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Postfault Operation of Three-Level Inverter
Driven Six-Phase PMSM With Enhanced
Torque—Speed Region

Partha Pratim Das

Abstract—This article presents an open-switch postfault opera-
tional technique with enhanced torque—speed region for three-level
(3L) active neutral point clamped (ANPC) inverter-driven sym-
metrical six-phase (SSP) permanent magnet synchronous machines
(PMSMs). Maximum torque (MT), minimum loss (ML), and single
three-phase (STP) operations are commonly used for the postfault
operations of six-phase drives. The maximum possible torque and
speed in these operations are generally limited by voltage, current
ratings, and the neutral point configuration of the motor. To en-
hance the postfault torque and speed operating region, the torque
and speed limits in different postfault operational techniques are
determined based on the voltage, current constraints, and neutral
point configuration of the SSP-PMSM. In this work, a unified post-
fault operation is proposed that increases the postfault operational
limits by combining MT, ML, and STP operations and modifying
the neutral point configuration of the SSP-PMSM. In addition, a
technique is also presented that modifies the pulsewidth modulation
technique to enable full torque operation below 0.5 p.u. speed. The
proposed postfault operational technique enables full-speed (1 p.u.)
operation by operating in STP mode and full torque operation
(1 p.u.) below 0.5 p.u. speed. The postfault operational technique
is experimentally validated using a Gallium Nitride (GaN) device-
based 3L-ANPC inverter-driven SSP-PMSM.

Index Terms—Maximum torque (MT), minimum loss (ML),
multilevel inverter, multiphase drives, open-circuit fault (OCF),
postfault operation, single-three phase (STP).

NOMENCLATURE
General
fs Six-phase current vector.
V; Six-phase voltage vector.
I, Rated current peak.
0, Rotor position with respect to the R phase

magnetic axis.
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Wy Rotor electrical speed in rad/sec.

Wy Critical speed in rad/sec (electrical speed).

P, Number of poles.

K, Torque constant.

T Motor electromagnetic torque.

ip p phase current. p = r,y, b, u, v, w.

ap Cosine component of the p phase current.

by Sine component of the p phase current.

kp Fraction of rated current being supplied.

Vi rated, peak Rated line to line voltage peak of the motor.

T Stator resistance.

Ly Leakage inductance.

Lg, L, dg-axis inductances.

Vom Pole voltage of p phase.

Am Permanent magnet flux linkage.

Subscripts and superscripts

Oa1,041,801  d—g-0 axis variables of RYB phases.

Oa2,g2,Ho2  d—¢-0 axis variables of UV W phases.

Oa,Hq, 021,22 d—¢-0 axis variables of six-phases.

O, Oy x—y axis variables of six-phases.

Omr Variable at maximum torque (MT) operation.

O Variable at minimum loss (ML) operation.

Ustp Variable at single three-phase (STP)
operation.

Oinax Maximum possible value.

O v Variable in the 1N configuration.

Oon Variable in the 2N configuration.

Urated Rated voltage.

Upeak Peak voltage.

ase Base speed of the motor.

(/3 Base speed in any particular operation.

o Reference value.

et Variable at w, speed.

O+ Positive sequence.

(e Negative sequence.

I. INTRODUCTION

ULTIPHASE machines are popular alternatives to the
M three-phase machines due to their high fault-tolerant
capability and reduced power rating of per-phase power elec-
tronics [1], [2], [3], [4]. Symmetrical six-phase (SSP)-permanent
magnet synchronous machine (PMSM) (SSP-PMSM) is one of
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Fig. 1.  Circuit diagram of a six-phase 3L-ANPC inverter with an SSP-PMSM.
The 1N and 2N configurations of SSP-PMSM can be interchanged by turning
ON and OFF SW1, respectively.

the most popular multiphase machines for its easy construc-
tion, high fault-tolerant capability, and low-common-mode volt-
age [3], [5], [6]. In SSP-PMSM, two sets of three-phase windings
(RYB and UVW) are spatially shifted by 60°. The winding
diagram of an SSP-PMSM is shown in Fig. 1. SSP-PMSMs have
two types of winding configurations depending on the neutral
point connections of the RYB (IN1) and the UV W (N2) phases.
The neutral point configurations are designated as 1N and 2NV
if N1 and N2 are connected and separate, respectively [3].
The N1 and N2 are connected to a switch (SW) in Fig. 1.
By turning SW; ON and OFF, the winding configuration can be
interchanged between 1NV and 2V configurations. In this work,
a Gallium Nitride (GaN) device-based three-level (3L)-active
neutral point clamped (ANPC) inverter is considered for driving
an SSP-PMSM for lower line current total harmonic distortion
(THD), lower bearing current due to a lower effective dv/dt
compared to two-level (2L) inverters, and higher efficiency at
high-switching frequency [7], [8], [9].

The postfault operation enables operations at a reduced power
level in the case of common failure in any system. Incorpo-
rating postfault operation to increase reliability has become
a crucial part of safety-critical electric drives like drives of
electric transport systems [10], [11], [12], [13]. The postfault
operation reduces the downtime of electric drives and can im-
prove the safety and reliability of electric drives [14], [15]. The
implementation of the postfault operation commonly has two
parts. They are (a) fault detection and localization [16], [17],
[18] and (b) software and hardware reconfiguration for postfault
operation [19], [20], [21], [22], [23]. Dedicated algorithms are
commonly used for fast detection and localization of faults [16],
[17], [18]. After fault detection and localization, software and
hardware are generally reconfigured for postfault operation [19],
[20], [21], [22], [23]. This article focuses on the postfault oper-
ational technique to enhance the operating region of 3L-ANPC
inverter-driven SSP-PMSMs. This article considers the postfault
operation for a single open-switch failure. The first detection,
localization, and implementation of postfault operation reduce
the possibility of cascading failures [23].

The main aim of this article is to enable maximum postfault
torque-speed operational region. The maximum possible post-
fault torque and speed limits are generally decided by voltage,
current ratings, and the neutral point configuration of the motor.

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 40, NO. 4, APRIL 2025

TABLE I
MAXIMUM POSSIBLE TORQUE LIMIT WITH FIVE HEALTHY PHASES FOR ASP
AND SSP-PMSM [3]

Types of six-phase PMSM
ASP-PMSM

SSP-PMSM

IN configuration
0.694p.u.

0.771p.u.

2N configuration
0.577p.u.

0.5p.u.

In this work, software and hardware modifications are used to
increase postfault torque—speed operational limits of 3L-ANPC
inverter-driven SSP-PMSM. In this work, the phase currents are
limited to 1 p.u. in postfault operation to avoid overheating in
the steady-state operation of the inverter and motor [3], [19],
[21], [22], [23].

In the case of any failures of six-phase drives, the faulty phase
is commonly disconnected, and the motor is operated with the
remaining healthy phases [3], [19], [21]. In postfault operation,
the current references of the healthy phases are commonly
modified to generate uninterrupted torque by keeping the air
gap flux sinusoidal [3], [19]. Three types of postfault operational
techniques are commonly used in the literature. They are

1) single three-phase (STP) [20];

2) minimum loss (ML) [3], [24];

3) maximum torque (MT) [3], [24].

In case of a fault in any one phase, the corresponding three-
phase set is turned-OFF, and the motor is operated with the
healthy three-phase set in the STP operation. For example, if a
fault is detected in the R phase, the RY B phases are turned-OFF,
and the motor is controlled using UV W phases. Consequently,
in the STP operation, the torque gets limited to 0.5 p.u. without
violating the current rating of the motor [20]. In STP operation,
the healthy two phases from the faulty three-phase set remain un-
used. In MT and ML operations, all five healthy phases are used
to enhance torque output in postfault operations. In the ML oper-
ation, the copper loss is minimized to generate a given torque [3],
[20]. However, ML operation generates unequal loading for all
the healthy phases. The maximum possible torque generation
capability in the ML operation is also low. For SSP-PMSM,
the maximum possible torque generation capabilities in the ML
operation for one phase fault are 0.688 p.u. and 0.5 p.u. in 1V
and 2N configurations, respectively [3]. The maximum possible
torque generation capability is enhanced in MT operation. In the
MT operation, torque generation is increased by maximization
of the current of all healthy phases [3], [20], [24]. The MT
operation enables higher torque generation at the expense of
higher copper loss than the ML operation [3]. The detailed MT
and ML operational techniques and their operation limits are
provided in Section II. The maximum possible torque limits
using healthy five phases are given in Table I [3].

The combinations of STP, ML, and MT operations in different
operating zones can improve postfault torque—speed operational
limits and reduce copper loss simultaneously. In [24], ML and
MT operations are combined to increase the operating region
of 2L inverter-driven asymmetrical six-phase (ASP)-PMSM. In
ASP-PMSM, two three-phase windings are spatially shifted by
30°. The maximum possible torque limit using MT operation is
provided in Table I [3]. The maximum possible torque output is
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limited to 0.694 p.u. for a single-phase fault using the method
of [24]. In [19], one full range ML technique is proposed
for 2L-inverter-driven ASP-PMSM in the 2N configuration.
However, the maximum possible torque is limited to 0.577 p.u.
for one phase fault. Hence, it is not considered further in this
work. In [20], STP, MT, and ML operations are combined
for 2L-inverter-driven ASP-PMSM in the 2N configuration.
However, in [20], the maximum possible torque is limited to
0.577 p.u. In the case of SSP-PMSM, the maximum possible
torque limit in the 2V configuration with five healthy phases is
0.5 p.u., which is the same as the STP mode of operation [3]. In
the abovementioned techniques, the neutral point configuration
is kept fixed. The fixed neutral point configuration limits the
maximum possible torque-speed region in the postfault opera-
tion [21].

In [21], switching between 1N and 2N configurations is
proposed to enhance the torque—speed limit of 2L inverter-driven
ASP-PMSM. In the 2N configuration, the postfault torque is
limited to a lower value than in the 1 N configuration, as shown
in Table I. On the other hand, in the 1N configuration of the
six-phase motors, the maximum speed gets limited due to low
dc bus utilization and the maximum line-to-line voltage rating
of the motor [21], [25]. In [21], the ASP-PMSM is operated
in the 1N configuration to achieve a maximum possible torque
of 0.694 p.u. in the low-speed operation. The ASP-PMSM is
operated in the 2N configuration during high-speed operations
to enhance the speed limit. However, the maximum possible
torque in [21] is still limited to 0.694 p.u. A technique for
torque enhancement below 0.5 p.u. speed is proposed in [22]
for open-switch faults. In [22], the pole of the faulty phase is
connected to the midpoint of the dc bus to enhance the postfault
operational torque limit. The method of [22] achieves 1 p.u.
torque below 0.5 p.u. speed for 2L inverter-driven ASP induction
motors. Above 0.5 p.u. speed, the motor is operated with all
healthy phases in the 1N configuration to enhance the torque
limit. In [22], contactors are used to connect the faulty phase to
the midpoint of the dc bus. However, the method of [22] does
not consider 2N configuration or STP operation at high speed,
which limits the maximum speed of the motor. Connecting the
faulty phase pole to the midpoint of the dc bus to enhance torque
limit is also used for 3L inverter-driven ASP-PMSMs in [23] and
[26]. In [23] and [26], triodes for alternating current (TRIACs)
are used to connect the faulty phase pole to the midpoint of the
dc bus. However, in [23] and [26], the motor is only operated
in the 2N configuration, which can limit the maximum possible
torque to 0.577 p.u. above 0.5 p.u. speed. Moreover, the methods
of [22], [23], [26] need extra hardware to connect the faulty phase
pole to the midpoint of the dc bus. The extra hardware increases
the cost of the system and reduces power density. In this article,
an open-switch postfault control technique is presented that can
deliver 1 p.u. torque below 0.5 p.u. speed without the need for
any additional hardware for connecting the faulty phase pole to
the mid-point of the dc bus. The method takes advantage of the
extra available switches of the 3L-ANPC topology to generate
1 p.u torque below 0.5 p.u. speed. In addition, a unified postfault
operational technique is proposed that combines 1N and 2N
configurations with MT, ML, and STP modes of operation. The
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Fig. 2. Comparison of postfault torque—speed region with the available

method of the literature for SSP-PMSM. (a) Torque—speed region of [19], [20].
(b) Torque—speed region of [21]. (c) Torque—speed region of [22]. This method
needs additional hardware to connect the faulty phase to the midpoint of the dc
bus. (d) Torque—speed region of this article. This method does not need additional
hardware to connect the faulty phase to the midpoint of the dc bus.

unified technique of 2L, MT, and ML operation with 1 N and 2NV
configurations enables maximum possible torque-speed region.
Fig. 2 compares the possible postfault torque—speed region with
available methods of the literature.

The proposed technique enables 1 p.u. torque generation
below 0.5 p.u. speed. Consequently, compared to the operation
with healthy five phases, the torque output limit increases by
29.7%. Above 0.5 p.u. speed, the proposed technique maximizes
the torque output limit to 0.771 p.u. by operating the SSP-PMSM
in the 1V configuration. The proposed technique maximizes the
speed output limit by operating the inverter in the STP mode
above critical speed (w;). The STP operation enables operation
at 1 p.u. speed without field weakening (increased by 15.47%
from 0.866 to 1 p.u.).

The proposed technique does not use additional hardware to
connect the faulty phase pole to the mid-point of the dc bus.
However, the proposed technique uses SW; to switch between
IN and 2N configurations. The SW; is commonly used to
maximize torque output in the postfault operation of six-phase
drives [21], [22].

Table II compares the available postfault operational tech-
niques with the proposed technique of this article. The available
techniques can generate 1 p.u. torque below 0.5 p.u. speed
with additional hardware. However, the method proposed in
this article does not need additional hardware to generate 1 p.u.
torque below 0.5 p.u. speed. Moreover, the method proposed
in this article enhances the speed torque region by switching
between 1V and 2N configurations. The contributions of this
article are summarized as follows.

1) Proposing a postfault operation technique that achieves

1 p.u. torque below 0.5 p.u. speed without the need for
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TABLE II
COMPARISON OF POSTFAULT OPERATIONS OF SIX-PHASE MOTOR DRIVES

Full  torque Torque
tord maximization Speed .
operation (1 TR Additional
above 0.5p.u. maximization
Reference p.u. torque) speed and above  base hardware
below 0.5p.u. spe N ) requirement
below  base speed
speed speed
[19], [20] X X v No
[21] X v v No
[22] v v X Yes
[23] v X v Yes
This article v v v No

The bold text highlights the applicability of this article with that of the literature.

any additional hardware to connect the faulty phase pole
to the midpoint of the dc bus.

2) Proposing a unified postfault operation that achieves max-
imum possible torque speed region. The 1N configura-
tion of the motor maximizes the postfault torque limit.
The 2N configuration or STP mode of operation max-
imizes the speed limit. In this work, a unified postfault
operational technique is proposed that combines 1N and
2N configurations with MT, ML, and STP modes of
operation. The proposed postfault operational technique
enables 0.771 p.u. torque above 0.5 p.u. speed by operating
the SSP-PMSM in the 1N configuration. The proposed
postfault operational technique also increases the speed
limit by operating the drive in the STP mode (2N) at
high-speed operations.

The rest of this article is organized as follows. After the
introduction, postfault operational torque limits using STP, MT,
and ML techniques are discussed in Section II. The postfault
operational speed limits and a method to enhance the postfault
operating region are discussed in Section III. The pre- and
postfault control technique of the SSP-PMSM is discussed in
Section IV. The postfault operational technique is verified in a
hardware prototype, and the results are presented in Section V.
Finally, Section VI concludes this article.

II. POSTFAULT OPERATION

STP, MT, and ML techniques are commonly used for postfault
operations. In this section, torque limits using STP, MT, and ML
techniques are determined. Vector space decomposition (VSD)-
based modeling is commonly used for field-oriented control of
SSP-PMSM. In the VSD-based modeling approach, six-phase
variables are represented in three orthogonal two-dimensional
subspaces named d — ¢, x — y, and z; — zo. Each variable in
VSD-based modeling is given as

fd:fd1+fd2 fq:fq1+fq2 fx:fql_qu
fy= —far+fae fa=/for f2= fo (1

In(1), fa1, fq1,and f., are the variables (voltage, current, flux,
etc.) from the RYB phases, and fq2, f42,and f.o are the variables
from the UV W phases. The phase variables are converted to d1,
d2, q1, g2, 1, and 22 axis variables using (2) and (3). f;, fy,
fvs fus fu, and f, are the phase variables of R, Y, B, U, V, and
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W phases, respectively

fa cos(0,) cos(0,—3F) cos (6,+3)
fa =3 —sin(f,.) —sin (F)rf%”) —sin (0r+%ﬂ)
fo1 0.5 0.5 0.5
fr
X | fy ()
fo
fe2 cos(f — %) cos(d, — 3?”) cos(6, — %ﬂ)
faz| = 3 —sin(#, — F) —sin(f, — 3F) —sin(f, — 3F)
Jo2 0.5 0.5 0.5
fu
X\ ful - 3)
Jow

The current vector of an SSP-PMSM is given as (4). In (4),
p=r,u,Yy,v,b, and w for n =1 to 6. In healthy and balanced
operating conditions without field weakening, 4, is given as
(5), where 6,. is the rotor position with respect to the R phase
magnetic axis. I,,, is the rated current peak, and k,, is the fraction
of the rated current being supplied. At rated healthy operating
condition k;, =1. From (4), \I:| = kply,. iy is simplified and
given as (6), where a,, and b,, are the current coefficients of the
p phase (p = r,u,y,v, b, and w). a,, and b, are given as (7). a,
and b, represent the current phase difference and the fraction of
the rated current on any phase. To keep the current peak below
the rated current, the &, should be limited to 1 (k, <1).

From (1) and (5) /12 + 2 =k,1, = |IZ| The electromag-
netic torque of the motor is given as (8). P, is the number of poles.
In the case of no field weakening (I; = 0), the electromagnetic

torque of the motor is given as (9). K, is the torque constant of
the motor

ﬁ:égywmlﬂzgma& 4)

ipzmhmm@fwn—ng) (5)
= I,,(apcos8, + bysing,.) (6)

a, = kycos ((n - 1)%) b, = kpsin ((n - 1)%)

kyp = /a2 + b2 )
J“ZE%EOWJQ+(Ld—l@)QLﬁ )

T = K, = Kikpl,, = K;|I.| [when I;=0]. (9)

In healthy and rated operating conditions (k, =1), a,, and b,
can be derived as (10) [20], [27]

i a,Cos ((n - 1)%) =3 i a,sin ((n — 1)%) =0
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nzi:l bycos ((n — 1)%) =0 nz:bpsin ((n - 1)%) -3
(10)

Moreover, according to Kirchhoff’s current law (KCL), the
summation of all phase currents is zero in the 1NV configuration
under any operating conditions. In the 2/N' configuration, the
summations of RYB phase currents and UV W phase currents
are zero separately in any operating condition. In the 1N con-
figuration, a, and b,, are given as (11) [20], [27]

2 D

p=r,y,b,u,v,w p=r,y,b,u,v,w

ay =0 b,=0. (1)

In any operating condition, in the 2N configuration
Y perypip=0,and > _ i, =0.Hence, a, and b, are
given as (12) [20], [27]

Z ap =0 Z b, =10

p=r,y,b p=ry,b

Z a, =0

p=u,v,w pP=u,v,w

(12)

One way to keep the torque of the machine unchanged in the
postfault operation is by keeping the air gap flux or the current
vector the same as in healthy conditions. To keep the current
vector the same as the healthy condition, (10) and (11) or (12)
should be followed in 1V and 2N configurations, respectively.
In postfault operation, if the faulty phase is disconnected, the
ap and by, of the faulty phase become zero. However, (10) must
be followed to keep the current vector the same and generate
1 p.u. torque. Equations (11) and (12) must also be followed in
IN and 2N configurations, respectively, to abide by KCL. In
the following section, the fault is considered in the R phase. The
same method can be used for calculating a,, and b, values for
other phase failures.

A. STP Operation

In the case of the STP operation, the three-phase set, which
consists of the faulty phase, is turned-OFF. In the case of a
fault in the R phase, RYB phases are turned-OFF. A detailed
analysis of the STP mode of operation is given in the Appendix.
The calculated current vector in STP mode of operation is
|I.| = 0.51,,,. The maximum possible torque capability in the
STP operation (Typmax) is TS‘%max = 0.5 p.u. when the phase
currents are limited to 1 p.u.

B. MT Operation

In case of a failure, the faulty phase is turned-OFF, and the
motor is operated with the remaining five healthy phases in MT
operation. In MT operation, the peaks of all five healthy phase
currents are controlled to the same value [3]. Hence, a, and b,
are given as (13) for the R phase failure

ag + b, =ay +b; =a., + b = al +b; =az, +0b,,. (13)

A detailed analysis of the MT mode of operation is given in
the Appendix. The calculated current vector in the MT mode of

> b,=0.
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Fig. 3. Rated current in different operations for R phase failure. (a) Healthy
operation. The peak current of 1 p.u. generates 1 p.u. torque (b) STP operation.
The peak current of 1 p.u. generates 0.5 p.u. torque. (c) ML operation. The
U phase has the maximum peak current. The peak current of 1 p.u. generates
0.688 p.u. torque. The current peaks for all phases are different. (d) MT operation.
The peak current of 1 p.u. generates 0.771 p.u. torque. The current waveforms
are plotted using the a,, and by, variables of (32), (35), and (37).

operation is | I,| = 0.7711,, in the 1.V configuration. The maxi-
mum possible torque capability in the MT operation (Tt max) 1S
% = 0.771 p.u. when the phase currents are limited to 1 p.u.
Similarly, the torque limit is calculated in the 2N configura-
tion. In the 2N configuration, the torque limit is 0.5 p.u. As the
torque limit is less than the 1NV configuration, the MT operation
in the 2N configuration is not further considered in this work.

C. ML Operation

For ML operation, stator copper loss is minimized for a given
torque. The copper loss coefficient (.J) is defined by (14) for
R phase failure [3], [20]. J is the square summations of the per
unitized peaks. For ML operation, an optimization is used where
J is minimized to achieve a given torque

J=al+ b, +a; +0by +al + b, +a; + b+ al, + b,
(14)

A detailed analysis of the ML mode of operation is given in
the Appendix. The calculated current vector in the ML mode of
operation is |I;| = 0.6881,, in the 1 N configuration. The maxi-
mum possible torque capability in the ML operation (7 max) 1S
TM% = (0.688 p.u. when the phase currents are limited to 1 p.u.

Similarly, the torque limit is calculated in the 2N configura-
tion. In the 2N configuration, the torque limit is 0.5 p.u. As the
torque limit is less than the 1N configuration, the ML operation
in the 2N configuration is not further considered in this work.

From the aforementioned discussion, the rated currents in
different operations are plotted in Fig. 3. The torque limits in
different operations are shown in Fig. 4(a).
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Fig. 4. (a) Operational torque limits in healthy operation with all six phases

and postfault operations. In the healthy operation, the torque limitis 1 p.u. In MT,
ML, and STP operations, the torque limit is 0.771 p.u., 0.688 p.u., and 0.5 p.u.,
respectively. (b) Operational torque and speed limits in healthy operation and in
postfault operations.

TABLE III
MOTOR PARAMETERS
Number Rated cur-
Lina | Lmg | Lis Ts A .
Parameter G| @i | @) | me) | mwb) o]fppoles reAnL(rms)
) (A)
Value 151 173 333 419 50 8 3.54

III. POSTFAULT OPERATIONAL LIMIT ENHANCEMENT

The considered motor is a surface permanent magnet motor
with a quasi-regular polygon rotor. The motor parameters are
given in Table III. The saliency ratio of the motor (%) is close
to 1 (1.069). Consequently, the MTPA line closely matches with
the I; = 0 line in the dg-axis current plane. Hence, below base
speed, the d-axis current (I;) is controlled to zero, or no field
weakening is considered. Below base speed, the I; = Oand I, =
|I_:q |. Hence, in the STP operation, the torque and g-axis current
should be limited to 0.5 p.u. In the MT operation, the torque
and g-axis current should be limited to 0.771 p.u. In the ML
operation, the torque and g-axis current should be limited to
0.688 p.u. The speed limits in different operations are discussed
in the following section.

A. Speed Limit

Line-to-line voltage constraints are commonly considered for
determining speed limits [21], [25]. The peak of the line-to-line
voltage should not cross the rated line-to-line voltage peak to
avoid operating in the overmodulation zone and ensure the safety
of the motor windings [21], [25]. In the 2N configuration, the
neutral points are separate. For line-to-line voltage consideration
in the 2N configuration, two three-phase sets (RYB and UV W)
are considered separately. The line-to-line voltage between any
two phases of the same three-phase group (RYB or UVW)
is constant and given as Vj; an,peak = \/E\VS;NL Vs;N is the
six-phase voltage vector in the 2N configuration. The six-phase
voltage vector can be determined by replacing phase currents
with phase voltages in (4). Vi; 2n peak 1s the peak of the line-to-
line voltage in the 2N configuration. In the 1NV configuration,
due to the common neutral point, all six phases are considered
under the same group. The maximum line-to-line voltage ap-
pears across the two 180° spatially shifted phases like R and
V,U and B, and Y and W. The minimum line-to-line voltage
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appears across the two 60° spatially shifted phases like R and
U. In the 1N configuration, the maximum line-to-line voltage
peak is given as Vi 1 ¥ peak = 2|V;1 N | as it appears across two
180° spatially shifted phases [21], [25]. VS; n 1is the six-phase
voltage vector in the 1V configuration. Vj; 1 n peax 1S the peak
of the maximum line-to-line voltage in the 1N configuration.
The motor line-to-line voltage peak should always be kept
limited to the rated value for the safety of the motor. Moreover,
the line-to-line voltage peak also determines the minimum dc
bus voltage requirement for the drives [21], [25]. Hence, the
voltage vectors in 1V and 2N configurations are given as (15).
Wi rated peak 1 the rated peak of the line-to-line voltage
|V53N| < Vil,ral;d,peak‘

- Vrz\le.eu
Vi < Hmtems (15)

The commonly known voltage equation of the machine is
given as (16). In (16), r is the stator resistance. L, L4, and L
are the leakage, d, and g-axis inductances, respectively

d
Va=rds+ Ldal—d — w,«Lqu

d
‘/q = ’I”slq + L *Iq + w?"()\'ﬂL + LdId)

“dt
d d
VI :7'5[1“{‘1115%]1 Vy :TSIy—i_LlS%]y

d d
=1yl + Lis—1 Vi =rslo+ Lis—1z5.
7’1+zdt21 2T2+zdtzz
The base speed of any operation is the maximum speed
without field weakening (I = 0) in that particular mode of
operation. Below base speed, the voltage vector is given as (17).
At the steady state, I; and I, are constants, and their derivative

Va (16)

terms are zero. For voltage vector (17;) calculation, the effect of
resistance drops (14 and r41,;) are ignored. The z—y and 21—z
axis voltage values (V,;, V}, V.1, and Vo) are also ignored due
to low resistance and leakage inductance drops (resistance drop
< 1.67% of back emf at base speed) (leakage inductance drop
< 0.53% of back-EMF).

Vil = Vi + V2 = (wrLgly)? + (wrkm)?. a7

The motor base speed in the 2N configuration is denoted as
wp. All the speed per unitizations in this article are done with
respect to wy. From (15) and (17), wy, is given as (18)

‘/ll,rated,peak / \/g
(Lqlq)? + (Am)?

Wp = WaN pase = (18)

From (15) and (17), the base speed in the 1N configuration
is given as (19). Similarly, the base speeds of MT, ML, and
STP operations are given as (20). In (20), the I, is replaced
by the corresponding current limit calculated in Section II. In
the base speed calculation, the assumption is LI, < A, and
V(Lq(x1;))? 4 (Am)? & Ay, where x is a real positive number
and z <1

V3

Vil,raled,peak/z = ——wp
(LoI? + (Gm)? 2

WpIN = (19)
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J_C Siy S S, Sip Siy

Vao/2
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Fig. 5. Continuous operating (black) and unused (gray) devices for postfault
2L operation. For the example condition, an OC'F' is considered in the R phase’s
S1, Sa2, or S5 device. The 2L voltage can be generated using S3, S4, and Sg
of RYB phases and S1, Sz, and Ss devices of UV W phases. This method
generates equal loading for each half of the dc bus.

WhMT = Vil,raled,peak / 2
M T OTTL) 2+ (ko )2

W ML= Vil,rated,peak / 2
M L OGS8I,))2 + Ghn 2

o Vil,raled,peak/\/g
Wy, STP =
V(Lq(0.51))% + (Am)?

3
~ %wb[error < 0.08%)

3
~ Tajb[error < 0.11%]

~wp, lerror < 0.16%)].

(20)

Above the base speed, a negative d-axis current is used for
field weakening. During field weakening, the d-axis and maxi-
mum g-axis reference currents (1, I; ,,) and speed are given as
(21). I} 1pax 1s the maximum g-axis reference current during field
weakening operation. wpyse 1S the base speed in any particular
operation where field weakening is being considered. w,. is the
speed of the motor. |I S_,’Op| the maximum current vector in any
operation. For example, in STP operation |Isjop| =0.5I,, and

|ISTOP| = 0.7711,, in the MT operation

(Wbﬂse _
Wr

Lq

I:;,max = \/ |1570P|2 - 122

In the field weakening operation, the torque is given as (8).
Using (8) and (19), the operational limits in different operations
are plotted in Fig. 4(b).

The maximum possible torque limit is 0.771 p.u. for a single
device fault in the MT operation. The torque limit can be further
enhanced using the extra switching devices available in the
3L-ANPC topology. A method for further enhancement of the
torque—speed region in the postfault operation is discussed in
the following subsection.

Dim
I = )

21

B. 2L Operation

In 2L operation, healthy switches of the faulty phase are used
to generate 1 p.u. torque (increase by 29.7% from MT operation).
In 3L inverters, pole voltage Vpm (p = 1,9, b, u, v, w) generates
3Ls of voltages Vi 2,0, —Vic o designated as P, O, and N,
respectively. Let us consider a case where a fault has happened
in any one of S1, S5, or S5 devices of the R phase, as shown in
Fig. 5. It is assumed that the devices have an open-switch fault
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OPN - " OPN

0PO PPO

NPO, PON NPO PON

NOP PNO NoP PNO

NNP ONP PNP NNP ONP PNP

Fig. 6. Considered 2L-SVPWM below 0.5 p.u. speed for open-switch fault
in Sp, Sa, or S5 in the R phase. (a) Used vectors for RY B phases. (b) Used
vectors for UV W phases. Used vectors are marked in red.

and that no current can flow through the device. (In the case of
devices with an antiparallel diode, diodes are in reverse bias,
and no current can flow through them.) An open-circuit fault
(OCF) in 57 or S5 causes the loss of the P level in the R phase.
The OCF in S5 causes the loss of O level during the positive
half cycle of the fundamental voltage. The remaining switches
can be used to generate two voltage levels that vary between [V
and O. For N or O voltage level generations, S3 and Sy or S3
and Sg should be turned-ON, respectively. As the voltage varies
between 2Ls, N and O, this operation is designated as the 2L
operation.

A dual three-phase space vector pulse width modulation
(SVPWM) technique is used in this article, where two 3L-
three-phase SVPWM blocks are implemented to generate the
six-phase voltages [23], [28]. The 3L-three-phase space vector
diagrams are shown in Fig. 6. Fig. 6(a) and (b) are responsible for
generating pulsewidth modulation (PWM) signals for the RY B
and UV W phases, respectively. In the case of S, S3, or S;
device failure in the R phase, any three-phase voltage vector
generation that is inside the black color marked hexagon of
Fig. 6(a) is possible. For the voltage generation, the red-marked
switching states of Fig. 6(a) are used. The utilized switches are
highlighted in black color in Fig. 5. The unused devices are
marked in gray and red. Consequently, S3, Sy, and Sg devices
of RYB phases are used. However, operating only with the S'3,
Sy, and Sg devices discharges only the C5 capacitor of the
dc bus, resulting in a voltage unbalance between C; and Cs
capacitors. To eliminate the unbalance between C; and Cs, the
UV'W phases are operated with S7, So, or S5 devices to generate
2L voltages. The maximum possible length of the voltage vector
with continuous PWM is exactly half of the maximum possible
length of the voltage vector of the large hexagon (see Fig. 6) with
all healthy switches. To limit the voltage vectors inside the small
marked hexagon, the 2L operation is limited to 0.5 p.u. speed.
The operating limit for 2L operation is shown in Fig. 4(b). In
the abovementioned 2L operation, the average common mode
voltage between N1 and m is —%, and N2 and m is %.
Consequently, the average voltage between /N1 and N2 is %
The average dc voltage can generate a very high circulating
current, depending on the stator resistance, between the RYB
and UVW phases in the 1N configuration. Hence, for the
2L operation, the motor should only be operated in the 2NV
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Speed (p.u.)

Fig. 7. Proposed postfault operational zones. (i) w, < 0.5 p.u.: 2L op-
eration to achieve 1 p.u. torque. (ii) 0.5 p.u. < w, < 0.866 p.u. and T' <
0.6882 p.u.: ML operation. (iii) 0.5 p.u. < w, < 0.866 p.u.and 0.6882 p.u. <
T <0.771 p.u.: MT operation. (iv) 0.866 p.u < w, < w¢: MT operation.
(V) wy > 0.866 p.u. and T" < 0.5 p.u.: STP operation.

configuration to avoid a high dc circulating current. The 2L
operation does not increase the peak current flowing through
the switching devices. However, the 2L operation can increase
the rms current flowing through the semiconductor devices.
The rms current of the inner device (S or S3) increases by V2
times. The S and S5 or Sg and Sy operate for a full cycle in 2L
operation, and the current increment in those devices depends
on the modulation index or speed of the operation. In this work,
it is assumed that the inverter is capable of operating with the
extra rms current flowing through the devices. The motor phase
current is always kept limited to the rated value. In the 2L
operation, the drive capability and current limits are the same as
in the healthy operation.

Considering all the abovementioned modes, the proposed
operational zones are shown in Fig. 7. In the case of a switch
failure, the inverter is operated in 2L-operation below 0.5 p.u.
speed. The operation of the motor is the same as the healthy
six-phase operation. Above 0.5 p.u. base speed, the motor is
operated with five healthy phases in the 1N configuration.
The ML and MT operations are considered for torque lesser
than 0.688 p.u. and higher than 0.688 p.u., respectively. The
maximum possible torque limit is 0.771 p.u. above 0.5 p.u. base
speed. The maximum speed limit for ML operation is considered
as wy,1 N (same as wy ;). Above wy, 1, MT operation is used
with field weakening till w;. w; is the point where achievable
torque using MT operation becomes 0.5 p.u.

From (8), (33), the torque at w; in STP operation (Tstpwi) is
given as (22)

Tsrewe = 250.5hm I (22)

Similarly, from (8), the torque at w; with MT operation
(T, wt) is given as (23). iq,.,+ and 74+ are the d- and g-axis
current values in MT operation at wy, respectively

TMT,wt = 3TPZ)\WLZ‘q,wt + (Ld - Lq)iq,wtid,wt~ (23)

As discussed in the MT operation, |I_;| = 0.7711,,. Hence,
the current equation at wy is given as
gt 15 = (0.T71L, )% (24)

At wy, the torque from the STP operation is the same as the
torque from the MT operation (Tstp,w¢ = Tmr,wt). Hence, from
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(22) and (23), the torque equation is given as

300050 L = 2B hmiquwt + (La — Lg)iqutide:  (25)

From (24) and (25), 74,.,¢ and ¢4 .,; are calculated and given as
(26). In (26), for simplification, a variable k is used. & is defined
as

1++/(1—4(1+k)(0.25 + (0.771k)2))I

lgwt = 2(1 T k) m
idt = — \/ (0.771L,,)2 — 2, (26)
2
k= Mﬁv 27
)\'m

From (21), wy is given as

wb,mt)"m
Wt

= > 28
) )‘m + Ldiq,wt ( )

The motor is operated in STP mode if the speed is above w.
The maximum possible torque limit above w; is 0.5 p.u.

IV. CONTROL TECHNIQUE FOR HEALTHY AND
POSTFAULT OPERATION

The healthy and postfault control structure for the SSP-PMSM
is shown in Fig. 8. A conventional dq field-oriented control is
used to control the speed of the SSP-PMSM in healthy operation.
The speed controller generates the torque reference. The g-axis
current reference is generated from the torque reference using
torque constant. In the 1V configuration, a zero-axis controller is
used to minimize any circulating current between the RY B and
UVW phases. The zero sequence current controller is marked
in Fig. 8. The control loop is similar to any dual three-phase
based PMSM control [18], [29], [30]. In healthy operations,
negative sequence currents are not present, and only positive
sequence controllers are used. In the postfault operation below
0.5 p.u. speed, the control structure remains the same. However,
the PWM technique is modified to operate the inverter in 2L
operation.

In the case of MT and ML operation, positive, negative, and
zero sequence currents are present [3], [24]. Hence, in MT
and ML operations, both positive, negative, and zero sequence
current controllers are used. The negative sequence current
controller is marked Fig. 8. For conversion between RY B phase
components and dqp12 components, 6,. is used. The conversion
formulas are given in (2) and (3).

For conversion between RY B phase components and negative
sequence dq components (dqg;5), 0, is replaced by —0,. in (2)
and (3) [3], [24]. The positive and negative sequence current
references are generated using the f (ijqu) block of Fig. 8.

The implementation logic of f (i;rq612) block is shown in Fig. 9.

For the reference current generation, the d and g-axis current
references (iy, i,) are used. The speed controller generates
the torque reference. The g-axis current reference is generated
from the torque reference using torque constant. The d-axis
current reference comes from the filed weakening control.
The current peak and its phases are calculated from the dg-axis
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Fig. 8. Speed control diagram of the SSP-PMSM for healthy and postfault operation.
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Fig. 9. Block diagram for current reference generation ( f (i;i'—q7012))'

current references using the following equation:

RN o
E= atanl_—f. (29)
a

From the current peak and its phases, the phase current
references are calculated using the following equation:
I} = I (apcos(0, — &) + bpsin(0, — &)). (30)

From the phase current references, the positive-sequence
dg-axis current references and zero sequence current references
are calculated using (2) and (3). For negative sequence dg-axis
current reference generation 6,. is replaced by —6,. in (2) and
3).

In the postfault operation below 0.5 p.u. speed, the control
structure remains the same. However, the PWM technique is
modified to operate the inverter in 2L operation. The SSP-PMSM
is operated in the 2V configuration. When the speed is between
0.5wp and wy, the motor is operated in MT or ML operation in
the 1NV configuration of SSP-PMSM. Finally, above w; speed,
the SSP-PMSM is operated with three phases. The algorithm for
implementation of the postfault operation is shown in Fig. 10.

Fig. 10.

Fig. 11.  Experimental motor-generator test setup. An SSP-PMSM is coupled
with a three-phase PMSM.

TABLE IV
CALCULATED SPEEDS FOR DIFFERENT CRITICAL POINTS FROM (20) AND (28)

Parameter wp Wh, MT wi Wi, STP
Value 6000 r/min 5190 r/min 5370 r/min 6000 r/min
(1p.u.) (0.866p.u.) (0.895p.u.) (lp.u.)

V. EXPERIMENTAL RESULTS

The postfault operational technique is validated in a GaN-
based 3L-ANPC inverter-driven SSP-PMSM. Fig. 11 shows the
picture of the SSP-PMSM. The motor parameters are provided
in Table III. The motor has a base speed of 6000 r/min (w, =
2513 rad/s corresponds to 400 Hz fundamental frequency).
Different calculated critical speeds are given in Table IV. The
SSP-PMSM is coupled with a three-phase PMSM, which is used
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(@ (b)

Fig. 12.  Experimental test setup. (a) TI-DSP TMS320F28379D-based DSP
board with voltage and current sensors. (b) 650 V GaN device-based six-phase
3L-ANPC inverter.

TABLE V
CONTROL IMPLEMENTATION PARAMETERS
Parameter Switching fre- | Sampling fre- Contrq]ler )
quency quency execution time
14ps in healthy op-
Value 50 kHz 50 kHz eration. 17ps in
postfault operation.

. Normal operation | Fault 1

1 Postfault operation initiated V,

Postfault operation

scale’500V/div)”
Vm(scale: SOOV/dn)

Fault generated |

iy g (scale:2 SA/div)

RIS

I, (scale: 5A/div)

l L, I, (scale: SA/div)

RN

e
Time scale: 5ms/div

Fig. 13.  Pole voltage and current waveforms for S open-switch fault in the R
phase at 3000 r/min (0.5 p.u.) with 0.85 p.u. loading. In the postfault operation,
the inverter generates 2L pole voltage. The current remains the same as the
normal operation.

for loading the SSP-PMSM. A three-phase resistive load is con-
nected to the three-phase PMSM to generate a speed-dependent
loading of the SSP-PMSM. Operations at different loads are
achieved by changing the load resistance of the three-phase
PMSM. As the loading is done using a three-phase resistive load
at any speed with a constant resistance value, the output shaft
torque remains constant, irrespective of the operational mode.
The SSP-PMSM is controlled using a GaN-based 3L-ANPC
inverter. GaN systems 650 V/60 A bottom cool GaN devices
GS66516B are used for designing the 3L-ANPC inverter. The
inverter is supplied from a 400 V dc source and operated
at a 50 kHz switching frequency. The control technique is
implemented in industry-grade TI’s DSP TMS320F28379D.
The DSP board with sensors is shown in Fig. 12(a). The six-
phase inverter is shown in Fig. 12(b). The current controllers
are implemented in a 50 kHz interrupt service routine (ISR).
The speed controller is implemented in a 1 kHz ISR. The DSP
has an internal clock frequency of 200 MHz. The execution time
for the control loop with the proposed algorithm is ~ 14 us in
a healthy operation. Due to the negative sequence current con-
trollers, the execution time increases in the postfault operation.
In the postfault operations, the execution time is ~ 17us. The
controller implementation details are shown in Table V.

Fig. 13 shows experimental results at 3000 r/min (0.5 p.u.
speed) with 0.85 p.u. load (3 A rms current). The SSP-PMSM
is operated in the 2N configuration. In healthy operation, both
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TABLE VI
MECHANICAL PARAMETER OF THE MOTOR GENERATOR SET

Parameter B J Mechanical  time
(m'N-ms/rad) (m-N—msz/rad) constant (J/B) (ms)
Value 0.138 16.48 119

R and U phases have 3L switching voltages. Both pole voltage
switches between PP, O, and N. An OCF is generated by turning
OFF S device of the R phase (see Fig. 1). The effect of the fault
can be observed only when the switching happens between P
and 0 or the positive half of the fundamental cycle. After the
OCF generation, the positive half of the R phase current gets
clamped to zero. In the fault duration, the R phase pole voltage
switches between P (Vg./2) and 0. In this work, the fault is
generated by removing the gate pulse of the R phase S device.
The other device gate pulses remain the same. The faulty device
remains connected, and the current flow in the negative direction
(through the diode or third quadrant current) is possible. Due to
the ripple negative current through the device (diode) of S of
the R phase, voltage still shows a positive value (Vy./2) in the
fault region before switching to 2L operation.

The motor mechanical parameters are given in Table VI. The
mechanical time constant of the motor is 119 ms. The transient
time in the g-axis current in Fig. 13 is 2.5 ms. Due to the short
transient time and high mechanical time constant, the change in
the motor speed is negligibly small and not observable in Fig. 13.

A delay of 5 ms (one fundamental cycle) is provided between
the fault generation and the initiation of the postfault control.
As OCF is considered in the S; device of the R phase, till
0.5wy, the RY B phases should switch between 0 and N, and the
UVW phases should switch between P and 0. In the postfault
operation, the R phase pole voltage switches between 0 and N,
and the U phase pole voltage switches between P and 0. In the
postfault operation, the g-axis and the phase currents remain the
same as in the healthy operation. The faulty R phase also has
the same current as the healthy operation. The result ensures the
generation of the same current below 0.5 p.u. speed. The g-axis
current (/) represents the torque component. The g-axis current
in postfault operation is the same as in healthy operation. The
g-axis current value is 4.24 A (3A x 1/2) during both healthy and
postfault operations. The measured shaft torque is 3.64 N - m.
The shaft torque and the g-axis current remain the same in both
healthy and postfault operations.

Fig. 14 shows the postfault operation when the speed changes
from 2250 r/min (0.375 p.u.) to 5400 r/min (0.9 p.u.). The fault
is considered in the S, device of the R phase. Till the 3000 r/min
(0.5 p.u.) speed, the inverter operates in the 2L operational mode
inthe 2N configuration of the SSP-PMSM. The U phase voltage
switches between 0 and N (—Vj./2). The zoomed waveform at
2250 r/min is shown in Fig. 15(a). Till 3000 r/min, the currents
are observed in all six phases. The SSP-PMSM is operated in
the 2N configuration. Hence, no current flows between V1 and
N2.In Fig. 15(a), the rms of the six-phase currents is 937 mA
(£2%) (0.27 p.u.). As balanced six-phase current flows, the I,
current value is also 1.32A (0.937A x v/2). The measured shaft
torque is 1.59 N - m.
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Fig. 14.  Postfault operation for S4 of R phase OC'F'. The speed is changed
from 2250 r/min (0.375 p.u.) to 5400 r/min (0.9 p.u.). The inverter is operated
in the 2L operation till 3000 r/min (0.5 p.u.). Between 3000 r/min (0.5 p.u.)
and 5190 r/min (0.866 p.u.) The drive is operated in the ML operation. Between
5190 r/min (0.866 p.u.) and 5370 r/min (w¢) the drive is operated in the MT
operation. Above 5370 r/min (w¢), the inverter is operated in STP mode. The
load is selected such that at STP mode, the load of the SSP-PMSM reaches
0.5 p.u. or rated current in healthy three phases.

Over 3000 r/min (0.5 p.u.) speed, the SSP-PMSM is operated
in the 1 N configuration with five healthy phases. Consequently,
the R phase current becomes zero. The motor is operated in
the ML operational mode till 5190 r/min (0.866 p.u.) in the 1NV
configuration. Between 5190 r/min (0.866 p.u.) and 5370 r/min
(w¢), the motor is operated in the MT operational mode. During
ML and MT operational modes, fundamental frequency current
flows between N1 and N2. The ML operation at 4500 r/min
(0.75 p.u.) is shown in Fig. 15(b). In Fig. 15(b), the maximum
rms current of 2.17 A (0.613 p.u.) flows in the U phase. The
g-axis (I,) current value is 2.11 A (0.422 p.u.) (2.11 = 2.17 x
v/2 x 0.688). The measured shaft torque is 2.94 N - m.

The MT operation at 5250 r/min (0.875 p.u.) is shown in
Fig. 15(c). The measured shaft torque is 3.31 N - m. Above
5370 r/min (w;), the motor operates in STP operational mode.
Consequently, the R, Y, and B phase current becomes zero.
The STP operational mode results at 5400 r/min (0.9 p.u.)
speed is shown in Fig. 15(d). In Fig. 15(d), the rms current
of UVW phases is 3.54 A (1 p.u.). The g-axis current (I,) is
25 A (2.5=3.54 x V2 x 0.5). In Fig. 14, the motor speed is
kept limited to 5400 r/min (0.9 p.u.), as at 5400 r/min speed
in the considered loading condition, the UV W phase current
becomes 1 p.u. (3.54 A rms). The measured shaft torque is
3.37 N - m. The operation in the entire operating range is shown
in Fig. 16 in no-load operation. In Fig. 16, the speed is changed
from 1500 r/min (0.25 p.u.) to 6150 r/min (1.025 p.u.). The
inverter operates in 2L mode till 3000 r/min (0.5 p.u.). The motor
operates in ML mode till 5190 r/min (0.866 p.u.) and MT mode
till 5370 r/min (wy). Above 5370 r/min (w;) speed, the converter
operates in the STP operational mode.

Fig. 17 shows experimental results at 4500 r/min (0.75 p.u.)
with 0.68 p.u. load. Fig. 17(a) shows experimental results in
healthy operating conditions. The SSP-PMSM is controlled
in the 2N configuration. Consequently, no current flows be-
tween N1 and N2. The same rms current (2.41A4 4+ 1.5%)
(0.68 p.u.) flows in all the phases six phases. The g-axis current
is 3.4 A(0.68 p.u.). Fig. 17(b) shows the experimental result
for an OCF in the R phase in the ML operation. In ML op-
eration, different rms current flows in all five healthy phases.
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Fig. 15.  Voltage and current waveform at different speeds of Fig. 14. (a) 2L
operation at 2250 r/min (0.375 p.u.) In 2L operation, the current in the faulty R
phase flows like normal operation. (b) ML operation at 4500 r/min (0.75 p.u.).
The faulty R phase current is zero, and the fundamental frequency current flows
between N1 and N2. (c) MT operation at 5250 r/min (0.875 p.u.). The faulty
R phase current is zero, and the fundamental frequency current flows between
N1 and N2. (d) STP operation at 5400 r/min (0.9 p.u.). Rated current flows in
the UV'W phases. No current flows in RY'B phases.
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Fig. 17. Voltage and current waveform of the SSP-PMSM at 4500 r/min

(0.75 p.u) with 0.68 p.u. load in different operations. (a) Normal operation.
(b) ML operation. (c) MT operation.

The maximum current flows in the U phase. The rms current in
the U phase is 3.52 A (0.994 p.u.) (3.52 ~ 2.41/0.688). The
minimum current of 2.41 A (0.68 p.u.) flows in the Y and
B phases. The g-axis current is the same as that of a healthy
operation (3.4 A). A fundamental frequency current of 2.41 A
rms (0.68 p.u.) flows between N1 and N2. Fig. 17(c) shows
the experimental result in MT operation at the same operating
points. In MT operation, all five healthy phases should have the
same current. All five phases have 3.124 4+ 1.3% (0.881 p.u.)
rms current (3.12 = 2.41/0.771). A fundamental frequency cur-
rent of 2.55 A rms (0.72 p.u.) flows between N1 and N2. As
the loading condition is the same, the g-axis current in normal,
MT, and ML operations are the same (3.4 A). The low-frequency
ripple in the g-axis current in ML and MT operation is the same
as in healthy operation. The measured shaft torque for all three
operational modes in Fig. 17 is 2.94 N - m. The g-axis current in
all three results is 3.41 A. The output torque and g-axis current
are constant at constant speed.

The efficiency variation of the system (inverter+motor) for an
OCFin the R phase at different speeds in MT and ML operations
is shown in Fig. 18. The test condition is the same as in Fig. 17.
At 4500 r/min (0.75 p.u. speed), the ML operation has 0.4%
higher efficiency than the MT operation.

Table VII shows the comparison with the existing literature.
Fig. 13 shows the experimental result in the 2L operation. The
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Fig. 18. System efficiency variation with speed in MT and ML operation. At
4500 r/min (0.75 p.u. speed), the ML operation has 0.4% higher efficiency than
the MT operation.

TABLE VII

COMPARISON OF POSTFAULT OPERATIONS OF SIX-PHASE MOTOR DRIVES
Six-phase .
operation (Full Full Both 1N | Additional

Reference P speed and 2N | hardware
torque) below operation operation requirement
0.5p.u. speed P P q

[19] No Yes No No

[20] No Yes No No

[21] No Yes Yes No

[22] Yes No Yes Yes

This article Yes Yes Yes No

The bold text highlights the applicability of this article with that of the literature.

results show even after a device fault, the motor has current
in all six phases and can generate the same torque, which is
not possible with the methods of [19], [20], [21]. The method
of [22] can generate all six-phase currents but needs additional
hardware to connect the faulty phase to the midpoint of the dc
bus. The proposed method of this article does not need additional
hardware to connect the faulty phase pole to the midpoint of the
dc bus.

The proposed method allows postfault operation above base
speed by operating at STP mode, which is not possible using the
method of [22]. The result is shown in Fig. 16. The maximum
speed operation is possible by operating the motor in the 2NV
configuration [19], [20], [21]. However, operation at 2N config-
uration limits the torque to 0.5 p.u. for SSP-PMSM and 0.577
for ASP-PMSM. The torque can be increased by operating the
motor in the 1N configuration. Operation in both 1N and 2NV
configurations is not discussed in [19] and [20].

Both 1N and 2N configuration operations are considered
in this work. The proposed method maximized the torque by
operating in the 1N configuration below critical speed (w;).
The proposed method also maximized the speed by operating in
the STP mode above critical speed (w;). The proposed method
also enables all six-phase operations (full torque) below 0.5 p.u.
speed that does not need any additional hardware.

VI. CONCLUSION

An open-switch postfault operational technique with the en-
hanced torque—speed region for 3L-ANPC inverter-driven SSP-
PMSM is presented in this article. In case of an open-switch
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fault of SSP-PMSM, the faulty phase is commonly disconnected,
and the motor is operated with the remaining five healthy phases.
Operating with healthy five phases limits the maximum possible
output torque to 0.5 p.u. in the 2N configuration. The output
torque can be increased to 0.771 p.u. by operating the SSP-
PMSM in the 1N configuration. However, the 1V configuration
limits the maximum possible speed below 1 p.u. In this article,
hardware and software modifications are used to enhance the
torque—speed operating region during postfault operation. Be-
low 0.5 p.u. speed, modification in the PWM technique is used
to achieve 1 p.u. torque. Above 0.5 p.u. speed, MT, and ML
operations are used in the 1V configuration of the SSP-PMSM
to maximize the torque output till a critical speed (w;). The
maximum possible torque limit from 0.5 to 0.866 p.u. speed is
0.771 p.u. Finally, above the critical speed, STP operation is used
to maximize the speed limit in postfault operation. The proposed
postfault operational technique has the following advantages.

1) In the postfault operation, the proposed technique en-
ables 1 p.u. torque generation below 0.5 p.u. speed. Con-
sequently, compared to the operation with healthy five
phases, the torque output limit increases by 29.7%.

2) Above 0.5 p.u. speed, the proposed technique maximizes
the torque output limit to 0.771 p.u. by operating the SSP-
PMSM in the 1N configuration.

3) The proposed technique maximizes the speed output limit
by operating the inverter in the STP mode above critical
speed (w;). The STP operation enables operation at 1 p.u.
speed without field weakening (increased by 15.47% from
0.866 to 1 p.u.).

The proposed postfault operational technique enhances both
torque and speed limit without the need for any additional
hardware to connect the faulty phase pole to the midpoint of
the dc bus.

APPENDIX

A. STP Operation

In the case of the STP operation, the three-phase set, which
consists of the faulty phase, is turned-OFF. In the case of a fault
in the R phase, RY B phases are turned-OFF. Hence, the a,, and
b, for the RYB phases become zero. To generate 1 p.u. torque,
ap and by, of UV'W phases should follow (10). a,, and b, values
for UV'W phases are calculated by solving (10) and (11) and
given as (31). MATLAB is used to determine the solutions to
the equations

ay=1 by=V3 ay=—2 b,=0 ap=1 by=—V3.
(31

Equation (31) needs to be followed to generate 1 p.u. torque in
\/ @2 + b2 is higher
than 1. k,, greater than one represents, the current value of the p

phase is higher than the rated value. To keep phase current values
limited to 1 p.u. for all the phases, a, and b, values of all six

af) + bf, . Hence, the modified

values of a,, and b, for UV'W phases are given as (32). The

the STP operation. However, in (31) &k, =

phases are divided by max {
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values of (32) should be used for STP operation
1 V3 1
Ay STP = 5 bu,stP = 5 QSR =35
1 V3
bystp =0 @y sTP = 3 bw,sTP = - (32)

Replacing the values of (32) in (4), the calculated current
vector is |Is| = 0.51,,. From (8), the maximum possible torque
in STP operation is given as (33). Hence, the maximum possible

torque capability in the STP operation (Typmax) is T“%:max =
0.5 p.u. when the phase currents are limited to 1 p.u.
Tupmax = K| Io| = 0.5K,I,,,. (33)

B. MT Operation

In MT operation a,, and b,, are given as (13) for the R phase
failure. For 1 p.u. torque generation, the a, and b, values are
calculated using (10), (11), and (13) for the 1 NV configuration and
are given as (34). MATLAB is used to determine the solutions
to the equations

ay = —0.527 b, =1.185
a, = 1176 b, = 0.547
ap = 1.176 b, = —0.547.

ap, = —0.527 b, = —1.185
a, =—1297 b,=0
(34)

However, the £, value in (34) is 1.279. k,, = 1.279 represents
the required phase current values are 27.9% higher than the rated
value for 1p.u. torque generation. Similar to the STP operation,
to keep the phase current values limited to 1 p.u. for all the
phases, the a, and b, values are divided by max[,/a2 + b2].

The modified a, and b, are given as (35). The values of (35)
should be used for MT operation

aymr = — 0.407 by mr = 0914  apmr = —0.407
bomr = — 0.917 @y vt = 0.907 by M = 0.422
aymMr = —1 bymr =0 aymr=0914

by Mt = — 0.407. (35)

Replacing the values of (35) in (4), the calculated current vec-
tor is |It| = 0.7711,,. The maximum possible torque capability
in MT operation is % = 0.771 p.u. when the phase currents
are limited to 1 p.u.

Similarly, a,, and b,, values are calculated for the 2.V configu-
ration in MT operation. The torque limit is calculated as 0.5 p.u.
As the torque limit is less than the 1V configuration, the MT
operation in the 2N configuration is not further considered in
this work.

C. ML Operation

For ML operation, stator copper loss is minimized for a
given torque. The MATLAB optimization toolbox is used for a,,
and b, determination, where the optimization target is given to
minimize J [copper loss coefficient defined by (14)]. Equations
(10) and (11) are given as constraints. The calculated a,, and b,
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values are given as (36) for 1 p.u. torque generation
ay= —05 b,=0.866 a,=-05 b, =—0.866
a, =1.167 b, =0866 a,=-1333 b,=0
ay = 1.167 b, = —0.866. (36)

However, the k), value in (34) is 1.453 for the U phase. k, =
1.453 represents that the required phase current value is 45.3%
higher than the rated values of 1 p.u. torque generation. Similar
to the STP and MT operations, to keep the current values below
1 p.u. for all the phases, the a, and b, values are divided by

max [ a2 + bf,}. The modified a, and b, are given as (37).
The values of (37) should be used for ML operation

aymL = — 0344 byy = 0596 ayn = —0.344
by = — 0596 aym = 0.803 by yr = 0.596
aymL = —0.918 byy =0 aym = 0.803

b = — 0.596. 37)

Replacing the values of (37) in (4), the calculated maximum
current vector is |I,| = 0.6881,,. The maximum possible torque
capability in ML operation is TM% = 0.688 p.u. when the
phase currents are limited to 1 p.u.

Similarly, a,, and b, values are calculated for the 2NV con-
figuration with ML operation. The torque limit is calculated as
0.5 p.u. As the torque limit is less than the 1 N configuration, the
ML operation in the 2N configuration is not considered further.
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