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Industrial efficacy of electrical energy is an important feature for our daily life. To provide
efficient and reliable operation, new types of electrical machines and their condition
monitoring have gain importance. In this paper, a model based condition monitoring and
fault evaluation application for permanent magnet synchronous motors (PMSM) is
presented. Possible fault conditions are realized on mathematical model and their results are
discussed. In order to observe the dynamic behavior of PMSM, its mathematical model is
implemented into MATLAB / Simulink as a reference. Then, faulty conditions are created
by altering specific model parameters to imitate possible faults. The behavior of the motor
is observed and compared with the reference output to contribute the dynamic effects of

1. INTRODUCTION

Since electrical machines are the major energy consumer in
industry, they should be selected as efficient as possible. Losses
of the electrical machines are highly depended on the type and
the control equipment for the desired the operation. Therefore,
reducing the losses is an important trump to be considered.

In the industry servo motors are well-known for the precise
move and transportation applications. To determine which type
of electrical machines should be selected, the application
should have been well arranged. Commonly used types of
electrical machines were conventional DC machines, induction
machines and synchronous machines in the last century. Since
DC motors need brushes and commutator systems, the
maintenance becomes problematic. Consequently, brushless
motor drive system is selected for servo motor applications due
to their robustness and lower maintenance need. These
requirements can be met by AC motors or SRM (switched
reluctance motor) [1-2]. If desired output torque is expected to
be smooth, then induction machine (IM) or synchronous
machine (SM) are the candidates. The use of synchronous
motors takes place when the constant speed with high
reliability is desired with the line frequency. And also, the
variable speed drive is possible with inverter-fed systems.
Since the permanent magnets (PM) have their own magnetic

field due to the material property, in PM motors, dc excitation
winding does not be there no longer to create rotor magnetic
field. If the PMSM is used then the losses decrease because of
brushes, slip rings and dc field winding losses are abolished [3].
The PMSM is newly preferred as a workhorse of the industry
because of its advantageous over induction machines (IM) such
as:

- PMSM has lower inertia due to the absence of rotor cage,
therefore the torque to inertia is higher and this makes the
machine response faster than IM.

- The PMSM is more efficient than IM because of the ignorance
of rotor copper losses.

- The PMSM has its own excitation due to PM but IM needs a
magnetization current to being excited.

- In order to provide same output power, the PMSM will have
smaller sizes than IM. If the space is an important parameter to
be considered, PMSM should be preferred with its higher
power density.

- Since rotor losses is mainly copper losses causing the heating
then PMSM is a good selection since its rotor is free from
windings.

As a result, PMSM becomes a popular type of electrical
machine to be applied in industrial application because of its
compactness, efficiency, robustness, reliability, and shape
adaptation to working environment [4-6]. From another
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perspective; the general trend in the industry is to reduce
environmental impact and to satisfy that new regulations and
standards of International Electro Technical Commission (IEC)
[7]. PMSM is a good candidate to meet new standards due to
its high efficiency, robustness and reliability.

Thus, condition monitoring and fault diagnostics of PMSMs
become more important to evaluate and prevent faults which
might interrupt the operation. Also, the importance of the
PMSM in aerospace and automotive industry increases due to
its high reliability [8], therefore it becomes crucial to model and
monitor this machine properly. During the monitoring process
it is also vital to understand the reason of the faults and any
change on the machine’s dynamical response caused by them.
Therefore, possible faults should be determined and their
effects on the machine should be well studied in order to
recognize them. In order to monitor the machine condition,
parameters such as stator winding resistance and rotor flux
linkages are important to be audited. These quantities are also
critical for the controller design. Also, obtaining
electromagnetic parameters accurately is necessary for
applications such as control system design, online fault
diagnosis, and condition monitoring.

Electrical machines are the key components to couple electrical
and mechanical power; therefore, their faults can be occurred
on both sides. For the electrical side, PMSM has stator
windings and rotor magnets. Stator windings can be open
circuited due to loss of connection of windings or short
circuited due to dysfunctionality of the isolation. According to
Reference [9], 35-40% of the PMSM faults are reasoning from
the stator faults [10]. The common stator windings faults are
because of isolation depreciation causing inter-turn faults.
These can lead to huge problems such as phase-to-ground
faults. Also Reference [11] indicates that the phase-to-phase or
phase-to-ground faults are the ultimate result of undetected
turn-to-turn faults, as a general belief. The failure of the
insulation is modelled as a resistance, named as fault resistance
(rr) and its value is dependent on the severity of the fault. The
value of the resistance changes rapidly from infinity to zero in
the cases of short circuit. The resistance is tuned to infinity for
no fault operation. For the short-circuit the value of the
resistance decreases rapidly to zero by indicating the fault
severity through its amplitude [12]. Whenever r¢ equals to zero,
the windings are assumed to be fully short circuited.

Another fault possibility is the demagnetization which is
caused by the stator field. In other words, rotor magnets can be
demagnetized due to the high opposite magnetization caused
by the stator magnetic field. Another reason for
demagnetization in PMSM is the high temperature on magnets.
Especially for the surface mounted PMSMs, magnet is exposed
to higher flux harmonics causing temperature increase. And
also for the super and under synchronous operations rotor is
subjected to hysteresis and eddy-current losses resulting
additional temperature rise [13]. References [14] and [15] have
investigated PMSMs with partially demagnetized magnets at
certain rates. Since the demagnetization of the magnets can
lead to flux disturbances, unbalanced magnetic pulls (UMP)
occurs resulting in the vibration and noise [16].

Additionally, dynamic problems might also occur due to torque
pulsations. From the mechanical aspect, bearing damage and
eccentricity are the possible faults for PMSM [17-18]. The
bearing fault is a common problem for all rotating systems.
Another important but not so often confronted rotor fault is the
broken or cracked magnets on the rotor.

Lastly, to support line-start ability of PMSMs a cage
arrangement can be implemented to rotor. For this case,
PMSMs can be supplied directly from the network. This brings
a possibility of having some imbalances on the supply side such
as frequency and voltage fluctuations.

In this study, mathematical model response two common fault
modes are investigated. First, a PMSM model is created on
Matlab / Simulink environment and a reference operation is
defined for motor. Then failure modes are realized through the
intentional manipulations of relevant parameters. The resulting
dynamic outputs are compared with the reference case in terms
of amplitudes.

2. MATHEMATICAL MODEL FOR PMSM

To model a PMSM dq0 transformation, known as Park’s
transformation, is used for linear representation of rotating
quantities. This transformation fixes the reference frame to the
rotor and all electrical quantities are assumed to rotate with the
rotor angular speed. This methodology brings simplicity due to
decrease 3-phase stator system into 2-phase system which
means stator will have only one set of two windings. Since the
rotor has only magnets, they can be modelled as current or flux
linkage sources. When the transformation is done and fictitious
set of direct and quadrature windings are set to represent stator
windings, no varying inductance is obtained.

Dynamic model is derived under these assumptions [19].

- The saturation and parameter changes are neglected.

- The inductance versus rotor position is sinusoidal.

- The stator windings are balanced with sinusoidal
distributed magneto-motive force.

First, the stator voltages should be transformed into dqO-
frame with the transformation matrix given in Eq. 1.

[cos(Q) cos <9 — 2?”) cos (9 + 23—7T>] "
q a
[ l ;i sin(@) sin (9 — 2{) sin (0 + Z?E) i IZ’:] M
L 1/ Y

Voltage stator equations presented in rotor reference frame
are given in Eq. 2 where R; is stator resistance, A, is the
mutual flux between armature and field windings, w, is the
rotor angular speed, Ly and L, are the direct and quadrature
axis inductances, respectively.

KA e | A L e
vds q Rs + Lap ids

By transferring these equations to Laplace domain, Eq. 3
and Eq. 4 can be obtained;

(2)

Vgs = (RS + qu)igS + wLgigs + wpdgr 3

wyLgigs + (Rs + LgS)igg 4)

-
Vas = —

Currents can be derived from the previous equations in
well-known Laplace forms in Eq. 5 and Eq. 6.

iro= i erdlds wrlaf
(s +Rs/Lg)

=T (5)
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1 vl + w.Lyi}
i = T e Ry (6)
a (s+Rs/Lg)
Flux linkages for direct and quadrature axes calculated
through current expressions are given in Eqg. 7 and Eq. 8.

Ags = Lqigs

Q)

/125 = Ldigs + Aaf (8

For these quantities, electromagnetic torque is given in Eq.
9 through mechanical and electrical approaches while J is the
moment of inertia, B is the damping coefficient and T; is the
load torque [20].

T, = [Adsiqs — Asits] = wnUs+B)+ T, (9)

3. REFERENCE DYNAMIC MODEL OF PMSM

In order to evaluate dynamic behavior of PMSM with various
faults, a reference operation should be defined. For this
purpose, a 220V, 50 Hz, 8 poles surface mounted PMSM with
stator resistance 2.875 Q, direct and quadrature inductances 8.8
mH, mutual flux linkage 0.175Whb, 0.0008 kg.m2 moment of
inertia is observed. First a reference operation is executed to
compare with faulty cases. The dynamic answers of chosen
PMSM for 10 Nm load torque are given in Fig. 1 - 3.
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Figure 1.  Voltages for direct and quadrature axes.
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Figure 2. Currents for direct and quadrature axes.
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Figure 3. Shaft Torque and speed.

4. IMPLEMENTATION OF FAILURE MODES

It has already been mentioned above that one of the major faults
occur on the stator as inter-turn fault and it can be modelled as
a drop in the resistances. On the other hand, to imitate the
demagnetization, the mutual flux linkage between rotor
magnets and stator armature winding A4 can be limited. From
that point of view, there are two main parameters to be changed
along the simulation. There may be some other results for the
aforementioned faults. In other words, some consequences
should be taking into account as the side effects of these
alterations in experimental studies.

1. Stator resistance has a direct relation with the increase of
temperature, and it will affect the system,

2. The magnetic flux linkages variation changes the torque
production and also the speed of the machine.

However, in this study these possibilities have been ignored
because of the mathematical model limitations.

With the changing of aforementioned parameters, the faulty
cases are realized and the machine’s dynamical responses are
obtained and evaluated regarding the created scenarios. Two
different failure modes (FM) are realized and their dynamical
behaviors are monitored.

The FMs are listed below:

*  Winding degradation: Decrease in the stator
resistance to simulate short circuits in various percentages,

. Partial Demagnetization: Decrease in the flux linkage
to imitate partial demagnetization resulted from a cracked
magnet.

To compare the faulty operations voltage (vq and vg) and
current (l4 and lg) are shared for the constant torque and speed
(T and o).

4.1. Failure mode 1: winding degradation

Regarding Table I; with the decrease of stator resistance the
current of direct axis increases as an expected result. Also, vq
increases while vy decreases. In other words, for the higher
percentages of short circuit, balance between the voltages of
direct and quadrature axis changes while their vector sum
converges approximately to the same values. Also, time to
reach the steady state strings out with the decreased resistance.
As the short circuit percentage augments, the longer time
requires to achieve steady state operation. Furthermore, the
oscillations enlarge for all parameters.
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TABLE |
RESULTS FOR FAILURE MODE 1: DECREASE IN THE STATOR RESISTANCE

VALUE

Casel Case2 Case3 Case4 Caseb

Stator Resistance - Ry  2.875 2.15 1.4375 0.71875 0.2875

\ 2619 2787 2957 3084 3111

Vg 1679 1382 96.78 40.98 1.8
lg 67.25 76.12 85.02 9235 94.88
Iq 9524 9.524 9.524 9.53 9.569

4.2. Failure mode 2: partial demagnetization

Table Il shows that current components elevate with the
decreasing rotor mutual flux linkage to satisfy required
magnetic coupling and to induce defined electromagnetic
torque. There is no significant alteration on the voltage values
since the relevant modification is not defined on the electrical
circuit as the previous one.

TABLE Il
RESULTS FOR FAILURE MODE 2: CHANGE IN THE FLUX LINKAGE OF ROTOR AS
DEMAGNETIZATION

Casel Case2 Case3 Case4 Caseb

Rotor M“t“aa':)'ux Linkage 4175 01575 014 01225 0.105
Vg 2619 262 2626 2641 266.7

vd 167.9 1678 1668 1645 160.2

Id 6725 6810 69.07 69.84 70.45

Iq 9524 1058 119 1361 15.87

5. CONCLUSION

In this study, the dynamical modelling of a PMSM is achieved
and its fault evaluation is executed. The rotor reference frame
is employed for the modelling to calculate d- and g- axes
voltage. Different failure modes are presented and their
dynamic results are compared with the reference model.
Deliberate manipulations of parameters cause the dynamic
model to respond different to satisfy torque and speed which
are hold constant.

In order to imitate short circuit failure, stator resistance
value is decreased in different percentages. For this fault mode,
the oscillation interval and damping time increases during the
start, by the augmented winding degradation. To simulate the
demagnetization or broken magnet failure, rotor flux Aas iS
decreased gradually. The torque and speed characteristics do
not show a noticeable difference but the higher damping times
are observed. Also the stator current components raise to
provide the required coupling field.

These findings lead the researcher of diagnosing;

1.  Winding degradation fault while monitoring longer
time to reach steady state operation and larger oscillations with
unexpected increase in the direct axis current.

2. Demagnetization fault while monitoring increasing
current components with slightly lengthened out time to reach
steady state.

As the contribution, dynamic investigation of faulty
operations is guiding for the condition monitoring purposes. A
condition monitoring list is possible to be presented by creating
different scenarios through the manipulations of relevant
machine parameters. As the future work, authors are planning

on correlating the dynamical

model result with the

experimental observations.
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