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Abstract— This paper presents a fault-tolerant control strategy for a twelve-phase open-ended Permanent
Magnet Synchronous Motor (PMSM) with double stator windings, designed for submarine propulsion systems.
Each stator phase comprises two aligned windings positioned symmetrically opposite each other relative to the
stator center. To enhance system reliability, modular architecture is adopted for both the motor and its drive
system. Each stator winding is independently powered by a dedicated single-phase H-bridge inverter, with
individual microcontrollers providing decentralized control. Due to the modular design, each phase operates in
its own stationary reference frame. To mitigate torque ripples caused by higher-order harmonics in the back-
EMF voltage, a harmonic current injection (HCI) strategy is introduced in the stationery reference frame
alongside quasi-proportional resonant (QPR) current controllers. In the event of a phase failure, the proposed
fault-tolerant control (FTC) method compensates by dynamically adjusting the amplitude and phase of the
remaining healthy phases, thereby minimizing second-order torque ripple. The effectiveness of the proposed
approach is verified through comprehensive Simulink simulations under various fault conditions,
supplemented by experimental results.

Keywords— Fault-tolerant control (FTC); Reliability; Drive; Twelve-phase PMSM; H-bridge inverter;
Proportional-resonant controller.

1. INTRODUCTION

In some special applications such as military industries and electric drives used in
submarines, high reliability of the drive system is an essential design requirement. To achieve
this, in addition to using high-quality hardware and equipment, various measures are taken
in both hardware and software. For example, in hardware, redundancy in equipment such as
increasing the number of motor phases, increasing the number of switches, and using
independent single-phase H-bridge inverters for each phase, redundancy in control systems
and microcontrollers, and redundancy in the number of sensors are among these measures.
Additionally, the use of fault-tolerant control (FTC) methods ensures that the drive system can
continue operating without significant disruption during faults [1].

In electric drive systems for marine vessels, especially submarines, PMSMs are
particularly favored due to their high-power density, high torque, high efficiency, and
sufficient reliability. Although three-phase PMSMs have adequate reliability, a fault in one of
the three-leg inverter switches or one of the windings can cause a problem in the drive system.
To further increase the reliability of the drive system, especially in high-power applications,
multiphase PMSMs have attracted the attention of researchers and industry professionals in
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these sensitive applications. Increasing the number of phases reduces phase current and also
mitigates the issues of motor losses and cooling [2]. Consequently, multi-phase PMSMs with
multiple three-phase windings (6, 9, and 12 phases) have been used in medium to high-power
applications. In high-power applications, the use of a modular design in both the motor and
the power and control systems maximizes the reliability of the drive.

Multiphase motors are divided into two main categories: symmetric and asymmetric. In
the symmetric type, the angle between the axes of all windings is equal, while in the
asymmetric type it is not. Fig. 1 shows two commonly used types of twelve-phases PMSM
drives [3]. In Fig.1(a) shows the design of an asymmetric twelve-phase PMSM with four sets
of three-phase windings. This includes four sets of three-phase star-connected windings, with
an angle of 30° between two same windings in two adjacent sets. These four three-phase sets
have only one star point and are powered by four independent three-phase inverters [4].
Fig. 1(b) illustrates a symmetric twelve-phase motor, where each phase is powered by an
independent single-phase H-bridge inverter [5]. This design provides the highest level of
reliability because if a fault occurs in one winding or one H-bridge inverter, the remaining
motor phases continue to produce torque. This structure is practically designed and
implemented in a modular form. In this paper, a design similar to the modular design in
Fig. 1(b) is used to ensure maximum reliability. In the proposed design, each motor winding
has two parts, located on opposite sides of the stator circumference, and is referred to as the
double winding twelve-phase PMSM.

DC DC
AC AC
o o
o
o

DC DC
AC AC

(a) (b)

Fig. 1. Two superior structures for the twelve-phase PMSM electric drive: a) Asymmetric 12-phase drive,
including four sets of three-phase star-connected windings and four three-phase inverters; b) Symmetric 12-
phase drive, including 12 separate open-ended windings and 12 independent single-phase H-bridge
inverters [3].

To improve the performance of the PMSM drive under fault conditions, the source of
the fault must firstly be identified, and then an appropriate control method should be applied
[6]. Therefore, fault diagnosis and fault control are two successive stages. Faults in a drive
system can be divided into two categories: mechanical faults and electrical faults.
Unfortunately, most mechanical faults, such as bearing faults, are irreversible and
unrepairable, and fault detection aims to prevent further damage to the drive system and load.
But, fortunately, 90% of faults in drives are electrical faults. Therefore, fault-tolerant control
mainly focuses on applying appropriate control methods during the occurrence of electrical
faults in the drive system. Electrical faults can be classified into five categories: inverter faults,
stator faults, sensor faults, control system faults, and demagnetization faults. Among electrical
faults, inverter faults are the most common [7]. Inverter faults include open-circuit faults in
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semiconductor switches, short-circuit faults in semiconductor switches, open-circuit faults in
one leg, and short-circuit faults in one leg [8]. Fault-tolerant control of PMSM drives typically
involves both software and hardware methods. The software method refers to improving the
control strategy used after a fault occurrence, while the hardware method usually considers
using a fault-tolerant inverter structure instead of the conventional inverter structure so that
the drive can continue operating. In practice, both software and hardware methods can be
combined to create an optimal fault-tolerant control method. For three-phase PMSMs, various
fault-tolerant control methods based on direct torque control, model predictive control, and
vector control based on MTPA have been proposed. Additionally, different inverter structures,
such as three-leg three-phase inverters, four-leg three-phase inverters, and H-bridge three-
phase inverters, have been utilized [9].

To apply appropriate control methods to the twelve-phase PMSM and also control the
motor under fault conditions, a suitable dynamic model of the motor must be employed. For
dynamic modeling of sinusoidal three-phase PMSMs, Park (dq) or Clarke (af}) transformations
are typically employed to represent the system in either rotating or stationary reference
frames. Similarly, for twelve-phase PMSMs, various modeling approaches exist, analogous to
those used for three-phase motors. These methods include (1) Modeling in independent dgq
reference frames [10], (2) Modeling in independent, decoupled dq frames [11], (3) Modeling
using vector space decomposition (VSD) [12], and (4) Modeling in twelve-axis stationary
reference frame [13]. For a twelve-phase PMSM with sinusoidal back EMF, the first three
modeling methods are commonly employed, with no significant difference in computational
complexity among them. However, modeling non-sinusoidal PMSMs requires additional
consideration when applying these methods. Proposed approaches for modeling non-
sinusoidal PMSMs include (a) non-sinusoidal vectorial or extended Park method [14], (b)
Modeling in one dq reference frame considering harmonic components [15], (c) Modeling in
multiple harmonic dq reference frames (MRF) [16], and (d) Vector space decomposition (VSD)
method [28]. The VSD modeling method offers several advantages, including the ability to
work with simplified models across three two-dimensional subspaces, facilitating easier
controller design and more straightforward harmonic control.

Additionally, this method enables the modeling of non-sinusoidal motors—such as
those with non-sinusoidal back-EMF voltages — as sinusoidal motors, simplifying analysis and
control. However, both the VSD method and other dg-based modeling techniques are only
applicable when the motor employs a centralized control system. Due to the modular structure
of the drive system studied in this research, conventional two-axis-based modeling methods
cannot be applied. Furthermore, the non-sinusoidal nature of the back-EMF voltages adds to
the complexity. Therefore, for the twelve-phase PMSM with double winding, as illustrated in
Fig. 2, modeling in the twelve-axis stationary reference frame is required.

This paper studies fault-tolerant control for a twelve-phase PMSM with double stator
winding. The physical distribution of the windings of this motor is shown in Fig. 2. The angle
between two adjacent phase windings is 15 degrees.

It should be noted that in this motor, there are practically 24 independent single-phase
H-bridge inverters and a total of 96 switches, which are controlled by 12 independent
microcontrollers. Fig. 3 shows the schematic of the modular drive of the twelve-phase double
stator PMSM, where each half of the winding of each phase is powered by a single-phase H-
bridge inverter.
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Fig. 2. Winding arrangement in the 12-phase PMSM with double winding used in this research.
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Fig. 3. Schematic of the modular drive system for the 12-phase PMSM with double winding studied in this
research.

As shown in Fig. 3, both H-bridge inverters of a phase are controlled by a local
microcontroller, and have no data exchange with the other microcontrollers. So, each local
microcontroller controls itself windings is unaware of the voltage and current of other phases.
A central microcontroller upstream of all local microcontroller receives the reference and
actual values of speed, rotor position and health status of each module (including winding
and H-bridge inverter) and then determines the reference currents of each phase and send to
the corresponding local microcontroller.

The control methods for three-phase PMSMs are highly diverse. While these methods
can also be applied to twelve-phase PMSMs, their practical use is less common due to the
increased number of phases, higher computational burden, processing limitations in
microcontrollers, and the poor performance of some methods in high-power motors. Vector
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control is the most widely used primary method for both three-phase and twelve-phase
PMSMs, offering relatively fast dynamics and smoother torque compared to other approaches
[17]. For twelve-phase PMSMs, vector control is implemented in independent dq frames,
decoupled dq frames method [18]. However, vector control for twelve-phase PMSMs has
several drawbacks, including the computational complexity of Park transformations,
challenges in tuning multiple PI controller coefficients, and sensitivity to changes in motor
parameters. Model Predictive Control (MPC) has emerged as an effective and optimal strategy
for controlling switching and nonlinear systems, gaining widespread adoption in electric drive
applications, including PMSM drives [19]. Several studies have explored MPC for twelve-
phase PMSMs using two-level [20,21]. However, MPC is also sensitive to parameter variations,
and while model-free and robust predictive methods have been proposed for three-phase
PMSMs, they have not yet been extended to twelve-phase PMSMs. Most conventional control
methods rely on motor models in two-axis reference frames, necessitating transformations
such as abc-to-dq or aP. However, in the modular drive structure investigated in this
research —where each phase is controlled independently — these conventional methods cannot
be applied. In summary, due to the modular architecture of the control system studied here,
none of the existing modeling and control methods based on two-axis theory (for either three-
phase or twelve-phase PMSMs) are suitable. Instead, phase-independent modeling and
control approaches must be developed.

The rest of this paper is organized as follows. In section 2, firstly the motor modeling in
twelve-axis stationary reference frames is presented, and then, considering the non-sinusoidal
back-EMF voltages, drive control using the harmonic current injection strategy is developed
with respect to the modular system limitations. Section 3 presents a fault-tolerant control
based on zeroing the resultant torque resulting from the second harmonic of the remaining
healthy windings under various fault conditions. In section 4, to demonstrate the theoretical
analysis, some simulation results of the drive performance at healthy and faulty conditions are
provided and in section 5 some experimental results are provided. Finally in section 6, the
conclusion and some suggestions are presented.

2. MODELING AND CONTROL OF MODULAR DOUBLE-WINDING TWELVE-
PHASE PMSM

2.1. Modeling in Stationery Reference Frame

Due to the modular nature of the motor and control system, as shown in Fig. 3, there is
no data exchange between the control systems of the motor phases. Therefore, none of the
three-phase and twelve-phase PMSM modeling methods based on the two-axis theory and
control methods for symmetric twelve-phase PMSMs cannot be applied. Additionally, the
non-sinusoidal nature of the back-EMF voltages further complicates it. Fig. 4 shows the
detailed data exchange between central microcontroller and local microcontrollers.

Therefore, for the twelve-phase modular motor with non-sinusoidal back EMF voltages,
modeling must be performed in a twelve-axis stationary frame. Using arrangement of the
PMSM windings shown in Fig. 2, the voltage-current relationship for each phase obeys the
following:

. d
Uy = Rgly + Elpx + ey (1)
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where R; is the resistance of each phase, and v,, i,, e, are the voltage, current, induced back-
EMF voltage due to the permanent magnet of the rotor and y, is the flux linkage of the
winding x, (x = A1, A, By, ..., L,) respectively. The flux linkage of each winding depends on
the its own current and the current of the other 23 windings and can be calculated using the
following relation:

lpx = inx + Zy:Al,Az,Bl,Bz,...,Lz Mxyiy (2)
(x#y)
where L, and M,,, are the self-inductance of winding x and the mutual inductance between

two windings x and y. The stator inductance matrix, when two windings of each phase
(eg. Ay, Ay) are separate, is a 24 X 24 matrix. But for improvement the motor performance at
low speeds, two windings of a phase are connected in series and so, the inductance matrix is
converted to a 12X 12 matrix. Supposing that the PMSM in this study has a surface-mounted
rotor type, the stator inductance matrix always has constant elements. The electromagnetic
torque of the double-winding twelve-phase motor T, and the mechanical speed of the motor
wy, can also be calculated using the following relations:

T, = Zx:Al,...,L2 % 3)
O =7 [(T, = T))dt (4)

where wy, J, and T, are the electrical rotor speed, rotor inertia moment, and load torque,
respectively. To implement of the model in Simulink, a 24-phase winding can be used, that to
each phase, a dependent voltage source with desired harmonic waveform function of rotor
position 6, and amplitude as function of rotor speed, can be added in series.

Reference speed  Rotor position ~ Back-EMF harmonic
(ref) (62) spectrum (E1,Es Es E7)

Central microcontroller ﬂ ﬂ ﬂ

1- Speed calculation based on rotor position signal

2- Speed control based on given reference speed

3- Determine the reference currents for each phase in healthy mode using
current shaping strategy

4- Determine the reference currents for each phase in fault mode using
FTC method

Reference Health status
Local microcontroller #1 current of Aj, A
(phase A) of Ay, Az

1. Health monitoring of the two wimndings A; and A; and
corresponding mverters

2. Current regulation of two windings A1 and A» based on
corresponding reference and feedback currents of A; and A, ceone

3. Generating the gate signals of corresponding single-phase H-

bridge mverters
_Gatc Current | | Health _Gahe Current | | Health
signals| | feedback| | status 8l feedback| | status
H-bridge inverter H-bridge inverter
of winding A, of winding A;
Winding A Winding A;

Fig. 4. Flowchart of data exchange between micro-controllers in the modular drive of
twelve-phase PMSM studied in this research.
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2.2. Control using Harmonic Current Injection Strategy

Due to the harmonics present in the back EMF voltages of the phases, the harmonic
current injection strategy in stationery reference frame is used to reduce the torque ripple of
the motor. In this strategy, harmonic currents with appropriate amplitudes are adjusted in
each phase so that the harmonic components of the torque are nullified and only the constant
torque remains [22]. For the motor studied in this paper, only the 1st, 314, 5th, and 7th harmonics
are present in the back EMF voltages of each phase; So, back EMF voltage of winding x (here;
x = A1,4,) can be written as follows:

ex(t) = E;sinw,t + Ezsin3w,t + Essin5 w,t + E; sin7 w,t @)
where E; to E; are the amplitudes of the back-EMF voltage harmonics, that are 1, 0.2, 0.1, and
0.02 per unit, respectively. If the injected current into winding x (here; x = A;,4,) is considered
as:

iy(t) =Isinw,t+ Igsin5w,t + I;sin7 w,t (6)
where I; to I; are the amplitudes of the phase currents’ harmonics. Note that for other
windings, the argument of the sinusoidal functions in above equations changes according to
Fig. 2. For example, for windings of two phases B and L, they can be written as:

ig,(t) = ig,(t) = Iisin(wyt + 15°) + Issin5(w,t + 15%) + I;sin7(w,t + 15°) (7)

i, (t) =iy, () = Iisin(w,t + 165°) + [ssin5(w,t + 165°) + I;sin7(w,t + 165°) 8)

With some calculations, it can be shown that the total instantaneous air gap
electromagnetic torque (T,) of the motor studied in this paper with Egs. (5)-(6) can be
calculated as follows:

T, (6) = P9 - ZeDi®

Wy

=Ty + Tgsinbw, t + Ti5sin12 w,t )

where, P, is the airgap power of the motor and Ty, Tg and T;, are the average torque component
and the 6th and 12th order harmonics of the instantaneous motor torque, respectively and are
derived as follow:

3
TO - Z_wr [E]_Il + E5]5 + E7I7] (10)
3
Te = 2_ [I1(E; — Es) — IsE; + I E] (11)
T, = [ IsE7 — I;Es] (12)

20
To determme the amplitude values of the harmonic currents for each phase, by setting

T, equal to the reference torque (T,; output of the speed controller) and setting T and Ty, to

zero, the reference values of the harmonic current amplitudes are determined as follows:

I3 1.006 1, -
i = [ 00671 —re (13)
I 0. 0134

where I3 to I are the amplitudes of the phase currents” harmonics. Using Egs. (6) and (13),
the time domain of the reference current for both windings of the phase A, based on the
reference torque, can be determined as follows:
in,() =iy, (t) = I{sin w,t + Igsin Sw,t + I7sin 7wt (14)
Tracking the harmonic reference current proposed with Eq. (6) using conventional PI
controllers, with respect to their limited bandwidth, does not yield a satisfactory dynamic
response and results in significant torque ripple. Hysteresis controllers also do not provide
satisfactory responses for current regulation due to variable switching frequencies and
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permanent current errors. In contrast, proportional-resonant (PR) controllers have higher gain
at the resonant frequency, which can be used to track AC reference signals with frequency
equal to the resonance frequency [16]. However, the high gain at the resonant frequency makes
the system sensitive to external signal frequencies, leading to instability. Therefore, a quasi-PR
(QPR) controller has been proposed, which not only maintains the ability to control AC signals
like a PR controller but also increases the bandwidth of high gain. The transfer function of the
QPR controller can be expressed as follows:

Gpr(s) = Kp + Kr (15)

where w is the resonant frequency, K, and Ky are the proportional gain and resonant gain,

2W¢S
S2+2wes+ w3

respectively, and w, is the cut-off frequency of the transfer function. If, in addition to
controlling the main signal with frequencyw,, the reference signal includes higher order
harmonic signals, it is needed to modify transfer function Eq. (15) with respect to existence
harmonics. Hence, with respect to the reference current shown by Eq. (6), the transfer function
of the QPR controller should be considered as follows:

GQPR (s) = Kp + KRl 5242w, S+(wo)? + KRS 5242W¢5+(5w0)? + KR7 5242w, 5+(7w,)?

where Kgj, is the resonant gain corresponding to ht harmonic (h = 1,5,7), w,, is the cut-off

2w¢, S 2w S 2wc, S

(16)

frequency due to hth harmonic [23]. The optimal values of the parameters Kp, Krp, and wcp, for
the twelve-phase PMSM drive in this research and for its different harmonics are determined
using the trial-and-error method [22].

3. FAULT-TOLERANT CONTROL IN MODULAR TWELVE-PHASE PMSM DRIVE

Significant work has been done over the past two decades on fault-tolerant control for
multiphase PMSMs with fewer than 12 phases, including five-phase and asymmetric twelve-
phase motors [24,25]. However, only limited research has been conducted on twelve-phase
PMSMs and brushless DC (BLDC) motors. In reference [26], a fault-tolerant control method
for a twelve-phase PMSM connected to a mechanical flywheel load is presented for an open-
circuit fault in one phase of the motor. In the drive structure presented in this reference, the
twelve-phase motor is considered as four three-phase motors, with each three-phase set
modeled independently in the dq reference frame that each set powered by an independent
three-phase three-level inverter. Ref. [27] extends the method presented in reference [26] for
the same twelve-phase PMSM by proposing a fault-tolerant control method for two open-
circuit faults in two different three-phase sets. In the proposed method, the two faulty three-
phase sets are considered as two single-phase motors. In [14], a fault-tolerant control method
is provided for a twelve-phase BLDC motor powered by 12 independent single-phase H-
bridge inverters in the case of an open-circuit fault in one phase. In the proposed FTC method,
assuming sinusoidal shape for currents and back EMF voltages, with the occurrence of a fault
and the loss of one or more phases, the total electromagnetic torque includes the constant
torque as well as harmonic oscillations with twice the current frequency. In proposed FTC, the
amplitude and phase of the current in some healthy phases are adjusted such that the sum of
the second-order harmonic components of torque of all remaining healthy phases becomes
zero.

The fault-tolerant control strategy used in this study is based on balancing the second
harmonic components of the torque in the motor windings under fault conditions. In a healthy
state, the second harmonic components of the motor phase torque are balanced with each
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other, resulting in a sum of zero. Consequently, the instantaneous torque of the motor, with
ignoring the effects of the non-sinusoidal back-EMF voltages, cogging torque, and high-
frequency oscillations due to inverter switching, remains constant.

However, when a fault occurs in one or more windings, the generated torque becomes
oscillatory, adding a second harmonic oscillatory torque component to the constant torque.
The fault-tolerant control (FTC) strategy used in this study is based on reconstructing the
amplitude and angle of the main harmonic current of one or some healthy windings to re-
establish the balance between the second harmonic torques of the healthy winding [5].
Suppose the main harmonic current vectors of the twelve motor phases are shown in Fig. 5(a).
The second harmonic torque component vectors of the various phases will be as depicted in
Fig. 5(b), which are in complete balance with each other and sum is zero.

L, IA }1-{2

>

Hy, Hy N/ Lyl
e, h | ! _.”.’

Gy, G

AIFAZ

- i '\ .,
. VA AN -
Fy,Fy SN By, B
rs 1 by
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El- EQ !I ClJ CZ
Dy, Dy
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Fig. 5. Current vectors and second harmonic torque vectors of the windings of the twelve-phase PMSM:

a) Main harmonic current vectors; b) Second harmonic torque component vectors.

3.1. Single-Phase Fault

With an open-circuit fault in the winding A; of phase 4, a non-zero second harmonic
appeared in the total torque. In other words, in Fig. 6, by removing the second harmonic vector
of the winding A, (dashed vector), the sum of the second harmonic torque vectors of the
remaining 11 healthy phases is no longer zero. To eliminate the second harmonic of the torque
in the fault condition, two vectors E; and I; to be shifted by 6p;¢; toward the lost winding A4,
to obtain the new torque vectors E’; and I';. This shift must be such that the sum of the second
harmonic torque component vectors of the remaining phases becomes zero.

According to Fig. 6, the necessary second harmonic torque component angle shift for
two windings E; and I; are —30° and +30°. Note that these 30° shifts occur in the second
harmonic torque of these two windings. Since the torque angle of each phase is the sum of the
current angle and the back-EMF voltage angle, and the back- EMF voltage angle cannot be
changed, to change the angle of torque, the main harmonic current angle of corresponding
phase must be shifted by exactly 30°.

Also, the amplitudes of all windings are adjusted to appropriate and permissible values
to meet the load torque requirements. In each set of 12 windings, there are 12 single-phase
fault scenarios, which are listed in Table 1 along with their compensator phases. For faults in
the second winding of each phase (e.g., a fault in A,), the same Table can be used, and the last
row in Table 1 refers to compensating for a fault in the winding A,. In total, there are 24 single-
phase fault scenarios.
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Fig. 6. Second harmonic torque angle shift of the two windings E4, I in twelve-phase PMSM in the case of

fault in winding A4;.

Table 1. Single-phase fault scenarios and corresponding compensator windings (In total 24 scenarios).

Faulty Compensator Required angle shift in
winding windings compensator windings
Ay L E; +30° —30°
B, - F; - —60°
(o K, - +60° -
Dy Ly H; +30° —30°
E; - L - —60°
F; B, - +60° -
Gy ¢ K, +30° —30°
H; - Ly - —60°
I E; - +60° -
A F B, +30° —30°
Ky - C, - —60°
Ly H; - +60° -
A, I, E, +30° -30°

3.2. Two-Phase Fault

Suppose that two windings A; and B; have a fault. In this case, according to Fig. 5, there
are two balanced three-phase sets (Cy, G1,K;) and (Dq, Hy, L;) where the sum of the second
harmonic torques of each set is zero. However, the three-phase set (4, E;,I;) becomes
unbalanced due to loss of winding A; and the three-phase set (B4, F;,J;) becomes unbalanced
due to loss of winding B;. To compensate for these faults, with similar manner to single-phase
fault compensation, the current angle of the two windings (E3, I;) is shifted by (—30°,+30°) to
compensate for the lost A; winding, and the current angle of the two windings (Fy,/;) is
shifted by (—60°,0°) to compensate for the lost winding B;. In each set of 12 windings, the

number of two-phase fault scenarios is equal to the function (12), which is 66 cases, that some

2
of them are listed in Table 2 and there are totally 122 two-phase fault scenarios. Note that if

two faults occur in two windings belonged to different sets (for example, A; and B,), the
single-phase fault analysis method described in sections 3.1 is used for each set.

3.3. Three-Phase Fault

In the event of fault in three phases, the compensation is carried out similarly to the
previous two cases. In this case and for each set of 12 windings, the number of three-phase
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fault scenarios is equal to the function (12), which is 220 cases, that two cases of them are

3
listed in Table 3 and there are totally 440 three-phase fault scenarios. Note that if three faults

occur in two different sets (in a 2+1 manner), compensation method described for single-phase
and two-phase faults in 3.1 and 3.2 should be used.

Table 2. Some two-phase fault scenarios and corresponding compensator windings (In total 122 scenarios).

Faulty Compensator Required angle shift in
windings windings compensator windings
Al ) Bl 11 El Kl Fl +300 _300 00 _600
Al ) Cl 11 El Kl - +3OO _300 +6OO OO
Al ’Dl 11 El Ll Hl +3OO _300 +3OO _300
AL By - 6 - - 0° =60° 0° 0°
Al ) Fl 11 El Bl - +300 _300 +600 00
Ay,Gy L E ¢ Ky +30° -30° +30° -30°
A Hy L E - Ly +30° -=-30° 0° -—60°
AL G, - - — +60° 0° 0° 0°
A ]y L E; F By +30° -30° +30° -30°
ALK L E - € +30° =30° 0° -—60°
Al ’Ll 11 El Hl - +300 _300 +6OD OD

Table 3. Some three-phase fault scenarios and corresponding compensator windings (In total 440 scenarios).

Faul Required angle shift in compensator
. .ty Compensator windings 4 & o P
windings windings
Ay, By, Cy I,,E, F,, K, +30°,-30%,—-60°,+60°
A, By, Dy L,E, ,F,, L,H; +30°,—-30°,—-60°,+60°,—30°

3.4. Four-Phase Fault and More

In the event of fault in four phases, the compensation is again carried out similarly to the
previous cases. However, in this case, the number of compensator windings increases, and in
some cases, it may reach up to 8 windings. In this case and for each set of 12 windings, the

number of four-phase fault scenarios is equal to the function (142), which is 495 cases, that two

cases of them are listed in Table 4 and there are totally 990 four-phase fault scenarios. Note
that if the faults occur in two different sets, depending on the combination of the fault in two
sets (1+3 or 2+2), the compensation method described in the three sections 3.1 to 3.3 are used.
For fault occurrences in five phases and more, a similar approach can be applied, but for
brevity, the fault occurrences in five phases and more are not discussed.

Table 4. Some four-phase fault scenarios and corresponding compensator windings (In total 990 scenarios).

Required angle shift in compensator

Faulty windings Compensator windings
d 8 P & windings
AllBllCI' Dl IllEl IF1/ Kl/ L11H1 +300,_300,_600, +600, +300,_300
AI' BllDl'El Gl/Hl —600,—1500

4. SIMULATION RESULTS

In this section, for a twelve-phase 10-pole motor with nominal specifications of 200 kW
power, 320 V voltage, 315 rpm speed, 15 mQ phase resistance, 525 uH phase inductance, 0.15
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Kg.m? inertia, 1.2 Wb pole flux, and 25.5 N.m/A torque constant, some simulations are
presented. Fig. 7 illustrates the block diagram of the double stator winding, twelve-phase
PMSM control system in this study using harmonic current injection strategy as well as QPR
controllers for winding current regulation. A PI controller generates reference torque based on
tracking error of speed. Using harmonic current injection strategy and based on eq. (14) the
current reference for all phases is determined and finally by 24 QPR controllers, the current
regulation is implemented.

Master microcontroller :
Local microcontroller A Al
'-f < .
Fa | P winding By PN _'J i 1 phf'!‘e
L H-Bridge
QPR Current Cortroller Modulater bl
- Inverter
Torque Control Ay
Cd;-; T via
i Speed Controller Harmonic Sl .
Local micrécontroller L
current injection
strategy @ ¥ L L L2
W F L tEwinane Larwm 7| 1phase
| ntralier Maodulator Ed |' 1 H-Bridge
F 3 3 "+
Inverter
E, E3Es 0O,

Fig. 7. Schematic of control system for the double stator windings twelve-phase PMSM using harmonic current
injection strategy.

In this section, four fault scenarios are simulated that faulty windings are belonged to
one set of 12-windings. To simulate the performance of the fault-tolerant control system in a
single-phase fault, it is assumed that the winding A; of phase A is lost at time t=0.65 sec. To
observe the disturbance in the developed electromagnetic torque, it is assumed that the fault-
tolerant control (FTC) algorithm is activated after 0.2 sec delay at t=0.85 sec. According to
Table 1 it is carried out by adjusting the amplitude and angle of the two windings E; and I;.

Fig. 8 shows the simulation results that the torque experiences some oscillations.
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Fig. 8. Behaviour of the fault-tolerant control system in the event of the single-phase fault in windings A;.
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Although this oscillation is not very noticeable due to the many numbers of healthy
windings, even this slight oscillation is eliminated by applying the fault-tolerant control
method. According to the first row of Table 1, to compensate for the fault, the current angles
of the two windings E; and I; are changed by (-30°, +30°) and the reference current value of
the compensating windings E; and I is increased by 50%, from 81 A to 123 A. Fig. 9 shows
the system's performance simulation under two-winding fault conditions.

iA1_ref &iA1 [ iB1_ref& iB1 [A] (Faulty windings)
T T T

T T ]
7N - Al ref &iA1 |, iB1ref& iB1
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Fig. 9. Behaviour of the fault-tolerant control system in the event of the two-phase fault in windings A; and B;.

The two windings A; and B; are lost at time t = 0.65 sec, and to compensate for this,
according to the first row of Table 2, the current angles of the three windings E;, F; and I; are
changed to (-30°, -60°, +30°), and their amplitudes are increased by 50%. Upon the occurrence
of the fault, the torque experiences slight oscillations; however, after applying the fault-
tolerant control method at t = 0.85 sec, the quality of the produced torque returns to the state
before the fault occurred. Fig. 10 shows the system's performance simulation under a load
torque of 6000 N - m in the event of the fault in three windings. The three windings A,, B; and
C, are lost at time t = 0.65 sec, and to compensate for this, according to the first row of Table 3,
the reference values' amplitude is increased by 50%, from 80 A to 126 A. Upon the occurrence
of the fault, the torque experiences severe oscillations, and the speed even drops from 316 rpm
to 260 rpm. After applying the fault-tolerant control method at t = 0.85 sec, the torque and
speed return to the state before the fault occurrence. Fig. 11 shows the system's performance
simulation under a load torque of 6000 N - m in the event of the fault in four windings. The
four windings A,, By, C; and D, are lost at time t = 0.65 sec, and to compensate for this,
according to the first row of Table 4, the reference values' amplitude is increased by 50%. Upon
the occurrence of the fault, the torque is significantly reduced, and the speed also experiences
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anoticeable drop. After applying the fault-tolerant control method at t = 0.85 sec, the produced
torque and speed tracking return to the state before the fault occurred.

Fig. 10. Behaviour of the fault-tolerant control system during the three-phase fault in the three windings 44, By
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Fig. 11. Behaviour of the fault-tolerant control system in the event of the four-phase fault in the four windings
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5. EXPERIMENTAL RESULTS

To confirm the proposed FTC control methods in fault conditions for the double-
winding twelve-phase PMSM drive, some practical tests were conducted on the laboratory
setup using introduced PMSM in previous section. The schematic of the setup is shown in
Fig. 12, where 13 STM32F407VGT6 microcontrollers have been used as central and local
controllers. The drive of each phase consists of a microcontroller board as well as double H-
bridge single-phase inverters and a separate excited DC generator is employed as load. The
parameters for all winding QPR controllers are the same and, according to (17), are Kp =1,
KR1 = 15, KR3 = 0.1, KR5 = 0.1, and Wei = 10

Master control _

Fig. 12. Experimental setup of modular twelve-phase PMSM drive.

The practical test results for the four-phase fault in windings A;,4, and Cy;,C, are
examined. For this purpose, the dual H-bridge inverters of two modules A (H:) and C (Hs) are
turned off. Actually, this case of fault is a two-phase fault in two different sets corresponding
to the second row of Table 2. Fig 13 shows the motor speed and winding current /; in healthy
condition of the motor at speed reference or 120 rpm, whereas harmonic current injection
strategy is employed. The speed fluctuation is 3 rpm (about 2.5%). Fig 14(a) shows the motor
speed and winding current /; while two modules A and C are turned off and four windings
A4, A; and Cy, C; have no involvement to develop the torque. It can be seen that due to the
torque ripple created, the speed fluctuation increases to 12 rpm (about 10%). To reduce torque
ripple, the fault tolerant method is used for twelve-phase sets separately. To re-establish
balance between 10 remaining vectors in each set, corresponding to the second row of Table 2,
the direction of /; and E; is shifted by +30°and -30°, resulting in the new current vector I'; and
E';.Similar compensation is carried out in other 12-winding set and the direction of I, and E,
is shifted by +30° and -30°. Fig. 13 shows the practical results of applying the proposed FTC
method. In Fig 14(b) the motor speed and winding current /; are shown. The speed fluctuation
decreases to 4 rpm, which means 75% improvement in speed fluctuations. Fig. 15 shows the
currents of some healthy windings of set 1 (Ej, I;, K1, G1). The currents of set 2 (E3, I,, K3, G)
are also identical to the corresponding currents in set 1. When one or more windings are lost,
the motor operates unbalanced, which increases the motor vibrations. Considering that in the
practical test, ripple measurements were performed based on speed fluctuations, in order to
verify the results of torque ripple reduction, vibration measurement was performed by
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installing vibration sensors on the motor, gearbox, shaft and load assembly in scenario of four-

phase fault in A;, A, and Cy, C,.
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Fig. 16 shows the vibration measurement in both cases without compensation and with
compensation. It is clear that with using of FTC method, the vibration has decreased

significantly.

Fig. 16. Vibration measurement in four-phase fault on windings 4, 4, and Cy, C, with (red curve)
and without compensation (blue curve).

6. CONCLUSION

In this paper, fault-tolerant control in the modular twelve-phase PMSM drive has been
studied. Considering the non-sinusoidal back-EMF voltage of the motor phases, current
shaping or harmonic current injection (HCI) strategy along with QPR current controllers has
been used to eliminate second harmonics present in the torque in the healthy state. A fault-
tolerant control method in faulty conditions based on elimination the sum of the second
harmonic components torque of healthy phases has been presented, and various fault
scenarios have been investigated. It is noted the proposed current angle shifts in each fault
scenario are not the only solution, and torque ripple elimination by angle shifting of current
in other windings also may be obtained. Additionally, it should be noted that the presented
fault-tolerant control method can only eliminate the second harmonic torque ripple caused by
the main harmonic of current and back EMF voltage, and if the back EMF voltages are non-
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sinusoidal, even higher-order harmonic components (up to the 14th order in this article) will
be present in the torque in faulty conditions. However, through simulation and experimental
results, for non-sinusoidal back-EMF voltages in faulty condition, it has been found that using
harmonic current injection strategy along with FTC method has superior results rather than
using FOC strategy and injecting the sinusoidal currents. In this study the harmonic content
percentage of back-EMF voltage used in HCI strategy is considered to be constant. More exact
results may be obtained, if the back-EMF voltage is estimated online.
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