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ABSTRACT

This paper proposes a generalized fault-tolerant control strategy for dual three-phase
permanent-magnet synchronous machines (DT-PMSMs) based on a Permutation Reduced-
Order Matrix Fault-Tolerant Control (PROM-FTC) method. The approach analytically
characterizes the current relationships under any single open-phase fault by introducing a
permutation matrix. This enables the automatic and accurate computation of the reference
currents without relying on lookup tables or if—else structures. Regarding objective function,
the stator copper loss minimization strategy is used to find the optimal currents. The proposed
method is validated in MATLAB/Simulink through a sequence of six individual open-phase
faults. Simulation results demonstrate that PROM-FTC maintains constant electromagnetic
torque during all faulty cases. Additionally, an analysis of stationary current trajectories is
conducted to characterize the behavior of each fault scenario, resulting in an effective approach
for fault detection and localization. These results confirm the efficacy and generality of the
proposed PROM-FTC strategy for DT-PMSMs.

Keywords: Fault-tolerant control, PMSM, dual three-phase, loss minimization, electrical drive.
1. INTRODUCTION

DT-PMSMs have emerged as a leading technology in modern industry, particularly in
sectors demanding high power density and reliability. Their architecture, which features two
independent three-phase windings, offers significant advantages over conventional three-
phase machines, including enhanced power/torque sharing [1], smoother torque output, and
higher fault tolerance [2]. These features make DT-PMSM especially attractive for aerospace
and other safety-critical applications, where uninterrupted operation is essential [3]. DT-
PMSMs can satisfy these sectors as they provide the ability to continue functioning even of
one phase fails, thus reducing the risk of catastrophic failure [4].

However, the increased complexity of these machines introduces new challenges,
particularly in fault-tolerant control (FTC). Single open-phase faults, where a phase becomes
disconnected, are among the most common and disruptive issues, leading to unbalanced
currents, increased losses, and torque ripple [5]. In order to achieve effective control of DT-
PMSM drive system under open-phase faults, some scholars proposed FTC strategy based on
the reduced-dimension model [6], [7]. However, with this type of control strategy, different
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decoupling transformations and modulation strategies need to be constructed according to
different fault states. Therefore, the FTC structure is complicated since it needs 6 different
matrices for 6 phase fault cases. Another class is based on full-dimensional models, which
eliminates the need to reconfigure the transformation matrix or the control scheme during
faults [8]-[10]. However, because open-phase faults impose constraints on the stator currents,
electrical coupling inevitably appears between the different subspaces. Moreover, only one
specific fault scenario is evaluated while the reference currents must be recalculated for each
different faulty case. In simulation and real-time embedded system, this requires additional
mechanisms, such as lookup tables or extensive if—else structures.

This article proposes a general FTC method called PROM-FTC. In this approach, the
machine reference currents are automatically identified according to the faulty phase location
by using a permutation matrix together with a reduced-order transformation model. This
eliminates the need for lookup tables or if—else structures, significantly reducing the
computational burden and memory footprint for real-time digital implementation compared to
conventional condition-based methods.

It should be noted that the proposed PROM-FTC focuses exclusively on the generalized
generation of optimal fault-tolerant current references based on the machine's spatial
configuration. In this study, the validation was conducted under the assumption of constant
motor parameters (stator resistance and inductance), utilizing standard PI controllers for
current tracking. If the machine operates under high magnetic saturation where these electrical
parameters vary significantly, the tracking performance of the standard PI controllers may
degrade. To ensure precise reference tracking and maintain overall drive performance under
such nonlinear conditions, the PI controllers should be replaced with more advanced and
robust control strategies, such as Model Predictive Control (MPC).

The proposed method is evaluated in MATLAB/Simulink under constant torque
operation. In addition, the trajectories of the stationary currents are analyzed for all fault
conditions, which are rarely addressed in other studies due to the absence of a general FTC.

2. MATHEMATICAL MODEL OF DUAL THREE-PHASE PMSM

Fig. represents the configuration of a DT-PMSM drive with two isolated neutral points
(2N). In this work, the electrical phase shift between two winding sets is y = m/6.
Additionally, the VSD is used to represent the DT machine into two orthogonal subspaces,
which are (a,f) and (X,Y). Moreover, the rotor is of the non-salient type, and only the
fundamental component of the back-EMF is considered.

\ Dual Three-Phase Drive
— 1

/+
_1_—4%%2
T 3

—

Dual 3-Phase VSI n

Dual 3-Phase PMSM
6 with 2 Neutral Points

Fig. 1. Dual Three-Phase Drive Configuration [6]
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2.1. Vector Space Decomposition

The VSD is to transform the six stator variables into orthogonal subspaces [6]. The Clarke
transformation matrix T, which maps the six phase quantities into the a3, XY subspaces is
defined as (in neglecting the zero-sequence subspaces thanks to the two isolated neutral points):

1 1 V3 V3 ]
2 2 2z "z
0 V3 V3 1 1 .
Tye = i 2 2 2 2 €Y
V3 1 1 V3 V3
=3 3 7 7 °
0 V3 V3 1 L
L 2 2 2 2 .
Using this matrix, the variables in the stationary reference frame are obtained as:
Va Vg Vx W]T =Tyex[vi V2 V3 U Vs Ug]" )

where v, to vg are phase-to-neutral voltages as illustrated in Fig., corresponding to
vAl,vBl,vcl,vAz,sz,vcz.

The transformation from the stationary frame to the rotating frame is given by:

P@B,) O
vy vV, UV v, 1T = e 22 \tv, vg vy vyT

_[cos(8,) sin(6,) 700
where P(8,) = [— sin(8,) cos (68,)]’ 022 = [0 0

2.2. Dynamic Model
The resulting dynamic equations of the DT-PMSM in the rotating VSD frame are:

. dig .
Vg = Rgig + LE — WelLqlg 4)
] dig ]
Vg = Rgig + LE + weLiy + \/§pwelpf )
dig
Vaz = Rsidz +L, d_tz - weinqz (6)
di
Vgz = Rsig, + L, d—‘t’z + welyiq, 7
Finally, the electromagnetic torque is expressed as:
Tom = V3pyri, )

3. PERMUTATION REDUCED-ORDER MATRIX FAULT TOLERANT CONTROL

The primary objective of FTC is to preserve the constant torque despite the loss of a
phase. To achieve this, the fundamental currents (iy,ig) must maintain their pre-fault
trajectories. However, the fault physically reduces the system’s degrees of freedom (DoF). In
secondary subspace (iy,iy), one current becomes algebraically constrained by the fault
condition, while the remaining is available for optimization. The main challenge is that this
algebraic constraint shifts by the fault location (e.g., iy = —i, and iy is independent if Al
opens; iy = ig and iy is independent if C2 opens).
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To address this, the PROM-FTC introduces a permutation scheme to formalize this shift
based on the faulty star index m € {1,2}. Moreover, a reduced-order matrix Ty, is presented to
simplify the faulty condition. A method to define T,4 from Ty¢ is introduced by using a
selection matrix I7;. Furthermore, an optimization scheme is proposed wherein PROM-FTC
automatically synthesizes the optimal reference functions for (iy, iy) as a function of (ia, iﬁ).
3.1. Generalization

Firstly, it is useful to review the equation of stationary currents, as shown in (9):

[ie ipg ix W]T=Tex[iy i i3 i i ig]" ©

Denote m as the faulty 3-ph star index, m € {1;2} which corresponds to 3-ph set
{123;456}. Define j as the arbitrary faulty phase, so the faulty 3-ph setis (j, k, 1) can be either
{123} or {456}. The relationships of currents under faulty condition are shown as below:

l] = 0; ik = _il (10)

From (10), it is stated that all elements of column j*"* in T,4 are now useless in (9) as they
are multiplied with zero. Moreover, the two currents iy, i; can be combined into a single one.
Correspondingly, the columns k", [*" in T,q are combined into a single column of their

subtraction. For instance, if phase 3 (phase C;) opens, iz = 0 while iy = —i,, and the
stationary currents can be found as:

3/2  V3/2 —V3/2 0]

i

]

ig| _|-Vv3/2  1/2 12 -1 i,
| 7| 32 —VE2 V32 0| D
Ylol-v32 —172 172 11 He

It is observed that the size of transformation matrix used in (11) is reduced from 4x6 to
4x4, compared to the one in (9). It is called reduced-ordered matrix T,.

To generally represent Ty, from T¢, a selection matrix [ éid is introduced as:
jkl
Taq = Tug X 114 (12)

where IX initially is the 6x6 elementary matrix, but its j"column is removed while k"
and [*" columns are combined into their subtraction. For example, the matrix Ty, in (11) can
be found as:

1 -1/2 -1/2 3/2 -=V3/2 0 (1) 8 8 8
S V3/2 —+3/2  1/2 /2 -1| [-1 0 0 0 (13)
“T1o—1/2 —1/2 =372 V3/2 0 0 100

0 v3/2 —+3/2 —-1/2 —1/2 1 8 8 (1) (1’

Under one phase opening condition, it is confirmed that there are only three independent
currents with isolated-neutral-point configuration and (ia, iﬁ) must be maintained as pre-fault

values. Therefore, only one current in (iy, iy) now is independent for optimization, and the
remaining must change their waveform to compensate the fault.

Taking example of phase 3 (phase C;) opens as above, the current iy can be expressed as:
ix = —ig —V3ig —V3iy = Kyiy + Kyip + Ksiy (14)

These parameters {K;; K,; K3} in (14) are obtained based on a pseudo-inverse method,
which is introduced as below:
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[K1, K2, K3] = Tye(3,:) X pinv(T44([1,2,4], : )) (15)

However, the problem of general FTC is the dependency shift among (i, iy), where iy
is independent for all faulty cases in star 1, while iy is independent for all faulty cases in star
2. As aresult, (15) is changed for each case of faulty star.

To address this issue, a general scheme is proposed by this literature.
Denote currents (iz,, iz,) can be either (iy, iy) or (iy, ix). There will be a swap between
the third row and fourth row in Ty, if the fault occurs in star 1, otherwise there is no swap. It

reflects that iy is independent in faulty star 1, while iy is independent in fault of the 2nd star.
A matrix Ty, is introduced for this swap by using permutation matrix P;" as:

1 0 0 O
_ m 10 1 0 O
T = (Py)™ X Tyy where P, = 00 0 1 andm € (1,2) (16)
0 010
The parameters [K;, K, K3] can be generally expressed as in (17) for any case of faults:
[Ki Kp K] =Teq(4,:) X pinv(Toy([1:3],)) 17)
The current iz, now can be expressed as:
iz, =K1 K K3]x[la g iz]" (18)

Fig. represents the relationship between iz, and three independent currents {ia, ig, i Zl}'

(normal mode, i;, = iy, = 0)

Fig. 2. 3-D plane where i,, is represented by three independent currents i, ig, iz,

3.2. Optimization Stage

The objective of this stage is to find optimal waveform of currents (idz, iqz), currents in
the 2nd plan in the rotor frame, via (iy, iy), which are the functions of (ia, iﬁ). Therefore,
i and ip firstly are computed from i; and i, as:

[l i]" =P~ (8) x [ia ig]" (19)
where iy = 0;i, = em/\/§p1/)f.
The copper-loss minimization objective is:
f=min(iZ +iZ) (20)
From (18) and (20), the optimal function becomes:
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, , , . \2
f = l%l + (Klla + Kzlﬁ + K3I'Z1)

Using gradient-descent method to find optimized variable:

of . . . .
?Zl = 0 =4 ZKS(KII'(X + Kzlﬁ + K3I'Z1) + lel = 0
_ —K3(Kiiq + Kaig) _ Kiiq + Kyig
=1z, = 2 ’ bz, =~ 1z
1+ K3 1+ K3

If fault occurs in the first star:

[ix iyl =[lz, iz]
If the fault occurs in the second star:

lix iv]=[tz, iz]
A permutation matrix P, is defined as:

lix iy]" =Pl iz, iz]", Pp= [2 (1)
where m € (1,2) is faulty star index.
Thus, the general expression for (iy, iy) is:
iy i = pp —Ks(Kyig + Kaig) Kiig + KziB]T
1+K2 1+ K%

Eventually, the reference values of currents (iq4,,i;,) can be obtained as:

[ta, lq, )" =P(O)7'[ix iy]"

(21)

(22)

(23)

(24)

(25)

(26)

(27)

(28)

Fig. represents the vector control scheme, which add an option of PROM-FTC in

determining the reference currents iy , iy

2°

Voltage
Normal mode j =0 Supply
fg, =01, =0
1€
Dual 3
Phase Inverter

PROM-FTCj #0 i
Faulty —{ [ty by] = (28) 4z 4x
position | | [tg,:1g,] = P(8) iy ty]

Pl

Controller

Current
Sensor

ig iy <>

To Electrical
Position

Sensor
decoder

Fig. 3. Vector Control Scheme of DT-PMSM with PROM-FTC

4. SIMULATION RESULTS

To verify the effectiveness of the proposed strategy, a simulation model was established

in MATLAB/Simulink. The parameters of the DT drive are provided in Table.

Fig. illustrates the sinusoidal waveforms of back-EMF which are imposed from the

machine. Only the fundamental components are considered in this simulation.
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To analyze the effect of open-phase fault, the machine was conducted when Al open
from 0.39s, as shown in Fig. Right after phase A; open, the torque control is lost when its
waveform becomes resonant as shown in Fig. 6. That’s due to the resonant waveforms of
dynamic frames currents in Fig.

Fig. illustrates the relationship of stationary currents. In the normal mode, (ia, iﬁ) trace
circular trajectories, while (iy, iy) is a single point at the origin as both components are zero.
When Al opens, (iy, ig) distorts from a perfect circle into a quasi-elliptical path, reflecting

the loss of symmetry in the fundamental flux. Simultaneously, the (iy,iy) currents expand
from the origin to a complex butterfly-shaped trajectory (or double-lobed Lissajous figure).
This characteristic is used for the faulty localization.

Table 1. DT-PMSM Parameters

Symbol Parameters Value and unit
[y Nominal Torque 4N-m
N, Nominal speed 2000 rpm

P Pole pairs 4

Rg Stator resistance 0.435Q

L Inductance in dq axis 0.009 H
L, Leakage inductance in d,q, axis 0.0015 H
Yy Flux linkage 0.086 Wb -T

20 Sinusoidal 6-phase Back-EMF
| ——Phase A1) — — ,.,n]\ ~
|——Phase B1/ ™. / TN
107 phase c1 X X N
i——Phase A2| X\ /X
0+ ——PhaseB2/ \
Phase C2 A

Back-EMF (V)

10- \
-20 - — ‘ ‘
0.46 0.47 0.48 0.49 0.5

Time (s)
Fig. 4. Sinusoidal 6-phase Back-EMF in the machine with the shifting phase /6 at
Wy, =477.5 rpm

5 6 phase currents when A1 opens without FTC |

Current (A)
o

0.35 036 037 038 039 04 041 042
Time (s)

Fig. 5. Six-phase currents when phase Al opens at 0.39s without FTC
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Torque of DT-PMSM when A1 without FTC
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Fig. 6. Electromagnetic Torque without FTC
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Fig. 7. Rotating frame currents without FTC when A1 opens

Fig. 8. Trajectories of currents in static frames under both normal and open-phase Al.
In normal mode, a8 subspace forms a circular trajectory while the XY trajectory is a
single point at the origin to minimize stator copper losses. When A1 opens, (g, ig)
distorts from a perfect circle into a quasi-elliptical path, reflecting the loss of symmetry
in the fundamental flux. Simultaneously, the (iy, iy) currents expand from the origin to a
complex butterfly-shaped trajectory (or double-lobed Lissajous figure).

To evaluate the proposed PROM-FTC, the simulation scenario is established as shown in
Fig.. At 0.3s, phase Al opens, and then for each period of 0.5s, the other phases (B1 to C2)
open sequentially. Only one phase is opened during each interval; the previous faulty phase is
restored before the next fault is introduced.

Fig. and Fig. show the value of speed and electromagnetic torque. To prove the robustness
of the control method, the speed was investigated in all deceleration, constant, and acceleration
periods during faulty intervals while the load torque is always 3 N-m. As the model is forque
control with a given speed, the demanded electromagnetic torque equals to the load torque. It
is observed that despite the occurrence of different open-phase faults, the torque is maintained
for well-tracking of reference value. This behavior results from the PROM-FTC which maintain
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the (id, iq) through (ia, i,;) and change (idz, iqz) resonantly via (iy, iy) to compensate for the
fault, as illustrated in Fig..

Fig. 13 illustrates the relationship of stationary currents after adding PROM-FTC. Thanks
to this method, (i, ig) circular trajectory is successfully maintained unchanged to obtain
constant torque, whereas the (iy, iy) are modified by the faults. In particular, (iy, iy) forms a
straight line, consistent with the linear dependency derived in previous section. In these
trajectories, the symbols from A; to C, represent for each specific open-phase fault.

6 phase currents under faulty intervals

6
—_ 4
<2
5.2}
(&)
-4
Bl
0. 0.4 0.6
Time (s)
Fig. 9. Six-phase currents under faulty intervals, where one current is opened per period
400 : Rotor Speed of DT-PMSM : :
200 ! !
I I
£ o | | i
© 12 g
-200 - :é :§ -
o o
-400 L 18 1°
0.2 0.25 0.3 0.35 0.4 0.45 0.5 0.55 0.6
Time (s)
Fig. 10. Rotor speed given in simulation acceleration, constant and deceleration stages
35 Torque of DT-PMSM
: ' i i | i =
1 1 1 1 1 1 ‘ ,,,,, Trer
I I I I I I
E .,
z? e |s ¥ 1z iz z g
12 12 [ 12 18 12
12 12 12 12 12 12
25 | 1< It 15 4 I 18
0.2 0.25 0.3 0.35 0.4 0.45 0.5 0.55 0.6
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Fig. 11. Electromagnetic torque is maintained constant during faulty periods
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Fig. 12. Rotating frame currents under different faulty conditions, where dg currents are
constant while d,q, currents resonate depending on faulty position
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XY

b kb b Ao 2w s
L N R N N~ S ]

5 0 5

-5 0 5

Fig. 13. Trajectories of currents in static frames with PROM-FTC. In faulty mode, af
subspace maintains the circular trajectories while XY subspace trajectory changes from
a point at origin to lines with different slope depending on faulty position.

5. CONCLUSION

This article proposes a strategy called PROM-FTC, which establishes a general scheme
for any single open-phase fault. By analyzing the relationships under faulty conditions and
using a permutation matrix within the reduced-order matrix, the method provides a general
form of fault-tolerant control. The validity of the proposed model was evaluated in
MATLAB/Simulink by introducing a sequence of six single open-phase faults. During the
faulty periods, the electromagnetic torque was maintained constantly, demonstrating the
efficacy of PROM-FTC. Furthermore, the current trajectories in the stationary frame were
analyzed to illustrate their characteristics for each type of fault.

While the specific mathematical matrices developed in this study are tailored to dual

three-phase topologies, the underlying methodology for matrix identification provides a
generalized framework applicable to other multiphase architectures. The systematic flow
which establishes algebraic current constraints based on the specific fault, can be readily
adapted to synthesize fault-tolerant control structures for other machines, such as a single 5-
phase machine or a triple three-phase machine. It should be noted, however, that applying
this methodology to more complex scenarios, such as multiple simultaneous open-phase
faults or short-circuit faults, would require the derivation of entirely new reduced-order
matrices and modified optimization constraints, as short-circuits introduce active fault
current dynamics. Expanding this theoretical framework to accommodate these complex
faults, alongside validating the proposed PROM-FTC scheme on a physical hardware
prototype, will be the focus of future work. This experimental phase is critical to verify the
system's robustness against practical conditions that are not fully captured in simulation,
such as inverter dead-time, sensor noise, spatial harmonics, and the real-time execution
limits of digital signal processors.
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