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Abstract—Conventional three-phase machines are being 

substituted by multi-phase ones in certain applications due to their 

improved fault-tolerant capability, which is typically achieved 

through a modified control strategy. Dual three-phase permanent 

magnet synchronous machines (DT-PMSMs) with isolated neutral 

points are advantageous from the point of view of control 

simplicity as they avoid the flow of zero-sequence currents. Fault-

tolerant control (FTC) strategies under open-phase faults have 

been already proposed for surface DT-PMSMs, but the extension 

of these techniques to flux-weakening (FW) and maximum torque 

per ampere (MTPA) operation of interior DT-PMSMs (DT-

IPMSMs) is not possible. This paper will both extend a previous 

FTC strategy and propose a novel one, both of them allowing FW 

and MTPA operation in a DT-IPMSM after an open-phase fault.1 

Keywords—multi-phase, fault-tolerant control, open-phase, 

flux-weakening. 

I. INTRODUCTION 

In recent years, the use of permanent magnet synchronous 
machines (PMSMs) has extensively increased in both traction 
and industrial applications, as they outperform other types of 
electric machines in terms of power and torque densities, 
controllability, and efficiency. Although most of PMSMs are 
three-phase machines, the use of multi-phase machines (i.e., 
with a higher number of phases) provides several advantages, 
especially in aspects related to the fault-tolerant capability of the 
machine [1]. Therefore, for certain applications in which the 
reliability of the drive is essential, the conventional three-phase 
variable speed drives are being substituted by multi-phase ones 
[1]-[15].  

Multi-phase PMSMs can be divided into those the number 
of phases is not a multiple of three (e.g., five-phase [2], seven-
phase [3], or eleven-phase [4]) and those with the number of 
phases being a multiple of three. The latter can be further divided 
into those without independent three-phase windings (e.g., six-
phase [5] or nine-phase [6]) and those in which multiple 
independent three-phase windings can be distinguished (e.g., 
dual three-phase [7] or triple three-phase [8]).  

Multi-phase PMSMs with independent three-phase winding 
sets are advantageous from the point of view of control 
simplicity since the conventional three-phase control can be 
easily extended. In addition, the use of conventional three-phase 
converters is possible. Among them, dual three-phase PMSMs 
(DT-PMSMs) consist of a combination of two sets of three-

phase windings shifted 30 (asymmetrical) or 60 (symmetrical) 
electrical degrees [7]. Both three-phase sets can be isolated or 
connected through their neutral points. Connected neutral points 
provide improved fault-tolerant capability (one extra degree of 
freedom) but increase the control complexity. Isolated neutral 
points avoid the flow of zero-sequence currents, thus easing the 
machine control [9]. 

Typically, the fault-tolerant capability of a multi-phase 
machine is achieved through a modified control strategy (i.e., a 
fault-tolerant control (FTC) strategy). Open-phase faults are one 
of the most common faults in electrical drives [1]. The goal of 
FTC strategies under open-phase faults is to take advantage of 
the healthy phases to keep the machine operating with reduced 
torque pulsations. In a DT-PMSM, the simplest way of 
achieving this goal is removing the faulty three-phase set 
making the machine operate only with the healthy winding. 
However, this would halve the torque capability of the machine. 
In [10]-[12] vector space decomposition (VSD) theory is applied 
in a DT-PMSM to keep the machine operating under an open-
phase fault. These methods require the use of additional 
transformation matrices (to distinguish between different 
subspaces). Moreover, additional current controllers need to be 
implemented to regulate the harmonic subspace currents. The 
use of additional proportional-integral (PI) [10], PI plus 
proportional-resonant (PR) [11] and deadbeat [12] controllers 
has been reported for this purpose. A genetic algorithm (GA) 
was used in [13] to maximize torque output and minimize torque 
and speed ripple under open-phase faults in a DT-PMSM; the 
method is valid for both interior and surface PMSMs. However, 
the need of developing a GA to optimize the generation of 
current references during fault operation increases the 
implementation complexity of the technique while placing 
concern on the computational burden. In [14], a constant average 
q-axis current reference with superimposed pulsations is 
commanded in the faulty winding since, when working in two-
phase mode, pulsations around the constant q-axis current 
reference are unavoidable. To compensate for that pulsations, 
opposite current references are used in the healthy winding. In 
this way, pulsations are removed from the total q-axis current 
(i.e., the sum of the q-axis current of each three-phase set). A 
DT-PMSM with isolated windings driven by two three-leg 
inverters (one per three-phase winding) was used for this 
purpose. This method was extended in [15] to maximize the 
torque output. However, those techniques require zero total d-
axis current (average). Besides, synchronous PI controllers (in 
rotor reference frame) were used to control the pulsating dq-axes 
currents, whose performance is drastically reduced at high 
speeds (higher frequency of current pulsations). 
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In this paper the FTC strategy proposed in [14] will be 
extended to allow injection of average d-axis current different 
from zero and without pulsations, enabling maximum torque per 
ampere (MTPA) and flux weakening (FW) operation of a dual 
three-phase interior PMSM (DT-IPMSM). In addition, a new 
FTC strategy based on varying the current reference of the 
healthy three-phase set depending on the faulty three-phase 
winding current measurements will be proposed. Additional PI 
controllers will be included to control specific frequency 
components (±2ωr, and ±4ωr, depending on the selected 
method) of the current. 

The paper is organized as follows: Section II presents the 
proposed FTC techniques; their implementation is discussed in 
Section III. Simulation results are included in Section IV. 
Conclusions are finally given in Section V. 

II. MACHINE DESIGN AND FTC METHODS 

Fig. 1a-b shows a 2D model and a picture of the test 
machine, its main characteristics being shown in Table I. The 
three-phase windings have isolated neutral points and are shifted 
by 60 electrical degrees. Each three-phase winding set will be 
driven by an independent three-leg inverter (see Fig. 1c). This 
machine drive configuration allows to independently control 
each three-phase winding. Therefore, if one inverter suffers an 
open-phase fault, the current pulsations produced in the faulty 
winding can be compensated by the healthy one [14],[15]. The 
torque equation for this machine is shown in (1), where P is the 
pole pair number, λPM is the PM flux linkage, Ld and Lq are the 

dq-axes inductances, which are assumed to be equal in both 
three-phase sets, and id1, iq1, id2, and iq2 are the dq-axes currents 
of three-phase sets 1 (phases a-b-c) and 2 (phases d-e-f), 
respectively. Based on this fact, this section develops two 
different FTC strategies under an open-phase fault: the first 
method (Method 1) controls the dq-axes currents in both the 
faulty and the healthy three-phase sets to obtain a total dq-axes 
current without pulsations; the second method (Method 2) 
applies the FTC strategy only in the healthy three-phase 
winding, i.e., no FTC strategy is applied in the faulty set after 
the fault. 

T=1.5P[λPM(iq1+iq2)+(Ld-Lq)(id1iq1+id2iq2)] (1) 

id1=2/3[ia· cos(ωrt)+ib· cos(ωrt-2π/3) 

+ic· cos(ωrt+2π/3)] 
(2) 

iq1=2/3[ia· sin(ωrt)+ib· sin(ωrt-2π/3) 

+ic· sin(ωrt+2π/3)] 
(3) 

id1=(2√3/3)·I· sin(ωrt) (4) 

iq1=(2√3/3)·I· cos(ωrt) (5) 

A. Method 1 

Equations (2) and (3) show the three-phase to synchronous 
reference frame transformation of the currents for three-phase 
winding 1. Assuming an open-phase fault in phase-a: ia = 0 and 
ib = -ic = I, (2) and (3) can be simplified to (4) and (5). The FTC 
ideal goal would be to modulate the phase current, I, to obtain a 
dc value for both id1 and iq1. However, this is not feasible in 
practice, as (4) and (5) necessarily must be zero for some rotor 
angle. Therefore, the goal of the proposed FTC strategy will be 
to find a phase current, I, leading to an average value of id1 and 
iq1 different from zero. If I=A· sin(ωrt+ϕ) , where A indicates 
the amplitude of the phase current and ϕ its phase shift, (4) and 

(5) can be written as in (6) and (7), where k=A/√3. It can be 
observed that the resulting dq-axes currents under an open-phase 
fault in the three-phase winding 1, id1 and iq1, have two different 
terms, one dc component, and one component rotating at twice 
the fundamental frequency, 2ωr. Thus, to obtain total dq-axes 
currents (i.e., idT = id1+id2 and iqT = iq1+iq2) without pulsations, 
the component at 2ωr  must be compensated in the healthy 
winding (three-phase set 2), see (8) and (9). Finally, (10) and 
(11) show the total dq-axes currents under an open-phase fault 
in phase-a, applying the proposed FTC strategy. It can be seen 
that the current pulsations have been removed and the amplitude 
and angle of the dq-complex vector are controlled with k and ϕ, 
respectively. Therefore, (6)-(9) will provide the new current 
references for both three-phase windings during an open phase 
fault in phase-a. 

id1=k· cos(ϕ) − k· cos(2ωrt+ϕ) (6) 

iq1=k· sin(ϕ) + k· sin(2ωrt+ϕ) (7) 

id2=k· cos(ϕ) + k· cos(2ωrt+ϕ) (8) 

iq2=k· sin(ϕ) − k· sin(2ωrt+ϕ) (9) 

idT=2k· cos(ϕ) (10) 

a)  b)  

c)  

Fig. 1: Test machine a) 2D model, b) picture and c) drive 

Table I: Test Machine Characteristics 

Machine type DT-IPMSM 

Number of stator slots 18 

Number of rotor pole pairs 8 

Rated Current 10 A 

Rated Speed 1125 rpm 

DT-PMSM



iqT=2k· sin(ϕ) (11) 

B. Method 2 

When a DT-IPMSM is running in healthy operation, the dq-
axes currents of each three-phase winding are often controlled 
to follow a certain dc command tracked with synchronous, PI 
controllers. However, if one of the phases suffers an open-phase 
fault, the PI controllers will not be able to avoid the appearance 
of current pulsations around the dc command. The controller 
error can be expressed as in (12) and (13), where id1*, iq1*, id1, 
and iq1 are the dq-axes current commands and actual currents in 
the faulty three-phase winding, respectively. To compensate for 
the current errors in the faulty three-phase set, dq-axes current 
commands in the healthy winding (three-phase set 2) can be 
adapted based on the faulty three-phase set current error. 
Equations (14) and (15) show the new current commands in the 
healthy three-phase set after an open-phase fault, id2_FT* and 
iq2_FT*, where id2 * and iq2 * are the current references in the same 
three-phase set before the open-phase fault. In this way, the 
controller error in the faulty three-phase set will be compensated 
with the healthy one, the total dq-axes currents being identical 
before and after the fault. 

eid1=id1
*

-id1 (12) 

eiq1=iq1
*

-iq1 (13) 

id2FT

*
=id2

*
+eid1 (14) 

iq2FT

*
=iq2

*
+eiq1 (15) 

III. IMPLEMENTATION 

Fig. 2 shows the block diagram for the implementation of the 
proposed FTC techniques (Method 1 and Method 2). The inputs 
of the block diagram are the current references of both three-

phase sets in the synchronous reference frame, idq1
*

 and idq2
*

 

during the healthy operation of the machine. In the event of an 
open-phase fault in one of the machine phases, the current 
references will be recalculated using Method 1 [see (6)-(9)] or 
Method 2 [see (14)-(15)] to compensate for the current 

pulsations provoked by the fault. Thus, idq1_FT
*

 and idq2_FT
*

 are 

obtained. After that, current regulators will be used to track the 
current references. PI controllers are often used for this purpose. 

However, since idq1_FT
*

 and idq2_FT
*

 include additional frequency 

components (apart from the fundamental one), the use of a single 
PI controller can lead to inadequate tracking performance. 
Therefore, the use of additional PI controllers, in parallel with 
the fundamental frequency PI, tracking specific frequencies will 
be necessary. This issue will be further investigated in the 
following section. 

IV. SIMULATION RESULTS 

This section presents simulation results using the DT-
IPMSM model in Fig. 1 whose main characteristics are shown 
in Table I.  

The proposed control strategies will be first analyzed in 
Simulink. An analytical model of the test machine is built to 
simulate its dynamic behavior. To find the most convenient 
combination of parallel PI controllers, different options will be 
compared. When Method 1 is used [see (6)-(9)], current 
components at ±2ωr are expected in idq1 and idq2 (apart from the 
fundamental one). Therefore the use of parallel PI controllers 
tracking components at ±2ωr  as well as the fundamental one 
could be advantageous. Table II shows the current ripple (peak 
to peak) of both idT and iqT when a single PI controller tracking 
the fundamental component of current is used and when parallel 
controllers tracking components at -2ωr , +2ωr  and ±2ωr  are 
added respectively. It can be observed that the addition of 
parallel controllers clearly improves the performance of the 
control strategy in terms of current ripple compared to the case 
in which a single PI controller tracking the fundamental 
component is used, the best results are obtained when additional 
PI controllers tracking components at ±2ωr are used. 

Equations (14) and (15) show that, when using Method 2, 
the current references in the healthy three-phase set during an 
open-phase fault depend on the current error in the faulty three-
phase set (where no FTC is applied). Fig. 3a shows the FFT of 
eid1 during the event of an open phase fault in phase-a. It can be 
observed that components at ±2ωr  and ±4ωr  have significant 
amplitude. Fig. 3b shows analogous results to Fig. 3a for eiq1 the 
same conclusions hold. Therefore the use of parallel PI 

 
Fig. 2: Block diagram for implementation of Method 1 and Method 2. 
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controllers tracking components at ±2ωr and ±4ωr as well as the 
fundamental one in the healthy three-phase set could be 
advantageous in this case. Table III shows the same results that 
Table II for Method 2, note that the use of parallel PI controllers 
tracking components at ±4ωr has been also included in this case. 
It can be observed that the minimum current ripple for both idT 
and iqT is obtained when parallel PI controllers tracking 
frequencies at ±2ωr, and ±4ωr are used. 

a)  

b)  

Fig. 3: FFT of a) eid1 and b) eiq1 during an open phase fault in phase-
a, ωr=1125 rpm, id1=id2=0A, iq1=iq2=10A 

From the previous discussion, it can be concluded that when 
Method 1 is used, the use of parallel PI controllers tracking 
components at ±2ωr provides the best results in terms of current 
ripple. Otherwise, if Method 2 is applied, parallel PI controllers 
tracking components at ±2ωr, and ±4ωr are required to optimize 
the performance of the control strategy. In addition, it can be 
observed that the minimum current ripple obtained with Method 
2 is more than 5 times higher than that of Method 1 both for idT 
and iqT. However, the main advantage of Method 2 is that it only 
requires applying the FTC strategy to the healthy three-phase 
set. 

Once the most convenient combination of parallel PI 
controllers has been deduced for both Method 1 and Method 2, 
FEA simulations will be run to verify the validity of the 
proposed methods with higher accuracy. Co-simulations 
between Simulink and Maxwell 2D were used for this purpose. 
The proposed control strategy is implemented in Simulink while 
the electric and magnetic simulation of the test machine (see Fig. 
1) under the resulting voltage commands is carried out by Ansys 

Maxwell 2D. Fig. 4 shows simulation results for Method 1. 
Initially (t < 0.1 s), the machine is running in healthy condition. 
Then, phase-a is opened at t = 0.1 s. It can be observed that, after 
the open-phase fault, current pulsations begin to appear in the 
dq-axes current of the faulty three-phase set (see Fig. 4a). 
However, since Method 1 is applied, current references in both 
three-phase sets are recalculated [see (6)-(9)] so opposite current 
pulsations are commanded in idq2 (see Fig. 4b). Therefore, after 
a brief transient, idqT recovers despite the open-phase fault (see 
Fig. 4c). Moreover, the electromagnetic torque is seen to follow 
a similar tendency of that of iqT, a slight increase in the amplitude 
of the torque ripple after the fault can be observed (see Fig. 4d). 
At t = 0.3 s, the rotating speed is increased to the machine rated 
value to check the performance of the method is not affected by 
the speed variation (see Figs. 4a-d). Finally, at t = 0.6 s the rotor 
speed is increased to 1500 rpm, which exceeds the machine rated 
value. Therefore, FW operation is required. In this way, negative 
id1 and id2 references (average) are commanded (see Fig. 4a-b) 
and idT reaches the desired value without current pulsations (see 
Fig. 4c). Due to this, the torque amplitude is reduced, as 
expected (see Fig. 4d). Moreover, Fig. 4e shows how the 
amplitude of the phase voltages is kept below the maximum 
(300V) in steady state despite the speed increase. It can be 
concluded that the performance of Method 1 is not affected by 
speed variations and allows the implementation of FW 
techniques. Fig. 5 shows analogous results to Fig. 4 using 
Method 2. It can be observed that the results obtained in Fig. 5 
for Method 2 are equivalent to those obtained in Fig. 4 for 
Method 1, the same conclusions can be therefore reached.  

V. CONCLUSIONS 

Multi-phase machines provide several advantages compared 
to the conventional three-phase ones, especially in aspects 
related to the fault-tolerant capability of the machine. Among 
the diverse types of multi-phase machines, those with 
independent three-phase windings allow easier controllability 
since the conventional three-phase control can be applied and 
conventional three-phase converters can be used. Open-phase 

Table II: Performance of Method 1 depending on the 
parallel PI controllers used 

Number 
of PIs 

Tracked 
frequencies 

Ripple of idT Ripple of iqT 

1 Fundamental 3.6178 A 4.2375 A 

2 
Fundamental 

1.7828 A 1.7164 A 
-2ωr 

2 
Fundamental 

3.49 A 3.5074 A 
+2ωr 

3 
Fundamental 

0.0228 A 0.0188 A 
±2ωr 

ωr=1125 rpm, id1=id2=0A, iq1=iq2=10A 

Table III:  Performance of Method 2 depending on the 
parallel PI controllers used 

Number 
of PIs 

Tracked 
frequencies 

Ripple of idT Ripple of iqT 

1 Fundamental 3.7727 A 4.3327 A 

2 
Fundamental 

1.7202 A 1.7706 A 
-2ωr 

2 
Fundamental 

3.6028 A 3.8 A 
+2ωr 

3 
Fundamental 

1.0822 A 1.0155 A 
±2ωr 

4 

Fundamental 

0.2590 A 0.2685 A ±2ωr 

−4𝜔𝑟 

4 

Fundamental 

0.8043 A 0.7763 A ±2𝜔𝑟 

+4𝜔𝑟 

5 

Fundamental 

0.1303 A 0.1192 A ±2𝜔𝑟 

±4𝜔𝑟 
ωr=1125 rpm, id1=id2=0A, iq1=iq2=10A 



faults are one of the most typical faults in electrical drives, 
several FT control strategies against this type of fault have been 
recently proposed for multi-phase machines with independent 
three-phase sets. This paper proposes two different FTC 
methods (Method 1 and Method 2) to allow continuous 
operation of a DT-IPMSM with isolated neutral points after an 
open phase fault. Both techniques are based on compensating 
the current pulsations that appear in the faulty three-phase set 
with the healthy one. Their main advantage compared with the 
already existing methods is the possibility of having constant 
and different from zero total d-axis currents, enabling FW and 
MTPA operation. Moreover, since open-phase faults lead to 
current pulsations in the synchronous reference frame, the use 
of additional parallel PI controllers tracking specific frequency 
components is proposed. Simulation of an analytical model of 
the test machine under the proposed control strategies has been 
performed in Simulink to find the most convenient combination 

of parallel PI controllers for each method. It was found that for 
Method 1 the use of parallel PI controllers tracking frequencies 
at ±2ωr  as well as the fundamental component was 
advantageous, while in Method 2, including PI controllers 
tracking frequencies at ±2ωr  and ±4ωr  (apart from the 
fundamental component) was the best option. Then, an FEA co-
simulation between Simulink (control) and Ansys Maxwell 2D 
(machine electric/magnetic analysis) using the previously 
obtained combination of controllers has been used to verify the 
effectiveness of the proposed methods with improved accuracy. 
It was observed that the performance of both Method 1 and 
Method 2 was not affected by speed variations (below and over 
the machine rated value) or the implementation of FW 
techniques.  

 

a)  a)  

b)  b)  

c)  c)   

d)  d)  

e)  e)  
Fig. 4: a) id1 and iq1, b) id2 and iq2, c) idT and iqT, d) torque and e) 

machine phase voltages. t < 0.1s, ωr = 375 rpm, 0.1 < t < 0.6s, ωr 

= 1125 rpm, t > 0.6s, ωr = 1500 rpm. 

Fig. 5: Analogous results to Fig. 4 using Method 2. 
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