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Abstract
The bond-graph (BG) enables to model multi-physics systems in the energy domains. This paper shows that BG models are
an alternative, more intuitive and simpler to interpret, graphical tool as compared to existing dynamic models for performance
prediction of the line-start permanent-magnet synchronous motors (LSPMSMs). It includes electrical, magnetic, and mechan-
ical energy domains where the stator windings, rotor bars, and permanent magnets are the main components of the model. The
dynamical equations of the proposed BG are extracted and solved using the MATLAB ordinary differential equation solver
for a sample LSPMSM. The dynamics of the studied LSPMSM is investigated under two operating conditions (1) a healthy
motor and (2) a motor with broken rotor bars. The simulation results are compared with the finite-element analysis (FEA)
as the most accurate method to simulate the electric motor behaviour. It is shown that the proposed BG model accurately
predicts the performance parameters of the motor such as current, torque, and speed under various operating conditions. In
addition to the modelling validation, the transient behavior of the LSPMSM are discussed to describe the possible reasons
for its behaviour during transient and steady-state operating conditions.

Keywords Bond graph · Dynamics model · Fault analysis · Line-start permanent-magnet synchronous motor · Squirrel cage ·
Transient analysis

1 Introduction

Electric motors consume more than 50% of the generated
electric energy [1]. More than 90% of the electric motors in
domestic and industrial applications are line-start squirrel-
cage induction motors (SCIMs) [2–4]. The applications of
the line-start motors are pumps [5], fans [6], cranes [7],
elevators [8], blowers [9], etc. Line-start permanent-magnet
synchronous motors (LSPMSMs) have been proposed as a
substitute for the SCIMs. Higher efficiency, higher power
density, and higher power factor of the LSPMSMs are their
main advantageous over the SCIMs [10–13].

Figure 1 compares different types of losses for sample
2.2 kW LSPMSM and SCIM. These motors have the same

B Emad Roshandel
emad.roshandel@flinders.edu.au

1 College of Science and Engineering, Flinders University,
Adelaide, Australia

2 STEM, University of South Australia, Adelaide, Australia

3 Department of Electronics, Information and Bioengineering,
Politecnico di Milano, Milan, Lombardy, Italy

housing, stator, bearings, and shafts, but different rotor con-
figurations which includes additional four PMs in LSPMSM.
Although the rotor rotational losses are ignored in this figure,
a similar rotor loss is reasonable for both due to their similar
weights (steel density: 7.84 g/cm3 [14] PMdensity: 7.7 g/cm3

[15]). The loss breakdowns (stacked loss bar graphs) illus-
trate how loss reduction leads to the efficiency improvement.
It shows the total losses of the LSPMSM is 40% lower than
the SCIM. Since LSPMSMs operate at synchronous speed,
the induced eddy current at rotor cage becomes almost zero.
Thus, the rotor cage loss nearly vanishes in LSPMS motors
except for a negligible harmonic portion. In addition, the
ohmic loss of the stator in LSPMS motors, which is the
largest portion of the total motor loss, is decreased due to
a significant reduction in magnetizing current and thus the
input current amplitude of the motors. The less loss of the
LSPMSM compared to the conventional IMs enables to have
advantages of higher efficiency andpower factor as compared
to those of IMs [16–18]. In fact, the sample 2.2 kWLSPMSM
achieves IE4 efficiency standard while its counterpart SCIM
meets IE2 efficiency standard, in a similar volume [19–21].
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Fig. 1 The comparison of the losses using stacked bar chart for sam-
ple 2.2-kW SCIM and LSPMSM extracted from FE simulation. Both
studied machines have the same stator, similar rotor outer diameter, but
different rotor configurations. The simulation results ignore the rota-
tional losses

LSPMS Motor Induction Motor IPM Motor

Fig. 2 A visual representation of hybrid rotor line-start permanent-
magnet synchronous machine that includes the embedded PMs and a
squirrel cage

Figure 2 shows a graphical abstract of the LSPMSM
structure. The LSPMSMs stator has three-phase distributed
winding like an induction motor. They have a hybrid rotor
with embedded permanent magnet (PM) poles and a squirrel
cage [22]. The rotor cage adds the line-starting capabil-
ity to conventional permanent-magnet synchronous motors
(PMSMs). So, LSPMSMs start-up like the SCIMs, and their
steady-state operation is like the interior PMSMs (IPMSMs).

Often, the electrical motors work as a part of larger elec-
tromechanical systems and hence behaviour of the model in
associationwith other components in the systems is vital [23].
The screw compressor [24] and centrifugal pumps [25] are
two exampleswhich utilizeLSPMSMs in integratedmechan-
ical systems. The dynamic performance prediction of entire
system and in real-time control and monitoring necessitate
an accurate transient model allows of the system [26]. The
BGmodel allows to easily combine the dynamical equations
of a machine with the different devices in a system [27].

The transient finite-element (FE) analysis [4], transient
model in d-q reference frame (TMRF) [28], and the energy-
based models (e.g., Euler–Lagrange equations and bond
graph [29, 30]) are techniques for modelling of the transient
behavior of electric machines. The well-known transient
model ind-q reference frame (TMRF) of the electricalmotors
offer an acceptable accuracy for prediction of the dynamics
of LSPMSM [31, 32]. The FE simulations are accurate, but
computationally expensive as small-time steps are necessary

for transient FE analysis. The FEA also needs the details
of the machines like geometry, materials, dimensions, etc.
which are not normally available to the users.

Both FE model and TMRF are not a proper approach for
prediction of the transient behaviour of the electric motors in
the integrated systems. The utilization of FE modelling in an
integrated system requires amulti-physics simulation, neces-
sitating a wide range of expertise. Due to the complexity and
large computation time, FE analysis may not be suitable for
modelling integrated systems. The transient model in d-q ref-
erence requires inclusion of the electromagnetic equations of
themachine to be able to couple them to the othermechanical
devices that is not easy.

Thebond-graph (BG) is a graphicalmodel inwhich energy
ports are connected by bonds to show the energy trans-
fer between different components of a system. So, they are
suitable approach to model an electrical motor in a large
electromechanical systems such as jet propulsion engines,
turbines, compressors, pumps, and conveyors integrated on
the shaft of the motor [33–36]. BG models are useful for
process engineers to understand the flow of energy [37, 38].

The ability of the BG models to describe the dynamics
of the SCIMs and linear synchronous motors has been stud-
ied in the literature [39–42]. However, there is a lack of the
LSPMSMs’ BG models. This study focuses on the use of
bond-graphs and their validity in transient analysis of the
LSPMSMs. This paper validates the dynamic performance
prediction of a sample line-startmotor usingBGmodelling in
both healthy and broken rotor bars conditions. The developed
model can be used in the dynamics prediction and condition
monitoring applications when LSPMSMare employed in the
system. The proposedmodel can be utilized as a part of a big-
ger system when the dynamics of an integrated system is the
subject of studyor analysis like a fully integratedmotor/pump
System.

In this paper, the stator winding, rotor bars, and perma-
nent magnets of the motor, which play prominent roles in the
motor performance, are used to construct the BGmodel. The
accuracy and capability of the proposed model in prediction
of the dynamics of LSPMSMs is validated using the finite-
element analysis (FEA) results. The findings of this study
serve as a platform for future studies involving the dynamics
of electromechanical systems in normal or fault conditions. It
should be highlighted that the LSPMSM can be connected to
a larger system form its input (i.e., electric input voltage) and
output (i.e., mechanical load). In this study, the provided BG
covers the equations from input to output of the LSMPSMs.
The machine performance is examined in no-load and full
load tests to illustrate the model capability in prediction of
the performance parameters in different loadings. Therefore,
the proposed BG can be a proper tool to be used as the equiv-
alent model of the LSPMSMs in an integrated system for
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(a)

(b)

Fig. 3 The breakdown of torque components for line-start permanent-
magnet synchronous motor and its electrical equivalent circuit

dynamics analysis in healthy and faulty conditions. The pro-
posedmodel is fast and accurate which are the characteristics
of a suitable model for real-time condition monitoring.

2 Mathematical model

In LSPMSMs, the induction cage located in rotor provides
the line-starting capability from the stand-still condition.
As shown in Fig. 3(a), the PMs generated torque (braking-
torque) reduces the starting torque of the motor compared
to a PM free induction motor. The resultant torque of the
motor at synchronous speed is summation of the reluctance
and PM torques. So, the LSPMSM starts like an IM and oper-
ates as an IPMSM in the steady-state condition. To clarify
the operating point of a sample fan-load in the torque speed
characteristic of the LSPMSM, a fan load torque plotted in
Fig. 3a. In fan type load, the torque is proportional to the
square of the speed and the resultant torque is formulated as
a function of the load torque (TL ) and speed squared (see (1))
[43].

Tfan � TL(1 − slip)2 � TL

(
speed

Synch peed

)2

, (1)

2.1 LSPMSMs dynamics model in d-q reference
frame

The dynamics of the motor is studied in the d-q reference
frame. Figure 3(b) shows the LSPMSMs electric equivalent

circuit (EEC) in d-q frame as presented in [32]. The stator and
rotor dynamics equations based on these EECs are written as
follow:

Vqs � rsiqs + ωrλds +
dλqs

dt
, (2)

Vds � rsids − ωrλqs +
dλds

dt
, (3)

V
′
qr � r

′
qr i

′
qr +

dλ
′
qr

dt
� 0, (4)

V
′
dr � r

′
dr i

′
dr +

dλ
′
dr

dt
� 0, (5)

In the above equations, primenotation (′) shows the related
rotor parameters referred to the stator side.Vqs andVds are the
stator voltages in the d- and q-axis direction. Rotor voltages
transferred to the stator side are V

′
qr , and V

′
dr ; iqs , ids , i

′
qr ,

and i
′
dr are the stator and rotor currents in the d- and q- axes

in stator side; the stator resistance is shown by rs and rotor
resistance referred to the stator side is shown by r

′
qr and r

′
dr

in the q- and d-axis related equations. Also, the rotor speed
and flux linkage are shown by ωr and λ, respectively. The
d-q axes stator side flux linkages for both the stator and rotor
are calculated by the following equations.

λqs � Lqsiqs + Lqmi
′
qr � Llqsiqs + λqm , (6)

λds � Ldsids + Ldmi
′
dr + λm � Lldsids + λdm , (7)

λ
′
qr � L

′
qr i

′
qr + Lqmiqs � Llqr i

′
qr + λqm , (8)

λ
′
dr � L

′
qr i

′
dr + Ldmids + λm � Lldr i

′
dr + λdm . (9)

The stator and rotor self-inductances transferred to the
stator sides are Lqs , Lds , L

′
qr , and L

′
dr ; and themutual induc-

tances related to the d-q axes are represented by Ldm and
Lqm . In (7) and (9), the permanent magnets flux is shown by
λm .

2.2 Torque components

The torque of the machine is calculated by (10) when the
q-axis flux is independent from the PM flux. The first term
is the cage torque (dashed-blue line in Fig. 3(a)), the second
term is the reluctance torque, and the third term is the PM
torque (dashed-dot line in Fig. 3(a)). The second and third
terms produce the synchronization torque. The interaction
of these terms results in a success or failure in starting and
hence synchronization.
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The starting and synchronizing of line-start PM motors
are challenging issues, primarily due to the braking torque of
the magnet poles. This braking torque is zero at starting and
reaches a maximum value at low speed before falling as the
speed increases. This braking torque can cause vibration and
noise during the starting period of the line-start PM motors.

2.3 Matrix form of the LSPMSMs dynamics model

The resistances and inductances of an electric machine are
the energy variables of the system which are required in a
BG model. In this section, the LSPMSMs dynamics model
is formulated based on the energy variables in a matrix form
to facilitate the implementation of BG modelling. The first
step is to find the relationship of the motor inductances to
the voltage and current. So, the calculated flux linkages in
(6) to (9) are substituted with their value in (2) to (5). The
matrix form of the LSPMSM dynamic model is obtained by
this substitution shown in (11).

The matrix form of the flux relationship with the currents
are needed to find the energy conversion relationship between
the stator and rotor. These matrices, presented in (12), are
obtained based on (6) to (9).

Tem � (3p/2)
(
λds iqs − λqs ids

)
︸ ︷︷ ︸

Total torque

� (3p/2)
(
Lds − Lqs

)
iqs ids︸ ︷︷ ︸

cage torque

(3p/2)
(
Ldmi

′
dr iqs − Lqmi

′
qr ids

)
︸ ︷︷ ︸

reluc tan ce torque

+ (3p/2) λmiqs︸ ︷︷ ︸
PM torque

(10)

⎡
⎢⎢⎢⎣
Vqs
Vds
0
0

⎤
⎥⎥⎥⎦

�

⎡
⎢⎢⎢⎣
Rs + Lqs

d
dt ωr Lds Lqm

d
dt ωr Ldm

−ωr Lqs Rs + Lds
d
dt −ωr Lqm Ldm

d
dt

Lqm
d
dt

0

0
Ldm

d
dt

r
′
qr + Llqr

d
dt

0

0

r
′
qr + Lldr

d
dt

⎤
⎥⎥⎥⎦

⎡
⎢⎢⎢⎣

iqs
ids
i
′
qr

i
′
dr

⎤
⎥⎥⎥⎦

+

⎡
⎢⎢⎢⎣

ωrλm

0
0
0

⎤
⎥⎥⎥⎦

(11)

[
λqs

λqr

]
�

[
Lqs Lqm

Lqm L
′
qr

][
iqs
i
′
qr

]
, (12a)

[
λds

λdr

]
�

[
Lds Ldm

Ldm L
′
dr

][
ids
i
′
dr

]
+

[
λm

λm

]
. (12b)

Themotor torque dynamics considering the inertia (J) and
the damping factor (c) is as follows:

Tem � J
dωm

dt
+ cωm + TL , (13)

where TL and ωm are the load torque and speed of the motor,
respectively. So, the relationship of the developed electro-
magnetic torque with the load torque, inertia, and damping
factor is written in (14) to be investigated in the preparation
of the BG model.

(3p/2)
(
λdsiqs − λqsids

) � J
dωm

dt
+ cωm + TL . (14)

The presented electric circuit matrix in (11), the flux rela-
tionship with current shown in (12), and the torque balance
equation written in (14) are used to find the BG model of the
LSPMSM.

3 Bond graphmodel

The BG model is prepared in two different stages. First, a
direct bond-graph model which is obtained based on the d-
q reference model of the LSPMSM. Second, the developed
direct bond-graph is extended to achieve a separated current
for each rotor bar and it is named BG model.

In BG, the voltage and torque are called “efforts” whereas
the current and rotational speed are “flows”. A simple trans-
former shown by (TF) determines the relationship of effort
to effort and flow to flow. The gyrators (GYs) are used when
a flow at one side applies an effort to another side and vice-
versa. The modulated gyrators (MGYs) are employed when
the coupling between variables depends on external vari-
ables.

3.1 Simple bond-graph

Considering the obtained dynamics equations, the BGmodel
of the LSPMSM is developed. In the first step, the three-
phase voltages are transferred to the d-q axes reference frame
using the Park transform. The required modulated transfer
functions (MTFs) of the three-phase to two phases, shown
by ms1 to ms6 in Fig. 4, are tabulated in Table 1.

The electrical energy of the energy sources is dissipated
into the winding resistors and converted to the magnetic and
mechanical energies. According to the flux linkage matrix
shown in (12), four modulated gyrators (MGYs) are required
to find themagnetic energy produced by the applied electrical
energy. There is amagnetic term (λm) in (14b) which appears
as a gyrator (GY) in the BG model. The MGYs and GY are
tabulated in Table 1.
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Fig. 4 The proposed general
bond-graph of the LSPMSM
based on the d-q axes EEC. MSe:
modulated electrical source;
MTF: modulated transformer;
MGY: modulated gyrator; GY:
gyrator; R: resistance; Se:
mechanical load; J: inertia; TF:
transformer. ms1 to ms5 are the
transfer functions defined in
Table 1. r1 to r5 are the gyrators
and modulated gyrators defined
in Table 1

Table 1 The transformation in the proposed BG model of the
LSPMSMs

Transformation Equation

MTF: ms1 2
3 cos(θr ) (15)

MTF: ms2 2
3 sin(θr ) (16)

MTF: ms3 2
3 cos(θr − 2π

3 ) (17)

MTF: ms4 2
3 sin(θr − 2π

3 ) (18)

MTF: ms5 2
3 cos(θr +

2π
3 ) (19)

MTF: ms6 2
3 sin(θr +

2π
3 ) (20)

MGY: r1 Ldsids (21)

GY: r2 λm (22)

MGY: r3 Ldmi
′
dr (23)

MGY: r4 Lqsiqs (24)

MGY: r5 Lqmi
′
qr (25)

The rotor bar’s resistance is another source of the dissipa-
tion of energy which is considered in the model. According
to (11), which shows the voltage balance of the LSPMSMs,
the d-q axes rotor resistances have a linear relationship with
the rotor side voltage and is mapped in the BG model. The
simple BG model of the LSPMSM which works for a motor
with the healthy rotor bars is presented in Fig. 4. This model
uses the proven concept in [41] that the stator and rotor resis-
tances of a three-phase model are equal to their equivalent
resistances in the d-q references frame. In Fig. 4, the sta-
tor resistance (winding resistance of each phase) is shown
by Rsq and Rsd . The rotor resistance which is equal to the

equivalent rotor cage resistance is shown by Rrq and Rrd for
d-q voltage equations.

3.2 Consideration of the separated rotor bars in BG
model

One of the benefits of using the BGmodel is the detailed con-
sideration of the system. The proposed BGmodel in previous
section lacks the investigation of each rotor bar separately.
So, its application is limited to the study of a LSPMSMwhen
it operates in a healthy condition.

In this section, the rotor resistance branch of theBGmodel
shown in Fig. 4 is extended to improve the capability of the
BGmodel in prediction of the LSPMSMs in faulty condition.
In the updated model, the stator resistance in both d- and q-
axis is shown by Rsq and Rsd which are equal to the stator
phase winding resistances. However, the rotor resistance is
considered for each single rotor bar. These values are shown
by Rr1 to Rr5 for a sample five bats machine.

The rotor bars have a similar dimension and are placed in
parallel to each other. So, their currents are equal. Like the
proposed model for calculation of the current in the IM cage,
the rotor bar currents are calculated by (26) [44].

irk � m

[
irqcos

(
θ +

2(k − 1)π

n

)
+ ird sin(θ +

2(k − 1)π

n
)

]
,

(26)

where n and m are the number of rotor bars and modulation
index, respectively; and θ is the rotor bar angle in electrical
degrees. Considering (26), the relationship of the rotor bars
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Fig. 5 The proposed bond-graph model with consideration of a hybrid rotor topology for a sample LSPMSM with 5 rotor bars. Rr1 to Rr5 are each
rotor bar resistance. Rsq and Rsd are stator winding resistance

current with the d-q axes rotor current from the equivalent
circuit can be written in the form of ir � mAirdq as follows:

⎡
⎢⎢⎢⎢⎣

ir1
ir2
...
irk

⎤
⎥⎥⎥⎥⎦ � m

⎡
⎢⎢⎢⎢⎢⎣

cos(θ) sin(θ)

cos
(
θ + 2π

n

)
sin

(
θ + 2π

n

)
...

cos
(
θ + 2(n−1)π

n

)
...

sin
(
θ + 2(n−1)π

n

)

⎤
⎥⎥⎥⎥⎥⎦

[
i
′
qr

i
′
dr

]

(27)

Note that i
′
qr and i

′
dr are the outputs of the ordinary differ-

ential equation systemof theLSPMSM.Equation (27) allows
one to convert the d- and q- axis currents calculated from the
machine differential equations to the rotor bar currents.

As shown in (27), A is an orthogonal matrix with the rank
of 2 for any rotor bar angle (θ ). It has been proven that for
a m × n orthogonal matrix (m > n) it is possible to find
n×mmatrix (B) where the product of them gives an identical
matrix (BA � In) [41]. In is an identity matrix with the order
of n. Matrix B is the left-inverse of A which is transpose of
A. Authors in [41] demonstrate the modulation index (m) of
the product of AT and A must be proportional to

√
2/n to

obtain the identity matrix where

BA � AT A � m2

√
n

2

[
1 0
0 1

]
(28)

According to (26), the current of each bar has a relation-
ship with the d-q axes rotor current. Therefore, the rotor bars

resistance effect can be separately modelled in the BG using
the MTFs presented in (29) and (30).

mrk � mcos(θ +
2(k − 1)π

n
)wherek � 1, . . . , n (29)

mrk+n � msin(θ +
2(k − 1)π

n
)wherek � 1, . . . , n (30)

So, for each rotor bar a modulated gyrator should be
defined in the BG model. Figure 5 shows the extended ver-
sion of the proposed BG model with consideration of the
rotor bars (hybrid rotor) for a five-bar LSPMSM. The con-
sideration of five rotor bars facilitates a better understanding
of BG model as it prevents repeating equations.

4 Simulation results andmodel validation

A 4-pole, 0.5-Hp, 1500-rpm LSPMSM is investigated for
validation of the proposed BG model against FEA. It is
important to highlight that the proposed BG model is not
replacement for FEA, but FEA is used for verification as the
most accurate simulation technique for electrical machines.
A cross-section of the case study and its geometry informa-
tion are presented in Fig. 6 and Table 2, respectively. The
stator resistance is calculated using the sizing equation con-
sidering the end winding effect by (31) [45]. In (31), the
number of turns per phase and parallel paths are shown by
Nturns and a. The average length of the winding including
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(c)(a) (b)

Fig. 6 The cross section of the considered 4 poles, 5 bars, 0.5 HP LSPMSMs as the case study and its 2D FEA results of the no-load flux density
and flux distribution

Table 2 Geometry dimensions of the studied LSPMSM as the case
study for validation of the proposed BG model against FE analysis

Geometries and
dimensions

Value

Lstack [mm] Stack length 100

Dsh [mm] Shaft diameter 38

Dr [mm] Rotor diameter 104

Do [mm] Stator outer diameter 136

LPM [mm] PM length 35

ThPM [mm] PM thickness 5

Hs [mm] Stator slot height 14.1

Ws [mm] Stator slot width 7.7

Hr [mm] Rotor slot height 13

Wr [mm] Rotor slot width 10.5

Nturns Number of turns per phase 128

n Number of rotor bars 5

the end winding length is defined by lav (Table 3).

Rdc � Nturnslav

aσcu Sa
(31)

The AC resistance is equal to the product of calculated
DC-resistance with the AC factor (Rs � kR Rdc). The AC
factor is obtained using (32).

kR � ϕ1(β) + [
m2

sl − 1

3
− (

(msl

2

)
sin

θ

2
)
2

]ψ1(β)

β � hc

√
π f μ0σ1

bcon
Bs2

Li

Lb

ϕ1(β) � β
sinh2β + sin2β

cosh2β − cos2β

ψ1(β) � 2β
sinhβ − sinβ

coshβ + cosβ
(32)

Table 3 Parameters of the studied LSPMSM

Parameters Value

f (Hz) Frequency 50

Vrms (V) Applied voltage 415

P Number of poles 4

Pm [W] Rated power 367.75

Rs (
) Stator resistance 5.09

Rr (
) Rotor resistance 1.85

Rr1, Rr2, Rr3, Rr4, Rr5
(
)

Rotor bar resistance 9.25

Lmd (H) Magnetizing inductance of
d-axis

0.05

Lmq (H) Magnetizing inductance of
q-axis

0.32

Lds, Lqs (H) Stator leakage inductance of
d-q axis

0.014

L
′
dr , L

′
qr (H) Rotor leakage inductance of

d-q axis
0.014

J (kg.m2) Mechanical inertia 0.001

c (N.s/m) Mechanical resistance 0.00

λm (Wb) Permanent magnet flux
linkage

0.99

msl : numberofconductorsperslotarrangedaboveeachother

bcon : widthofalltheconductorsinaslot

Bs2 : slotwidth

le : lengthoftheendwidingwhichisassuemd0.6timesoftotalstatorlength

hc : height of a conductor in the slot

Lb : Lengthofconductorbar
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θ : phaseanglebetweentwolayers

The stator and rotor leakage inductances and the rotor
resistances are obtained from the locked rotor test [46]. The
end ring resistance (Rer) is calculated using the sizing equa-
tions by (33) [47],

Rer �
(
2πrring
Nb

)
+ (Her

2 )/
(
4Aersin2(pß/Nb)

)
, (33).where

rring, Her , and Aer are the middle radius, height, and area
of the end ring. The number of rotor bars and number of
poles are shown by Nb and p, respectively. The obtained end
ring resistance in the rotor side is 11.21 μ
. The obtained
rotor resistance from the locked rotor test includes the portion
of the end ring resistance transferred to the stator side. The
magnetizing inductance is achieved using the open circuit
and short circuit test results when the shaft rotates at rated
speed using the torque equation introduced in [48]. PM flux
linkage (λm) is determined using the open circuit test results
[48].

The motor is modeled via Ansys® Electromagnetics [49]
and the simulation results at no-load and full-load conditions
are compared with the proposed BG model. The accuracy of
the proposed BG model is validated with the FEA results.

4.1 The dynamic performance prediction in healthy
rotor

In this section, the proposed BG model results of the case
study are compared against FEA results for no-load and full-
load dynamics. Figures 7 and 8 show the transient operation
of torque, speed, and current of the case study at no-load and
full load operation. Although the BG model cannot predict
the first peak of the torque, it can properly follow the damping
time and the waveform of the torque at healthy condition
(see Figs. 7a and 8a). Although BGmodel cannot predict the
initial speed undershoot of the LSPMSMwhen it starts from
the stand-still, the average of the transient speed reposes in
both bond graphs and FEA are the same (see Figs. 7b and
8b). The rotor speed is highly damped, and the final operating
condition attend without any oscillation.

The rotor crawling (i.e., first speed notch) is predicted at
the starting of the motor when it is run under 2Nm load. The
current waveform is estimated with an acceptable accuracy
from starting to steady state (see Figs. 7c and 8c).

4.2 The dynamic performance prediction
under broken rotor bar condition

Demagnetization faults, stator winding faults, bearing faults,
and broken rotor bars are common faults occurring in these
types of electric machines. Modelling of the broken rotor bar

fault and analysis of its effect on the performance parameters
are more complicate than the other types of faults.

The demagnetizing ofmagnets, winding fault, and bearing
faults affect the performance of the electric machine dramat-
ically. As an example, if PMs are demagnetized, the motor
will be unable to synchronize. The speed sensors can detect
this phenomenon. Thewinding fault leads to the increment of
the winding temperature. It can be detected by temperature
monitoring.

When just a rotor bar is broken in the electric machine,
the machine can continue to operate. In the presence of a
faulty bar the loading and temperature on different bars are
increased which results in a gradual damage to the rest of the
bars. This type of fault is chosen to check the performance of
the BG model. The bars of the cage can be broken due to the
motor aging. The failure of the rotor bars affects the dynamics
of the motor especially when it is energized from the stand-
still [50–52]. Therefore, availability of amodel capable of the
determination of the rotor bar failures is useful when they are
interconnected to different parts of a larger system.

The broken rotor bar test can be carried out using the pro-
posed BGmodel. It is assumed that one of the rotor bars have
been broken and the considered bar is operating as an open-
circuit system. So, the resistance value for the considered
broken bar is infinity in the BG model.

The simulation results demonstrate the capability of the
BG model in predicting the effect of the broken rotor bar in
the performance of the LSPMSMwith respect to the 2D FEA
results (see Figs. 9 and 10 for no-load and full-load results
of the dynamics analysis, respectively). Figure 9 shows that
the BG model can predict the steady state no-load torque,
speed, and current at broken rotor bar condition. Figure 10
shows the BG model follows the LSPMSMs oscillation with
a broken rotor bars when it starts operation at the rated load.
The predicted torque ripple amplitude, speed fluctuations,
and current fairly match with the 2D FEA results.

It should be highlighted that there are disparities between
the BG and 2-D FEA results during the transient condition.
The saturation of the iron parts during the transient is respon-
sible for this disparity. The large starting current running
through the stator winding and rotor bars results in local
saturation. The saturation changes the machine inductances.
Since BGmodel uses the constant inductances, the predicted
performance during transient condition does not follow the
2-D FEA results.

The machine behavior is examined when two rotor bars
are broken in the case study. Figure 11 shows the current
waveform of themachine at no-load and full-load operations.
According to the presented results, the calculated currents by
BGmodel in both conditions are in a good agreementwith the
2D FEA results. The difference between these models during
the starting is resulted from the saturation of the d- and q- axes
inductance which are ignored in the BG model. Due to the
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Fig. 7 Comparison of the
proposed BG model with 2D
FEA results in prediction of the
dynamics of the LSPMSM at
no-load condition. a torque
versus time. b speed versus
c current variation of phase A for
different models (rms value of
current at steady state is 2.12A)

(a)

(b)

(c)

limited numbers of rotor bars of the case study, the machine
is not started promptly under 2Nm from standstill. So, a high
current level flows through the windings (see Fig. 11b). The
machine torque is presented in Fig. 12. It is seen that the
BG model still predicts the performance with an acceptable
accuracy.

4.3 Discussion on the Dynamics of LSPMSM

The comparison of the dynamic response of the LSPMSM
during starting from the stand-still at no-load condition
(Fig. 7) with the healthy rotor bars and broken rotor bars
(Fig. 9) shows that:

123



Electrical Engineering

Fig. 8 Comparison of the
proposed BG model with the 2-D
FEA results at full-load condition
for healthy LSPMSM. a torque
versus time. b speed versus time.
c current variation of phase A
(rms value of current at steady
state is 3.54A)

Zoom-in view

Zoom-in view

(a) 

Zoom-in view

Zoom-in view

(b) 

Zoom-in view

Zoom-in view

(c) 

• The starting torque at the broken rotor (i.e., 53.6 Nm) is
higher than the starting torque of the LSPMSM with a
healthy cage (i.e., 50Nm).

• There is a speed notch in the dynamics of the broken rotor
bar resulted from the effect of the asymmetrical flux dis-
tribution in the rotor. Also, an irregular speed oscillation is
observed in the rotor bar broken condition at the starting.

The increment of the starting torque results from the incre-
ment of the rotor resistances. The notch in the speed response
shows the rotor crawling at the starting. The crawling not only
is resulted from the flux distribution asymmetry but also the
asymmetrical induced current at the rotor bars located around
the rotor leads to the crawling. The crawling effect in a motor
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Fig. 9 Comparison of the
predicted dynamics of the case
study form the proposed BG
model with the 2-D FEA results
at no-load in the presence of a
faulty open-circuited rotor bar.
a torque versus time. b speed
versus time. c current variation of
phase A

Zoom-in view

Zoom-in view

(a) 

Zoom-in view

Zoom-in view

(b) 

Zoom-in view

Zoom-in view

(c)

with higher number of bars can be smaller when just one or
two bars are broken.

Comparison of the Figs. 8 and 9 demonstrates that the
dynamics of the starting of the case study under 2Nm load in

the healthy and faulty cage is different in terms of the oscilla-
tions before reaching the steady-state and settling time. The
torque reaches the steady-state operation in the healthy cage
faster than the faulty cage.Also, the torque ripple of the faulty
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Fig. 10 Comparison of the
proposed BG model with the
conventional 2-D FEA in
prediction of the dynamic
performance of the LSPMSM at
full-load operation in the
presence of a broken rotor bar.
a torque versus time. b speed
versus time. c current variation of
phase A

Zoom-in view

Zoom-in view

(a)

Zoom-in view

Zoom-in view

(b)

Zoom-in view

Zoom-in view

(c) 

cage during the steady-state condition is 10%which is higher
than the healthy rotor with the torque ripple of 8%. The rotor
crawling time in the broken bar condition is approximately
two times of the crawling time at the healthy cage (compare
Fig. 8(b) and Fig. 10(b)).

The extracted results in Figs. 7, 8, 9 and 10 confirm that
the stator current waveform is predictedwith higher accuracy
during the transient period as compared to the torque and
speed curves. It ismainly due to the variation of the saturation
level during transient condition which affects the d- and q-
axis inductances. The inductance changes lead to the flux
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Fig. 11 Currents waveform of the
case study when two rotor bars
are broken. a at no-load. b under
2 Nm loading

Zoom-in view

Zoom-in view

(a)

Zoom-in view

Zoom-in view

(b)

Fig. 12 Comparison of the BG
model and 2D FEA results when
the case study is excited from
stall condition under 2 Nm load

Zoom-in view

Zoom-in view

change where plays a determinative role in torque and speed
calculation (see Eqns. (10) and (13)).

5 Conclusion

The bond-graphmodel of a line-start permanent-magnet syn-
chronous motor (LSPMSM) was introduced in this paper.
The introduced bond-graph covered the magnetic, electrical,

and mechanical energy domains of the LSPMSMs. The pro-
posed BG was used to predict dynamics of a LSPMSM. The
calculated dynamics was validated using the finite-element
analysis results under two operating conditions: (1) a healthy
motor, and (2) a motor with broken rotor bars. The simula-
tion results demonstrated the accuracy of the proposedmodel
in performance prediction of the LSPMSM in both transient
and steady-state operations. The BG model predicts the per-
formance parameters of the machine within 3 s which is 400
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times less than the required time for FEA. Considering the
accuracy and fast calculation speed, the proposed BG model
of LSPMSM can be used in BG modelling of complex sys-
tems in which the LSPMSM is an integrated part.

Future work could include the application of BG mod-
elling of LSPMSMs in analysis of static and dynamic air-gap
irregularities, rotor eccentricity, demagnetization, and con-
dition monitoring in is the existence of a control system for
an integrated electromechanical system. The consideration
of the saturation phenomenon can be another subject of the
study in future. It can improve the accuracy of the model for
prediction of the performance parameters especially during
the transient behavior condition.
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