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Abstract—Permanent magnet synchronous machines (PMSM)
are widely used for their high efficiency and power density. High
machine reliability is increasingly required nowadays. PMSMs
can’t be simply disconnected from the power source unlike
asynchronous machines if any fault appears in the system. Many
motor faults lead to malfunction of the whole system. This
limitation can be solved by using multi-phase structures instead
of commonly used three-phase structures. Multi-phase machines
have many advantages in terms of high reliability. The power
density of properly designed multi-phase system is also higher.
The multi-phase PMSM can operate even during a fault, under
certain conditions, depending on the motor parameters. The
control algorithm must be capable to detect the fault and apply
proper control method according to the detected fault.
This paper demonstrates the behaviour of the dual three-phase
PMSM motors under various inter-turn short circuit faults. An
experimental PMSM was prepared, having stator windings with
multiple taps. These winding taps are utilised to emulate interturn short circuit faults. The winding short-circuiting is realized
by a solid-state relay. The fault influence is analysed on the
experimental machine.
Three compensation strategies are applied to reduce the
fault influence. All compensation strategies are based on field
weakening of the damaged motor part. The motor behaviour
during the fault without compensation method is compared
with the behaviour when using compensation strategies. Realised
experiments demonstrate that a properly constructed dual threephase PMSM under control with compensation strategies can
continuously operate under the fault condition.
Index Terms—PMSM, dual three-phase, multi-phase, failoperation, inter-turn fault

I. I NTRODUCTION
Permanent magnet synchronous machines (PMSM) are
commonly used nowadays. These motors are used especially
for high power density and efficiency. Especially three-phase
variants are commonly used. Nevertheless, multi-phase PMSM
has many advantages compared with standard three-phase
PMSM. The multi-phase structure requires multi-phase power
inverter. Using a multi-phase structure is allowed by decreasing costs of power components as well as by increased
computing power of microcontrollers. Multi-phase structures
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are typically used in combination with fully integrated power
electronics to reduce a high number of power cables [1].
One of the biggest advantages of the multi-phase structure
is the higher fault tolerance. Other undeniable benefits are
smoother generated torque, higher winding factor and lower
phase currents/voltages (according to stator winding arrangement). Mentioned properties are very important for advanced
powertrains and other safety-critical applications.
The behaviour of the motor is generally closely related to
the motor design [2]. However, the control algorithm structure
is also important. Properly designed dual three-phase motor
can operate under open-circuit fault [3], [4]. Interturn short
circuit fault can be also handled using the dual three-phase
arrangement if the field weakening index of the machine is
lower than one [5].
A fault operational multi-phase motor can be connected
to power inverter using several different topologies [6]. In
[7], the motor coils are connected to individual H-bridges.
Demonstrated solution is suitable in terms of inverter fault.
Open phase faults are also easily solved using this structure,
however, interturn short circuit fault influence inside of the
machine cannot be overcome. This fault can cause an uncontrolled local thermal overload. The motor cannot continuously
operate under this fault for this reason. This connection is
suitable for three-phase motors to provide fail operation system
under certain fault condition. Nevertheless, the mentioned
approach can be also used for multi-phase structures. The sixphase machine needs twelve inverter legs to provide proper
functionality of this arrangement.
The multi-phase motor can be also connected as one multiphase system [4]. This arrangement is also suitable for open
phase faults. Power inverter with only six inverter legs is required compared with the previously mentioned arrangement.
Short-circuit faults are hardly handled using this arrangement
because all motor coils are connected into one complex
system.
Another possible method how to connect the multi-phase
motor is to divide coils into groups. We can form n times
k-phase structure. More specifically, the six-phase motor can
be connected as a dual three-phase system. This arrangement
also requires only six inverter legs, however, two partially
separated sub-systems are formed. [5] demonstrates a solution
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Fig. 1. Experimental motor winding arrangement with emulated fault

Fig. 2. Experimental motor winding arrangement

for the inverter short circuit fault. The whole sub-system is
switched into an active short circuit (ASC) and the required
motor torque is generated by the healthy sub-system. The
same principle can be used to reduce the influence of an
interturn short-circuit. The damaged motor sub-system is field
weakened and the interturn fault current is reduced.

amplitude and vibrations generated by motor. Probability of
short-circuit between two different slots is reduced by geometrical distance.
The inductance resistance and back-EMF of individual
motor phase windings can be calculated using the following
equations (1)-(3). Each phase winding is consist of three coils.

II. M ATHEMATICAL ANALYSIS OF PMSM

INTERTURN

SHORT CIRCUIT

Interturn short-circuit is one of the most typical winding
faults. This type of fault appears if the insulation between
conductors in the same stator slot is punctured. Some literature
sources denote this fault as turn-to-turn short-circuit fault. We
can speak about turn-to-turn short-circuit if only one phase is
damaged. One stator slot can accomodate two different phases.
Connection of two different phases is well known as a phaseto-phase short-circuit.
This paper deals with turn-to-turn short-circuit within one
motor coil. The fault current produced by interturn shortcircuit is represented by the signal if . The variable Rf
represents the resistance of the short-circuit point.
The stator winding of the experimental motor consists of 18
coils. Each stator coil is wind around one stator tooth. This
arrangement is well known as a concentrated winding. The
inductance, resistance and back-EMF constant of each stator
coil are denoted by the symbols Lc , Rc and λc respectively.
The assignment of individual coils to sub-systems is shown
in Figure 2. Fully symmetrical dual three-phase motor is
achieved using this alignment. The first sub-system is represented by solid colours. Another sub-system is represented by
hatched colours. One sub-system phase of the experimental
motor is consists of three serially connected coils. Mutual
inductance between adjacent coils is low due to the selected
arrangement. The ratio of the number of short-circuited turns
to the overall coil turns is represented by the interturn shortcircuit depth σ. The short-circuit depth affects fault current

Lph = 3Lc
Rph = 3Rc

(1)
(2)

λph = 3λc

(3)

The fault is emulated in the phase u. This phase is divided
into two parts. The first part represents interturn short-circuit.
The second part is the rest of the winding. The motor connection during the fault is shown in Figure 1. Inductance of
individual winding parts and mutual inductance between the
healthy and short circuited winding part can be calculated
using equations (4)-(6) [8].
Lu1

1

= σ 2 Lc

(4)

2 = 2Lc + (1 − σ) Lc
Mu = σ(1 − σ)Lc
2

Lu1

(5)
(6)

The same approach is used to determine the resistance and
back-EMF constant of individual parts of the winding u (7)(10).
Ru1
Ru1
λu1
λu1

1
2
1
2

= σRc
= (3 − σ)Rc
= σλc
= (3 − σ)λc

(7)
(8)
(9)
(10)

The fault current depends on the actual electrical motor
speed and interturn short-circuit depth. The resistance of
the short-circuit point is also important. The fault current

amplitude considering zero phase currents can be calculated
using (11).
If = p
ω 2 L2u1

ωλu1
1

1

+ (Ru1

1

+ Rf )2

(11)

The fault current amplitude increases with the motor speed.
The maximal fault current amplitude is given by the interturn
short-circuit inductance and back-EMF constant. Assuming
ωLu1 1 is much larger than the resistance (12).
If ≈

λu1
Lu1

1

(12)

1

The fault current can be obtained by combining
(11),(4),(9),(7) into (13) as a function of short-circuit depth
σ for the analysed stator arrangement.
σωλc
(ωσ 2 Lc )2 + (σRc + Rf )2

If = p

(13)

The fault current also depends on actual motor currents.
The fault current is significantly reduced if the motor operates
under field weakening. The previous equation can be extended
to include actual motor dq currents. The amplitude of the fault
current can be calculated using (14).
p
ω 2 (σλc + σ(1 − σ)Lc id )2 + (σ(1 − σ)Lc iq )2
p
If =
(14)
(ωσ 2 Lc )2 + (σRc + Rf )2
The similar principle can be applied on healthy three phasesubsystem. In this case we can speak about active short circuit
(ASC). The motor is field weakened when it operates with
ASC. The motor current required for full field weakening
is denoted as a characteristic current of the motor. The
characteristic current of the motor is lower than the current
limit, assuming field weakening index smaller than one. It can
be expressed by the equation (15).
Ich =

λph
Ld

(15)

Each coil of the experimental motor consists of 25 turns.
The highest interturn short-circuit current amplitude is theoretically generated by one short-circuited coil turn. The fault
current amplitude can reach 25 times higher value than motor
characteristic current for infinite speed. Extremely high motor
currents generate heat which can damage adjacent coil turns.
However the maximum motor speed is mechanically limited
and the maximum fault current amplitude is generated by more
short circuited coil turns.
III. D UAL THREE - PHASE MOTOR COMPENSATION
ANALYSIS

The mathematical model of the classical three-phase motor
can be extended to a dual three-phase model. This method is
described in detail in [9]. The mutual coupling between subsystems is denoted by symbols Md and Mq . Symbols Ld and
Lq represent motor inductances transformed into direct and
quadrature axis. udSj , uqSj , idSj and iqSj denote motor voltages
and motor currents transformed into dq coordinates. The index

j represents the actual sub-system. The motor consists of
two subsystems j = {1, 2}. The symbol ωe represents the
actual electrical speed of the motor. This simplified model
in dq coordinates can be used for fully symmetrical motor
constructions. The behaviour of the first motor sub-system
can be described by the equation (16). The performance of
the second sub-systems is the same because both sub-systems
are identical.
did
did
udS1 = Rs idS1 + Ld S1 + Md S2
dt
dt
−ωe (Lq iqS1 + Mq iqS2 )
(16)
diqS1
diqS2
+ Mq
uqS1 = Rs iqS1 + Lq
dt
dt
+ωe (ΨM + Ld idS1 + Md idS2 )
The field weakening index of the experimental motor is
lower than one, so the motor can continuously operate with
ASC. ASC currents can be calculated by assuming zero ud ,
uq voltages. The following equation (17) is obtained for the
currents of the motor with ASC.
idASC = −
iqASC

ωe2 (Ld

ωe2 (Lq + Mq )ΨM
+ Md )(Lq + Mq ) + Rs2

Rs ω e Ψ M
=− 2
ωe (Ld + Md )(Lq + Mq ) + Rs2

(17)

The mutual coupling between sub-systems is very important
when we are targeting fail operational behavior. Using the
motor with low mutual inductances, the fault can be isolated
in one motor sub-system while the other one can operate normally. Our experimental motor has the concentrated winding.
In such a case we speak about the motor with low mutual
inductances. The following equation (18) describes currents
of ASC sub-system as a function of currents of the healthy
one.
idASC

Rs ωe Mq isq2 − ωe2 Lqq (Md isd2 + ΨM )
=
ωe2 Ld Lq + Rs2

iqASC

Rs ωe (Md isd2 + ΨM ) + ωe2 Ld Mq isq2
=−
ωe2 Ld Lq + Rs2

(18)

IV. E XPERIMENTAL RESULTS
Table I shows parameters of the experimental motor. The
experimental motor has four taps prepared in one coil. This
coil is divided in the ratio 1:1:3:6:14. Ten different short
circuit depths can be emulated using this arrangement. The
short-circuit is realized by using the fault insertion unit (FIU)
based on galvanically separated solid state relay with internal
resistance Rf =0.05 Ω with the IC for current measurement.
The disassembled experimental motor is shown in Figure 3.
The motor connection to the test bench is shown is Figure
4. The test bench consists of the experimental dual threephase motor mechanically coupled with the dynamometer.
The power inverter uses multiple three-phase power stages
connected to the control board with three-core AURIX TC275

Prepared windings taps

Experimental
2x 3ph
motor

Dynamometer

Power Source

Data
acquisition
tools

Fault insertion
unit (FIU)
Power
inverter

Fig. 4. Experimental motor connected to the dynamometer

Fig. 3. Experimental motor stator (top) and rotor with permanent magnets
(bottom)

microcontroller. Two cores are dedicated for control algorithm
(one per subsystem) and the last core is used for the data
acquisition using Ethernet.
Different interturn short-circuit faults are generated in a
motor during the tests. The motor behaviour during the fault
is compared with the behaviour when three different compensation strategies are applied.
Motor setpoints are configured to id = idr , iq = iqr /2
during the normal operation without compensation. Variables
idr and iqr represent required d and q axis currents. Both
sub-systems generate the same torque in this case.
The first compensation strategy switches the damaged subsystem into ASC mode. The motor can continuously operate
in this mode because the fault current is reduced below the
maximum motor current. However, the ASC mode generates
constant breaking torque. The breaking torque depends on
the actual motor speed. This torque can be compensated by
the active sub-system, nevertheless the available power of the
motor is reduced below one half of the maximum power.

The second compensation method uses active field weakening (AFW). In this case, the damaged sub-system is field
weakened by the control algorithm. Current setpoints are
configured to id = −ich , iq = 0. The breaking torque of
this compensation method is zero and maximum motor torque
during the fault can be higher comparing with the first method.
The motor torque is generated only by the healthy sub-system
in this case.
The last compensation method combines field weakening
with the normal motor run (AFW with reduced power). Motor
setpoints for damaged sub-system are id = −ich , iq = irq /3.
Setpoints for the healthy sub-system are set to id = idr ,
iq = iqr 2/3. The damaged sub-system generates lower torque
comparing with the healthy sub-system. The maximum motor
power is reduced significantly less than during other compensation methods. Maximum allowed motor current limits must
be respected in both-subsystems. The maximum q current is
therefore limited to ± 2.6 A.
The influence of the interturn-short circuit depth was measured for two different motor speeds. The motor fault current
TABLE I
PARAMETERS OF EXPERIMENTAL MOTOR
Name
DC voltage
Maximum motor current
Winding resistance
Back-EMF constant
d-axis inductance
q-axis inductance
d-axis mutual inductance
q-axis mutual inductance
Nominal speed
Maximum speed
Nominal power
Number of pole pairs
Characteristic current

Symbol
UDC
imax
Rs
λph
Ld
Lq
Md
Mq
ωN
ωmax
PN
Pp
Ich

Value
55
6
0.45
0.00989
1.84
1.98
75
163
950
3500
270
21
5.4

Unit
V
A
Ω
Vs/rad
mH
mH
μH
μH
rpm
rpm
W
A

20

20
Calculated value

18
16

Current [A]

Current [A]
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8
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8
6

4
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Fig. 5. Interturn fault current amplitude measured at 2000rad/s for different
operation modes
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Fig. 7. Interturn fault current amplitude measured at 5000rad/s for different
operation modes
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Fig. 6. Overall wideband vibration acceleration measured at 2000rad/s for
different operation modes

Fig. 8. Overall wideband vibration acceleration measured at 5000rad/s for
different operation modes

and overall wideband vibrations are measured during the tests.
The measured current is compared with the calculated value
of the fault current. The equation (14) and motor parameters
from Table I were used for its calculation.
The first measurement was acquired during the electrical
motor speed of 2000 rad/s without the load torque. This speed
is almost equal to the nominal motor speed. The motor can
reach this speed without the field weakening. The maximum
allowed motor current is 6A. Measurement results for this
speed are shown in Figures 5 and 6.
The fault current amplitude which is higher than the current
limit can damage the motor. The motor in such a situation
can’t continuously operate under this fault without the compensation. The highest measured fault current is 13.5 A for six
short-circuited turns. This value is more than 2 times higher
than the maximum motor current. The small fault current
amplitude for low number of short-circuited turns is caused by
the high resistance of short-circuit point Rf . The fault current
is significantly higher if the short-circuit happens inside of the
motor. The figure 5 also shows the fault current amplitude
using compensation strategies. All compensation strategies
reduce the fault current under 6 A. Vibrations generated by

the motor shown in Figure 6 are also significantly reduced
by using compensation methods. The lowest vibrations were
measured using ASC compensation.
Another measurement was realised for the electrical motor
speed of 5000 rad/s. The motor must operate under the field
weakening so as to reach this speed. The influence of the
interturn short-circuit depth to fault current is shown in Figure
7. Figure 8 shows vibrations using the individual compensation
strategies.
Further tests were realised with a fully loaded motor. These
measurements show the influence of individual compensation
methods to maximum achievable motor torque (Figure 10) and
power (Figure 9). The influence of compensation methods
to the fault current can be seen in Figure 11. Six shortcircuited turns were used during the tests. Highest fault current
amplitude can be seen for motor operation without field
weakening.
V. C ONCLUSION
Realised measurements confirm that the motor can continuously operate when using one of the presented compensation
methods. Otherwise the fault current caused by the interturn
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Fig. 9. Maximum achievable motor output mechanical power for individual
compensation methods
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