed reference frame linked to the stator as

Vi =Tk + DAk (D

where j=s for stator and r for rotor; k= {ad’, bV,
Ccl7dd/7eel}; }k_] = Taa'j Thb'j Lec'j Ldd'j zce’j]T; €r = {U
(voltage), i (current), A (flux linkage)};
r;]; and p is the time derivative.

The algebraic flux-linkage equation (2) is obtained from the
current flowing through the motor phases, the self and mutual
inductances of machine winding represented as L

r; = diag[r; r; r; 1;

Anj = Lig;. )

The machine model given in (1) and (2) is decoupled into
two orthogonal subspaces (o« — 3 and = — y subspaces) using
the Clarke transformation detailed as follows:

1 cosf cos20 cos36 cosd07 |«
0 sinf  sin20 sin36 sin4df | |
C= % 1 cos20 cosd4f cos60 cos86 | |z
0 sin20 sin4f sin60 sin86 | |y
1/vV2 1/v2 1/v2 1/v2 1/v2] 0.
3)

The o« — [ subspace represents the fundamental components
responsible for the generation of torque, whereas the x — y
subspace includes the third harmonic components that do not
contribute to the torque production in a distributed wound
FPOEWIM [26]. Fig. 2 shows the SVLs and switching states in
« — [ and x — y subspaces of inverter-1 (similar locations and
states exists for inverter-II). There exist three groups of vectors
large, medium, and small with the magnitudes Vg, (\/3 +1)/10,
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Fig. 3. Space vector locations in a — /3 subspace for the dual-inverter using

the medium and large vectors of a — (3 subspace.

Vae /5, and V. (/5 — 1)/10, respectively (for a dc bus voltage
of Vg./ 2).

The switching states of inverter-I and inverter-II are rep-
resented by the vectors [S, Sy S. Sy S.|T and [Sy Sy Ser Sy
ST, respectively, where S; € {0, 1} (I = {a,b,c,d,e,a, ¥,
d,de'}). Sy = 0 indicates that leg [ is connected to the neg-
ative rail of the dc bus, whereas S; = 1 indicates that leg [ is
connected to the positive rail of the dc bus. The stator phase volt-
age vy, 1s obtained from the switching states and the applied dc
bus voltage Vg, /2 as follows:

Vaa's 4 -1 =1 =1 =17 [(S. — Sa)
| —1 4 -1 =1 =1 [(S=5y)
ves | =5 [ -1 14 =1 =1 (S0 50)
Vaars -1 -1 -1 4 =1 [(S;—Sa)
Veers —1 -1 -1 -1 4] [(5 -5.)

“4)

III. DECOUPLED PWM TECHNIQUE

In case of a five-phase two-level inverter, the « — Sand x — y
subspaces consist of 31 SVLs and 2° (= 32) switching states, as
shown in Fig. 2. For a five-phase three-level dual-inverter, there
exist 211 SVLs with 2°x2° (= 1024) switching states. To sim-
plify implementation only the medium and large vectors are con-
sidered in the proposed decoupled PWM technique. This helps
in reducing the third harmonic component that exists in x — y
subspace, since the small vectors in o« — (3 subspace are mapped
as large vectors in x — y subspace and vice versa, whereas the
medium vectors remain the same. Furthermore, choosing only
the large and medium vectors also helps in minimizing the num-
ber of switching states and the SVLs. Fig. 3 shows the space
vector diagram in o« — 3 subspace for a three-level dual-inverter
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TABLE I
SWITCHING STATES AT SELECTED SPACE VECTOR LOCATIONS
FOR THE PROPOSED PWM TECHNIQUE

Space
vector Possible switching states . Sel‘e cted
. Switching states
location
0-0', 1-1',2-2",3-3", 4-4', 6-6', 7-7', 8-8',
12-12', 14-14', 15-15', 16-16', 17-17', \ ,
A 19-19',23-23', 24-24', 25-25', 27-27', 0-0,31-31
28-28',29-29', 30-30", 31-31"
B 16-6', 25-15', 24-14', 17-7' 16-6', 25-15"
C 25-6' 25-6'
D 16-2', 29-15', 28-14', 17-3' 16-2', 29-15'
E 24-6',25-7' 24-6',25-7"
F 24-2',25-3",29-7", 28-6' 24-2',29-7'
G 24-7 24-7

A Instant-1 B C A
()

Fig. 4. Switching sequence for realizing the reference voltage vector of the
dual-inverter in case of the proposed 180° decoupled PWM. (a) For instant-1.
(b) For instant-2. (c) For instant-3. (d) Instant-4 of sector-1.

with large and medium vectors. This results in 131 SVLs and
484 switching states in 10 sectors with a span of 7/5 radians
between each sector. The same number of SVLs and switching
states can be obtained in x — y subspace, but the large vectors
are mapped as small, and the medium remains unchanged.
Consider the sector-1 with the shaded region, as shown in
Fig. 3. The proposed decoupled PWM is implemented using the
SVLs A, B, C, D, E, F, and G of the shaded sector, as encircled
in Fig. 3. The use of switching states at SVLs A, D, and E
contribute zero CMV, whereas the switching states at SVLs
B, C, F, and G will contribute non-zero CMV. The possible
switching states at all these SVLs are furnished in Table I
There is a high redundancy in switching states at location A,
which can be realized using 22 switching states. Also, there is a
redundancy in the switching states at other locations except for
C and G. The switching states used in the proposed decoupled
PWM technique are furnished in the last column of Table 1.
The switching sequence in the selected sector (i.e., sector-1) is
not unique but changes from instant to instant, as shown in Fig. 4.
For analysis of the switching sequence, 40 instants per cycle are
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Fig. 5. Switching sequence for realizing the reference voltage vector of the
dual-inverter in case of 144° decoupled PWM.

considered (i.e., 4 instants per sector). However, the number of
instants per sector could be varied. Considering the first instant
(instant-1) where the reference voltage vector, v, is in phase
with the reference a-axis, the switching sequence used is A-D-
B-E-C-C-E-B-D-A, as shown in Fig. 4(a). Similarly, for instant-
2 located at 9° the switching sequence is A-D-B-E-E-B-D-A, for
instant-3 located at 18° the switching sequence is A-D-E-E-D-A,
and for the instant-4 located at 27°, the switching sequence is A-
D-F-E-E-F-D-A. All the above switching sequences are shown
in Fig. 4(a) and (d). The SVLs and the switching sequence are
selected such that the third harmonic components in the x — y
subspace get nullified [24]. For all the remaining sectors, the
above-discussed four switching sequences can be repeated with
similar SVLs in the respective sectors. From Fig. 4, it can be
observed that the farther SVLs are generally avoided to realize
the reference voltage vector, this could help in the reduction of
current ripple. This statement can be supported by showing the
switching trajectory in case of 144° decoupled PWM technique
in Fig. 5. Here, in Fig. 5, the SVLs used to realize the reference
voltage vector are corresponding to the zero CMV (i.e., SVLs
D, E, H, and I) and are farther when compared to that of the
proposed 180° decoupled PWM technique.

The decoupled PWM technique discussed above is quite com-
plex, since the switching sequence and the corresponding pat-
tern changes from instant to instant. But, the implementation
is simplified by using the unified voltage modulation algorithm
proposed in [27] for the three-phase two-level inverter. The uni-
fied voltage modulation algorithm is a carrier-based SVPWM
technique. This technique is extended to the five-phase two-level
inverter and presented in [28]. The unified voltage modulation
algorithm for the three-level dual-inverter connected FPOEWIM
is briefly discussed ahead.

The reference voltage vector for the dual-inverter is generated
using the following equation:

|vsr| = manc (5)

where m, is the modulation index. The proposed PWM tech-
nique can be implemented by synthesizing the reference voltage
vector into v,,.1 for inverter-I and v,,o for inverter-II with 180°
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(decoupled) phase displacement. So
[vsr [£6 = {|vsr1|£6} — {[vsr2|£(m + 0)} (6)

where § is the angle between the o — axis and the reference
voltage vector, which varies in steps by 9° (since 40 instants per
fundamental cycle are considered).

As the reference voltage vectors for inverter-I and II are phase
displaced by 180°, the dc bus voltage required is 50% of Vg, re-
quired in case of the conventional five-phase two-level inverter.
So, the synthesized voltage vectors can be written as

%57-1 = O5|Ub7|16
Vg = 0.5|ve, | (7 + ). (7

Now, the procedure given in [22] is followed to operate the
inverter-I, wherein the concept of imaginary switching time
is used. The switching pulses are generated using the imag-
inary times calculated from the phase voltage references and
by providing an offset time, Ti to get the real gating times
(Tya  Tyy, Tye, Tyq, and Tj. ). The value of Tie; used in case of
the proposed decoupled PWM technique is

Ty

Toffsct = 3

where 1§ is the time for which a null vector is realized and 7},,;,
is the minimum imaginary time at a given instant.

The generation of gating times for inverter-1I is very simple,
where the above-mentioned procedure is not at all required. The
gating times for inverter-1I can be directly calculated as follows:

- Tmin (8)

Ty =Ts —Tya; Typ = Ts — Typ; Tyer = T — Ty

ng’ =T, - ng; Tge’ =T, - Tge 9
where Ts (= 1/ f;) is the switching time. The above-calculated
gating times for inverter-I and inverter-II are then compared
with the carrier wave of the switching frequency f, and the
PWM pulses are generated. The fundamental frequency f of the
inverter output or motor phase voltage is calculated as follows:
mg X f rated

Mg linear

= (10)
where fiaeq is the rated frequency of the motor, i.e., 50 Hz; and
Mg linear 18 the value of the modulation index at the boundary of
linear modulation, i.e., 1.05.

The value of my jinear can be calculated using the switching
pattern employed in the proposed decoupled PWM technique.
For inverter-1, the sequence of the active vectors in sector-1
is 29-25-24-16, i.e., medium-large-large-medium vectors. The
magnitude of the medium vector is 0.4, whereas the magnitude
of the large vector is 0.647. The maximum achievable voltage
Vinax using the sequence 29-25-24-16 is given as follows [29]:

0.42 + 0.647*
Vinax = ———————— (Vac/2) = 0.5526(Vy./2). 11
Now, the value of 1, jincar can be calculated as follows:
Vmax
Mg, lincar = COos (7('/10) = 0.525. (12)

(Vae/2)
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Fig. 6. Gate pulses generated for the inverter-I of five-phase dual-inverter.

(a) Using the 180° decoupled PWM technique. (b) Using the DSACE PWM
technique.

The value of 1M, jinear for the dual-inverter could be directly
doubled (i.e., 1.05), since both the inverters are operated with
180° phase displacement.

IV. DSACE PWM TECHNIQUE

The decoupled PWM technique uses the offset time given in
(8), which results in centre spaced effective time, T (effective
time is the time difference between the maximum 7;,,. and
the minimum 73,;,, imaginary times), as shown in Fig. 6(a). In
other words, the null vectors are realized in equal time intervals,
i.e., Ty/ 2. The value of Ty can be varied or the effective
time region can be moved within the span of T, as presented
in [22] for a three-phase OEWIM drive. This could yield better
performance and helps in nullifying the CMC flowing through
the common dc bus connected to the dual inverter.

The concept of making the CMC zero in the average sense is
extended to FPOEWIM drive and is presented in this section as
the DSACE PWM technique. Consider the switching sequence
for instant-1, as shown in Fig. 4(a), and the switching pattern is
shown in Fig. 6(a). For inverter-1, the switching states used are
31-29-25-24-16-0, which are realized with the switching times
To/2 =Ty —Ts — Ty — T — Tyl 2, respectively. The switch-
ing sequence and the pattern mentioned in the decoupled PWM
technique are unaltered, since the switching times 77,75, T5,
and 7T} are unchanged. The effective time region can be moved
by changing only the zero time, Ty, i.e., (1 — )T for realizing
the switching state “31” and x7} (the resultant being 7j) for
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TABLE II
CMVS CORRESPONDING TO THE SWITCHING STATES SHOWN IN FIG. 6

Switching
State 31 29 25 24 16 0
CMV -Vad4| -3V4/20 -Va/20 Val/20 | 3Va/20 | Val4

realizing the switching state ““0,” as shown in Fig. 6(b). The new
offset time results in

Toffsct_ncw = TU - I'T() —Thin- (13)

The value of x7j can be derived by forcing the instant-
averaged CMV to zero. The CM Vs corresponding to the switch-
ing states shown in Fig. 6 is furnished in Table II (for dc bus
voltage as Vg / 2).

The instant-averaged CMV that is averaged to T and equated
to zero is given by

Vi [-0-a)fy 3T T T 30, ah)
T 4 20 20 20 20 4
= xTOZ%_F%[Tgl_Tl]_F%[Tg_TQ}. (14)
Now, from Fig. 6(b)
Ty = Tiax — Twias; 1o = Tiias — Tmiaz
Ty = Twiaz — Twid1; Ty = Tmiar — Tin- (15)
So
Ty — Ty = 2Tyia1 + Tiaz2 + 2Tmias
T3 —Th = —Twia1 + 2Twia2 — Tids
(. Twax + Tmiar + Tmia2 + Timiaz + Twin = 0). (16)
Substituting (16) in (14) gives
Ty = % + % (Tidr + Tmia2 + Tmia3)
To  Twax + Tnin
Now, substituting (17) in (13) results in
= (To + Tew) /2 (7 Tet = Tnax — Tnin)  (18)
Totwtnen = =2 (2 T, =Ty + Tor) (19)

The calculated new offset time T eet new 1S NOW used to move
the region of the effective time period that could help in nullify-
ing the CMC flowing through the common dc bus and the motor
phase windings.

The gate pulses for inverter-I and inverter-1I (see Fig. 1)
are generated using both the proposed decoupled and DSACE
PWM techniques, as shown in Fig. 7. Furthermore, the pro-
posed PWM technique in conjunction with the closed-loop di-
rect torque control (DTC) technique [30] is implemented using
the schematic block diagram shown in Fig. 8. The shaft speed of
the FPOEWIM is sensed and compared with the reference speed
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Generate reference voltages v,, vy,
V., vgand v,
Calculate Tj= = v/ Vg where [ =
{a, b, c d e}
Calculate Tg/ = T]* + TQ/]&@! where Tajfset = (T()/Z)-Tmin 5
for decoupled PWM
& Tyoper = Ty/2; for DSACE PWM Technique
Generate Ty & Ty then compare with carrier signal to
generate gate pulses
To inverter-I and inverter-1I
Fig. 7. Flowchart of the proposed decoupled and DSACE PWM techniques

to operate inverter-I and inverter-II.

FPOEWIM

s | Proposed
PWM
technique S,

(Fig. 7)

Inverter-1
Inverter-11

Torque and
Flux estimation

Fig. 8. Schematic block diagram of DTC technique in conjunction with the
proposed DSACE PWM.

and the obtained error signal is processed with the PI controller
(proportional gain K, = 2 and integral time 7; = 0.13) to ob-
tain Ti.. The motor phase currents are sensed and are used to
estimate the motor generated torque and the stator flux linkage
[31]. The estimated torque 7y and stator flux linkage Ay val-
ues are regulated to be the reference values Ti.¢ and A using PI
controllers (K, = 15,200 and T; = 0.1, 0.002) to generate v
and vy, respectively. The obtained d-axis and g-axis voltages
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TABLE III
NOMINAL PARAMETERS OF FPOEWIM

Parameter Value Parameter Value
Stator resistance (7y) 1.05Q Rotor resistance (') 142Q
Stator leakage Rotor leakage
inductance (Lj) 6 (mH) inductance (L") 6 (mH)
?ﬁ;‘)t“al inductance | ¢4 73 (mH)| Number of poles (P) 4
Moment of inertia (J) 0.14:32)(kg— Nominal speed 1400 rpm

100 (a) 1

are transformed into the five-phase reference voltages using the

transformation [32] and estimated rotor position “#,” which are
further processed using the proposed DSACE PWM, as shown
in Fig. 7.

V. SIMULATION RESULTS AND EXPERIMENTAL VERIFICATION

The simulation of the FPOEWIM drive system with the pro-
posed decoupled and DSACE PWM techniques is performed us-
ing MATLAB/Simulink. The five-phase motor parameters used
in the simulation are shown in Table III. The simulation is per-
formed by considering the dc bus voltage of 100 V and 40 sam-
ples per fundamental cycle. Also, the deadtime between the top
and the bottom switches of the inverter is considered to be 1 ps.
The drive is operated with the open-loop V/f control under a
no-load condition. Furthermore, the proposed PWM techniques
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Fig. 9. Simulation results for the decoupled PWM technique. (a) FPOEWIM

phase voltage. (b) Phase current. (c¢) Common mode current. Harmonic spectrum
of (d) phase voltage, (e) phase current, and (f) CMC.

are operated in conjunction with the closed-loop DTC control
technique and the results are presented using simulation studies.

Figs. 9 and 10 show the simulation results of the FPOEWIM
drive system with the proposed decoupled and DSACE PWM
techniques, respectively. These results are captured for the value
of modulation index m,, set to 0.7. The motor phase voltage,
phase current, and the CMC along with their harmonic spec-
trum are shown in Figs. 9 and 10. The encircled parts in the
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Fig. 10.  Simulation results for the DSACE PWM technique. (a) FPOEWIM
phase voltage. (b) Phase current. (¢) CMC. Harmonic spectrum of (d) phase
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harmonic spectra of Fig. 9 show the fifth harmonic component
of the respective voltage and currents. As the value of m,, is 0.7,
the fundamental frequency is 33.33 Hz and the corresponding
frequency of the fifth harmonic component is 166.66 Hz (see
Fig. 9). So, the motor phase voltage and the phase current con-
tain fifth harmonic component when the drive is operated with
the decoupled PWM technique. The DSACE PWM technique
eliminates the fifth harmonic component in the motor phase volt-
age and phase current, thereby eliminating the CMC and results
in sinusoidal motor phase current, as shown in Fig. 10(b). It can
be observed from the encircled part of the harmonic spectrum
of the CMC in Fig. 10(f) that the value of CMC is nearly zero
at 166.66 Hz. From Figs. 9 and 10, it can also be observed that
both the PWM techniques eliminate the third harmonic content
in the motor phase voltage and phase current.

To verify the simulation results, an experimental prototype
is built, as shown in Fig. 11, and is operated using both
the proposed decoupled and DSACE PWM techniques. Both
the PWM techniques along with the open-loop V/ f control are
tested under the no-load condition for the 1 HP, 100 V, 3.4 A,
50 Hz, 1400 r/min FPOEWIM whose parameters are given in
Table III. The FPOEWIM is powered by a single programmable
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Fig. 11.

Photograph of the experimental setup.

dc power supply via a custom made five-phase dual-inverter
with a common dc bus. Ten independent gate pulses required to
drive the top switches of the dual-inverter are generated using
eZdspF28335 digital signal processor. The complementary gate
pulses for the bottom devices are generated externally along
with the deadtime of 1 us between the top and bottom switches.
The dc bus voltage of 100 V is applied and the waveforms are ac-
quired using a Tektronix make 300-MHz DPO3034. The motor
phase voltage is acquired using the differential probe, whereas
the motor phase current is acquired using the current probe and
the CMC is captured by passing both the positive and negative
dc bus wires through a single current probe.

Fig. 12(a) shows the waveforms of the motor phase voltage,
phase current, and the CMC (from top to bottom) when the
FPOEWIM drive is operated with the decoupled PWM tech-
nique. All these waveforms are similar to the simulation results
shown in Fig. 9. The corresponding harmonic spectra for all the
above-discussed waveforms are shown in Fig. 12(b), (c), (d).
The presence of a fifth harmonic component in the motor phase
voltage and the phase current can be observed in Fig. 12(b) and
(c). Also, the CMC is predominant at 166.66 Hz whose value
is about 229 mA, which can be observed from the harmonic
spectrum shown in Fig. 12(d).

Similarly, Fig. 13(a) shows the motor phase voltage, phase
current, and the CMC when the drive is operated with the
DSACE PWM technique. These waveforms are akin to the sim-
ulation results shown in Fig. 10. The sinusoidal nature of the
motor phase current and nearly zero CMC depicts the effective-
ness of the DSACE PWM technique. The suppression of fifth
harmonic content in the motor phase voltage and the phase cur-
rent can be observed from Fig. 13(b) and (c). Fig. 13(d) shows
the harmonic spectrum for the CMC, where the magnitude of
fifth harmonic component is about 12.5 mA, which is negligible
when compared to the no-load current of the motor. In addi-
tion, the third harmonic content in the motor phase voltage and
current is absent when both the proposed PWM techniques are
employed.
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The effectiveness of the proposed DSACE PWM technique
is further verified by comparing the ripple content in the motor
phase current and its THD with that of the 144° decoupled
PWM technique. Another experiment for 144° decoupled PWM
technique is carried out using the same experimental setup and
similar conditions like dc bus voltage, deadtime, etc., are used.

The FPOEWIM is operated at a rated frequency of 50 Hz and
no-load condition using both the 144° decoupled and DSACE
PWM techniques and the phase-aa’ voltage and current are cap-
tured, as shown in Figs. 14 and 15, respectively. From Fig. 14,
it can be observed that the 144° decoupled PWM results in the
harmonics near and around the switching frequency, whereas
the DSACE PWM technique moves the harmonic content at
twice the switching frequency. This could help in minimiz-
ing the filter size. From Fig. 15(a) and (b), it can be observed
that the ripple content in the motor phase current is higher in
case of 144° decoupled PWM when compared to that of the
proposed DSACE PWM. The ripple content in the current Ai is
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Fig. 13.  Experimental results for the DSACE PWM technique: (top to bottom)

phase-aa’ voltage (y-axis: 100 V/div), phase-aa’ current (y-axis: 2A/div), and
CMC (y-axis: 1 A/div) (x-axis: 10 ms/div). Harmonic spectrum of phase-aa’
voltage, phase-aa’ current, and CMC.

shown in the zoomed-in parts. In addition, the harmonic spec-
trum of motor phase current for both the PWM techniques is
shown in Fig. 15(c) and (d) for respective PWM techniques.
From Fig. 15(c) and (d), it is evident that the reduction of ripple
content in the current reduces its THD value. This is because of
the reduction in the magnitude of high-frequency current com-
ponents shown in the zoomed-in parts of the respective harmonic
spectrum. Furthermore, the effect of ripple content in the current
is shown in terms of THD, which is calculated for the frequency
range of 5 to 50 Hz and is given in Fig. 16. From Fig. 16, it can
be concluded that the proposed DSACE PWM technique results
in lesser THD in the motor phase current when compared to
the conventional 144° decoupled PWM technique. The current
THD for 180° decoupled PWM is not shown in Fig. 16, since
the current contains fifth-order harmonics that obviously results
in higher THDs.

Furthermore, to verify the operation of the proposed DSACE
PWM technique and to compare with 144° decoupled PWM
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technique in conjunction with the closed-loop DTC control
technique, another simulation is performed using the schematic
block diagram shown in Fig. 8. The motor speed (w, ), gen-
erated torque (7.,,), and the flux trajectories (Ags — Ags) Of
FPOEWIM operated with the 144° decoupled PWM technique
and the proposed DSACE PWM along with the closed-loop
DTC technique are shown in Fig. 17(a) and (f). The speed ref-
erence is set to 800 r/min at 0.1 s [see Fig. 17(a) and (b)]. The
motor is initially operated under no-load condition, then the load
of 4 N-m is applied at 2.5 s [see Fig. 17(c) and (d)]. The speed
response is nearly same for both the PWM techniques, which
can be observed from Fig. 17(a) and (b), so as the generated
torque, as shown in Fig. 17(c) and (d). However, the ripple con-
tent in the generated torque is more if the 144° decoupled PWM
technique (1.8 N-m) is used instead of the proposed DSACE
PWM technique (1.0 N-m). This can also be supported with the
higher ripple content in the flux trajectory shown in Fig. 17(e)
when compared to that of Fig. 17(f) (also, see zoomed-in parts).
Hence, the proposed DSACE PWM technique helps in reducing
the ripple content in the motor generated torque.
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VI. CONCLUSION

The decoupled and DSACE PWM techniques are proposed
for the dual-inverter connected FPOEWIM drive with a single
dc source. The detailed analysis and explanation of the pro-
posed techniques is presented. The decoupled PWM technique
results in a switching sequence, which varies from instant to
instant in a sector. The switching sequence is chosen such that
the reference voltage vector at every instant is realized by us-
ing the nearest possible SVLs. This reduces the ripple content
in the motor phase current and hence the THD. But, the pro-
posed 180° decoupled PWM technique results in CMC that is
nullified using the DSACE PWM technique by retaining the
property of the proposed PWM. The working of the proposed
DSACE PWM technique is verified using the closed-loop DTC
scheme and compared with the conventional 144° decoupled
PWM technique. To conclude, the proposed DSACE PWM tech-
nique could eliminate the CMC and reduce the ripple content in
the motor phase current. This could impact on the ripple content
in the air-gap flux and the motor generated torque to avoid the
torsional oscillations in the motor shaft.
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