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Abstract—In this study, model of a multi-phase permanent
magnet synchronous motor is demonstrated. The model is de-
signed to allow simulations of inter-turn short circuit faults of
various severity. The considered multi-phase motor is connected
as a dual three-phase system. In this case, stator windings are
divided into two electrically separated sub-systems. Nevertheless,
the magnetic coupling between sub-systems needs to be taken
into account in general. The motor model is designed to take
into account the exact stator coils distribution. In this case motor
uses combination of serial and parallel connections. Model is im-
plemented in MATLAB/Simulink using SimScape environment.
The paper also shows a comparison of the behavior of a real
PMS motor and derived model behavior.

Index Terms—Multi-phase motor model, interturn short-
circuit, PMSM, fault model

I. INTRODUCTION

Nowadays, permanent magnet synchronous motors (PMSM)
are typically used due to their high power-to-weight ratio
and excellent efficiency. PMS motors are thus often used in
industry, automotive, or aviation. One of the requirements is
to achieve sufficient motor power at a wide range of speeds.
This requirement is typical, for instance, in electric vehicle
powertrains. Similar needs also arrise in aviation applications
[1]. The possibility to run the motor in a field weakening mode
is often required for this reason.

Besides advantages, PMSM also has a couple of disadvan-
tages. The rotating rotor always generates a back-EMF voltage
into stator windings. The generated voltage can be higher than
DC-link voltage if the motor is designed to operate in the field
weakening mode. This feature can be very problematic during
the motor or power inverter fault. Closely related problem
of PMSM are internal short-circuit faults. These faults are
caused by insulation material degradation induced by machine
vibrations and high voltage and temperature stress. The loss of
the insulation dielectric properties between the two conductors
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causes the formation of a closed-loop inside the stator winding.
The formed closed-loop is magnetically coupled to other
healthy windings and rotor magnets. Closed-loop electrical
properties and induced voltage generated by spinning rotor
result in the fault current flowing through this loop. The
amplitude of a fault current can be many times higher than
the nominal motor current. The fault current can subsequently
result in temperature rise up and further emergence of new
interturn short-circuits. Thus, this kind of fault should be
detected as soon as possible.

In recent years, many publications have dealt with the prob-
lem of modeling motors under electrical or mechanical fault.
The models can be beneficial for fault detection algorithms [2].
Most studies present motor winding as one coil with mutual
inductances only to other phase windings. Model created using
such a simplified method does not ideally reflect the real
motor behavior, which can be substantially different. This
simplified approach can be effectively used for motors with
non-concentric windings, as Mazzoletti et al. [3] demonstrate.
On the other hand, Zhao et al. [1] demonstrate the significant
influence of the asymmetric windings and magnetic circuit
on the resulting behavior of the motor. The importance of
detailed winding analysis is evident for motors with concentric
windings. Behavioral differences between the model and real
motor are more significant in high-speed operation. Simulated
fault current can be higher than real fault current because
of the simplification, especially in motors with many serially
connected concentric coils. The motor model must take into
account the internal wiring structure of the motor to achieve
the required accuracy in simulating inter-turn short circuit fault
behavior [4].

All mentioned modeling strategies consider three-phase sys-
tems. This study describes the analysis of a dual three-phase
machine. Multi-phase structures in various configurations can
be used to achieve fail-operation behavior [5]. In this case,
a precise multi-phase model with the possibility to simulate
an interturn short-circuit is essential. This study considers a
dual three-phase PMS motor with interlaced sub-systems and
concentric stator coils. This structure is fully symmetrical and
does not require special modifications of the control algorithm.
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Fig. 1. The experimental motor structure and assignment of individual coils
into sub-systems

II. EXPERIMENTAL MOTOR DESCRIPTION

The derived mathematical model must respect the structure
of the experimental motor. An essential requirement for fail-
operational capability is that the motor can operate under an
active short circuit in case of failure. This brings together
requirement on following properties. The field weakening
index of the machine is lower than one which insures that the
machine (subsystem) can be completely field weakened to sup-
press the faulty current. The next property is low mutual induc-
tance between sub-systems. Low mutual inductance between
sub-systems allows isolating the fault in one sub-system while
the second sub-system can continue in operation. A properly
designed coil arrangement can give low mutual inductances.
This statement can also be seen from the calculations derived
in the following part of the paper.

The experimental motor has 24 stator slots and ten pole
pairs in the rotor. The stator contains 24 concentric coils.
The coil arrangement inside the motor is shown in Fig. 1.
According to the diagram shown in Fig. 2, individual coils are
connected in a serial and parallel way to form two sets of three-

TABLE I
EXPERIMENTAL MOTOR PARAMETERS

[ Name [ Symbol [ Value [ Unit |
DC voltage Upc 200 \
Maximum continues motor current | g 107 A
Winding resistance Rs 6.5 m¢2
Back-EMF constant Vm 0.0117 | Vs/rad
Winding inductance Loy—v 180 uH
Nominal speed Wn, 8000 rpm
Maximum speed whr 10500 rpm
Nominal power P, 30160 W
Number of pole pairs Pp 10 -
Characteristic current I.n 81 A

Us

Fig. 2. The experimental motor winding arrangement, winding taps yi—4
and x1_4 can be used to emulate interturn short-circuit fault
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Fig. 3. The experimental motor terminal box

phase windings. Parameters of the custom made experimental
machine are shown in the table I. The motor was designed to
emulate various stator winding faults with selectable severity.
The mutual interconnection of winding taps y; — y4 can be
used to emulate interturn short-circuit faults in phase U. The
same fault can be emulated in phase W using taps x1 — x4. It
is apparent that the taps and windings ends can also be used
to emulate phase to phase short-circuit fault in one sub-system
or even short-circuits between sub-systems depending on the
used motor configuration.

III. DUAL THREE-PHASE PMSM MODEL

The motor model is based on the magnetic flux linkages
analysis between individual stator coils. Each coil has its self-
inductance and also magnetic linkage to other coils. Magnetic
coupling factor is denoted by variables 4 where d represents
the distance between stator slots or distance between individual
coils. The path of magnetic flux can be seen in Fig. 4.
Considering only the coils without assigning them to the



subsystems (ay, asg, ..., c7,cs), flux linkage A,; of first coil
is given by (1) where S denotes the number of motor slots.
Variables L, and Ly denote the single-coil self and leakage
inductance. Similar equations can be derived for the other 23
coils. Individual signs in (1) need to reflect coil orientation.

Aay = (Lsm + le)im + (V1%as + Y206, — V3lp, — Yale,
+Y5%c, T Y6las — V7las — Vsibs T Y9ib, + V10%cs
—V11teq — V12%as + Vi1lag + V10%s — Yolog — V8%cs
+¥7ics + V6lar — Vslas — Valvy + V3lvs + V2le,

L,

S—1

Magnetic flux equations can be simplified considering the
serial connection of adjacent coils of the same phase. In this
case, the magnetic flux of serial connection of two coils is
denoted by variable A, ;. (1) can be rewritten into (2).

ey
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where

In this case, following condition (3) is met for all currents
in (2).

Z'a;n = ia:?n = ixn'm (3)

Considering the same current flowing through parallel paths,
we can calculate the magnetic flux generated by the whole
phase winding (4).
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The electrical part of PMSM can be described by equation (5).
In this case, we speak about the model of healthy motor.

. . dLu’leg Tuvwio
Uyvwis = Ruvw12luvw12 + T

+ e’u/L)’u)12 (5)
-
where Uyvwis = [uul y Uy y Uy 5 Uy s Uygy u’wg]

tuvwia — [Zul s lors twy s tug s Lugs sz]

Variables Vyyu,, and %,..,,, denote motor voltages and
currents, respectively.

Fig. 4. Visualisation of the magnetic flux flow generated by the a; winding
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Variables R,;.,, and L,.,, denote the matrix of resis-
tances and the inductance matrix. Back-EMF voltage gen-
erated by the motor rotation is given by eyyq,,. 6 denotes
electrical angle between the quadrature axis of rotor magnets
and the phase w;. Variables w, and %, represent actual
electrical motor speed and rotor permanent magnet flux.



Another critical part of the motor model is how motor
currents or magnetic flux is converted into mechanical torque.
Motor torque can be calculated in stator or rotor coordinates.
Mechanical torque generated by the motor in stator coordinates
can be calculated using (9).

T dLuvwlz .

1 . iu’uwlzTeU’lez
Te:Pp §Zuvw12 + wowie T (9)

a4 " W

The relationship between the rotor position 6, electrical speed
we and mechanical speed w,, is given by (10) and (11) .

do

a:we:wm~Pp (10)
dwe 1
dt - j(Pp(Te_Tl)_Bwe) (11)

Variable T; represents loads torque. Variables J and B denote
mechanical system inertia and viscous friction coefficient.

IV. MODEL EXTENSION FOR FAULT SIMULATION

The model described in previous section can simulate dual
three-phase motor behavior in healthy conditions; however,
additional modifications are needed to enable the interturn
short circuit fault simulation. The fault is modelled in phase
U of the first sub-system, specifically in coil a;. The current
through parallel paths of the winding will no longer be
the same. For this reason, serial connection of coils will
be simulated separately with currents i,;9 and i,56. Various
depths of the interturn short-circuit fault are given by the
parameter ¢, which is defined as the ratio of short-circuited
turns to a total number of turns per coil. Mutual inductance
between short-circuited part and the rest of the coil is close
to one. In this case, the self-inductance of the short-circuited
part L and the rest of the coil L}, is given by (12) and (13).

Ly =9*(Lsm + Ls) (12)
Lh = (1—9)*(Lsm + Lg) (13)

Mutual inductance between the short-circuited part and the
rest of the healthy coil is given by (14).

Liar = (1 = 9)9(Lsm + Ls1) (14)

The equation (5) can be used for faulty model, however it
needs to be extended into (15). The phase current i,, is split
into %4, and %q,.

. dLu’uwlzfzu’uwlgf
uuvwlzf :RuUUJle 7/umulgf + dt

5)

+TCuvwiay
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where uuvwlgf— [uul —Ufy Uy Ufy Uy 5 Uapy 5 Uy s Ung s uwg]

Luwvwiay = [Za127 Laser Uiy tuys bwys Pug s Lugy ng]

The voltage on the interturn short-circuits part is given by
uy during the fault. This voltage is zero during the fault. New
matrixes for fault simulation are given by (16) and (17). Some
internal parts of inductance matrix shown in (17) are the same
as (7). The back-EMF voltage for modified model is given by
(18). The equation needs to reflect phase shift ¢ between two
serial coils a1 and as. ¢ for presented structure is 30 electrical

ag

1a56 as
Fig. 5. Phase w1 detail with interturn short-circuit fault

degrees. Coil orientation needs to be considered. This feature
represents significant difference between simplified and full
model. The torque generated by machine can be calculated
using modified version of (9).

[2R,-9R, 0 0 0 0 0 0 O
0 2Rs 0 0 0 0 0 O
0 0 9R; 0 0 0 0 O
0 0 0 Rs,0 0O O O
Ruwwnay = 0 0 0 OR;,0 0O (16)
0 0 0 0 0ORs0 O
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Fig. 7. Implemented PMSM model in MATLAB/Simulink using Simscape

V. COMPARISONS WITH REAL PMS MOTOR

This chapter shows a comparison of measured and simulated
motor currents during the occurrence of an interturn short-
circuit on the winding. Mutual inductances between the formed
inner loop and other windings were measured using the
RLC meter. Another option would be using FEM simulations
or calculating the equivalent magnetic circuit to determine
individual ; — 72 coefficients. It is possible to consider
the coefficients as a function of rotor position to improve the
conformity of the model with reality.

A field-oriented control algorithm was implemented in a
dual three-phase power inverter for the motor control. The
same algorithm was also used in simulations. The used control
algorithm can be seen in Fig. 6. The decoupling used in control
algorithm which allows operating the motor in high speed is
derived based on [6].

The motor model is implemented in MATLAB/Simulink
using a custom Simscape blocks. Simscape allows an acausal
modeling approach. Coil Al is divided into Alh and Al
parts. The point Al in the middle represents prepared winding
tap. Short-circuit fault is generated using thyristors for short
reaction time and measurement repeatability during the real
experiments. Fig. 9 shows an experimental motor connected
to a dynamometer and the power inverter. The motor was
running at 4270 rpm with a load of 10 Nm. The relay contacts
prove to be problematic as the resistance changes between
repeated switching. For this reason, a thyristor is used to form
an interturn short-circuit. This fact is taken into account by
the addition of anti-parallel diodes into the model. The motor
model is shown in Fig. 7.

Fig. 8 and Fig. 10 show the current of the measured and
simulated behavior. For the comparison, the operating point
was selected to show the model’s compliance even in the
high-speed region. At lower speeds, it is possible to observe
differences due to nonlinearities such as deadtime.

VI. CONCLUSION

The first part of the paper described modeling methods and
their limitations depending on the motor winding arrangement.
The advantages of multi-phase motors are also presented.

Second part presents the model of a dual three-phase PMS
motor with a combination of serial and parallel connected
windings and interlaced sub-systems. The presented model
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was extended to allow interturn short-circuit fault emulation.
The fault can be emulated in one coil. The real motor uses
concentric stator windings.

The last part presents the testbench used for real motor
measurement and model implementation into the SimScape
environment of MATLAB/Simulink. Figures from measure-
ments and simulations show conformity between the presented
model and the real PMS motor.
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