
This is a repository copy of Combined multi-physics model of switched flux PM machines 
under fault operations.

White Rose Research Online URL for this paper:
http://eprints.whiterose.ac.uk/136560/

Version: Accepted Version

Article:

Taras, P., Li, G. orcid.org/0000-0002-5956-4033, Zhu, Z.Q. et al. (2 more authors) (2018) 
Combined multi-physics model of switched flux PM machines under fault operations. IEEE 
Transactions on Industrial Electronics. ISSN 0278-0046 

https://doi.org/10.1109/TIE.2018.2877089

© 2018 IEEE. Personal use of this material is permitted. Permission from IEEE must be 
obtained for all other users, including reprinting/ republishing this material for advertising or
promotional purposes, creating new collective works for resale or redistribution to servers 
or lists, or reuse of any copyrighted components of this work in other works. Reproduced 
in accordance with the publisher's self-archiving policy.

eprints@whiterose.ac.uk
https://eprints.whiterose.ac.uk/

Reuse 

Items deposited in White Rose Research Online are protected by copyright, with all rights reserved unless 
indicated otherwise. They may be downloaded and/or printed for private study, or other acts as permitted by 
national copyright laws. The publisher or other rights holders may allow further reproduction and re-use of 
the full text version. This is indicated by the licence information on the White Rose Research Online record 
for the item. 

Takedown 

If you consider content in White Rose Research Online to be in breach of UK law, please notify us by 
emailing eprints@whiterose.ac.uk including the URL of the record and the reason for the withdrawal request. 

mailto:eprints@whiterose.ac.uk
https://eprints.whiterose.ac.uk/


IEEE TRANSACTIONS ON INDUSTRIAL ELECTRONICS                               1 

Abstract—In this paper, the transient thermal response of a 
conventional double layer switched flux permanent magnet 
machine is studied for both healthy and fault conditions such as 
inter-turn short-circuit. A highly optimized and accurate 
co-simulation model for different operating conditions is 
developed requiring low computation and time resources. The 
electro-mechanical models for both healthy and faulty operation 
are implemented in Matlab/Simulink while the thermal model is 
implemented using 3D FEM software. Both models are 
dynamically coupled to enable the influence of temperature rise 
on the electromagnetic performance and vice versa to be 
predicted. Operation under various conditions are investigated 
and it is found that the temperature rise under fault conditions 
and high speed can lead to irreversible demagnetization of the 
permanent magnets. The superposition principle is used to 
accurately estimate the impact of short-circuit currents on the 
temperature rise. A series of dynamic tests are carried out to 
validate the transient thermal response prediction when operating 
during both the healthy and fault conditions.  
 

Index Terms—Demagnetization, fault tolerant control, 
permanent magnet motors, short-circuit currents, thermal 
analysis. 

I. INTRODUCTION 

HERMAL design is crucial when developing new products 
with a high power to mass (or volume) ratio constraint like 

the electrical machines used in the aircraft or automotive 
industries. The challenges involved achieving a suitable 
solution are multiple and sometimes exclusive. For example, 
permanent magnets (PMs) are well-known to achieve a high 
power density, however, their performance and operational 
status largely depend on temperature rise. At high speeds, both 
the eddy current loss within the PMs and the iron losses in the 
adjacent laminated iron core are high, leading to potential 
temperature rise with disastrous consequences like irreversible 
demagnetization. Another demanding requirement is capability 
of functioning for a limited time interval in a so called degraded 
mode, i.e. operating with reduced torque and/or speed, or 
operating with increased torque ripple, etc. These operating 
features are essential for safety-critical applications but the 
presence of a fault where, for example, an inter-turn 
short-circuit in one of the windings can push the working 
temperature of the machine to an unacceptable level. To allow 
operation under elevated temperatures that can occur under 
fault condition, detailed thermal analysis often needs to be 
carried out during the design phase [1] focusing on topics such 
as additional cooling, structure optimization, material choice 
and also proper topology selection.  

A promising candidate for the aircraft and automotive 
applications is the switched flux permanent magnet machine 
(SFPMM) which is a novel topology providing high torque 
density and robust rotor construction [2], [3], [4], [5]. 
Compared with rotor-mounted PM synchronous machines, the 
SFPMM improves on several aspects, [6], [7]. Both PMs and 
windings are located on the stator, as shown in Fig. 1, making 
them easier to access for cooling. Additionally, the rotor is just 
a salient iron structure and hence is very robust making it 
suitable for high speed applications. However, since the PMs 
are located within the concentrated armature coils they are 
more exposed to demagnetization resulting from copper losses 
in the armature windings [8], [9], [10]. Previous studies in [11], 
[12], [13], [14], [15], [16] have shown remarkable resilience of 
the SFPMM against irreversible demagnetization at low and 
medium temperature ranges due to the way in which the PMs 
are positioned on the flux paths. Further increasing the PM 
temperature, however, will still result in irreversible 
demagnetization for the SFPMM. Although important, the 
issue of thermal analysis in the SFPMMs has been brought 
under investigation only recently and most of previous 
investigations are focused on the electromagnetic finite element 
(FEM) models [11], [12], [13], [14]. In these models, the PM 
material is assumed to be working at an imposed temperature 
while the machine operates in healthy mode. While this 
approach has the advantage of using simpler models, it does not 
give full information about the thermal response of the machine 
or its behavior under fault conditions. Recent work has been 
reported in [15], [16] applying this technique to certain short 
circuit fault conditions assuming temperatures up to 150°C, 
however, without thorough thermal analysis one cannot be 
certain if high value of temperature is a true reflection of the 
loss mechanisms. Only in [17] and [18] was a transient thermal 
analysis conducted for SFPMM working under healthy 
conditions and in generator mode. This work assumed constant 
copper and iron losses, thus offering limited insight into 
machine operation. In [19] a coupled model is implemented for 
healthy conditions, based on improved 2D FEM models. 
Although the authors suggest a faster simulation time, they 
limit the study to steady-state thermal performance assessment. 
Finally, in [20] a multi-physics (thermal-electromagnetic) 
model considering faulty conditions is investigated for the 
SFPMM. The electro-mechanical domain is implemented in 
Matlab/Simulink while the thermal domain is a 3D FEM model 
or alternatively based on lumped parameter networks but it 
does not provide bi-directional coupling. Specifically, the 
heating sources are generated in the electromechanical model 
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and carried over into the thermal one. However, the calculated 
temperatures in the thermal model are not fed back to the 
electromechanical model. So this kind of model is often 
unidirectional, and most time the machine is operating at one 
single working point (constant torque and speed).  

This paper describes a comprehensive model of a SFPMM 
providing full bidirectional coupling between the 
electromechanical and thermal domains. By combining 
Matlab/Simulink with 3D FEM a temperature dependent model 
is developed suitable for simulating accurately a multitude of 
operating conditions and characteristics thereby addressing 
some of the limitations previously described in literature. The 
model allows the study of both the healthy and faulty 
operations as well as the influence of various parameters (like 
speed) on the temperature rise and vice versa. Using this 
coupled model, the influence of temperature and also 
short-circuit current on the magnet demagnetization has been 
comprehensively investigated. Moreover, the control strategy 
effect can also be taken into account.  

 
Fig. 1.  3D view of the considered SFPMM. 

II. THE CO-SIMULATION MODEL 

A. Investigation Methodology 

The 3D view of the modeled SFPMM is shown in Fig. 1 
while the main parameters are given in Table I. The employed 
PM material is NdFeB (N35M grade).  

TABLE I 
PARAMETERS OF THE INVESTIGATED MACHINES 

Stator slot number 12 Stator yoke height (mm) 3.6 
Rotor pole number 10 Stack length (mm) 25 
Rated speed (rpm) 400 Air-gap length (mm) 0.5 
Rated rms current (A) 11 Rotor outer radius (mm) 27.5 
Rated torque (Nm) 2.2 Magnet thickness (mm) 3.6 
Stator outer radius (mm) 45 Remanence (NdFeB) (T) 1.2 
Stator inner radius (mm) 28 Number of turns/phase 72 

 
The proposed co-simulation model combines a 

Matlab/Simulink (electro-mechanical domain) component with 
a 3D FEM thermal one, as shown in Fig. 2. The 
electromechanical domain model explicitly includes 
temperature dependent parameters (such as material B-H 
characteristics) which are able to be influenced by the outputs 
of the thermal FEA calculation step. Thus, the electromagnetic 
performance under fault or healthy conditions obtained by 
electromagnetic and mechanical models (Matlab/Simulink) 
will influence the temperature obtained in the thermal model, 

and the temperature will be fed back to the electromagnetic 
model like a closed loop, which will predict the temperature 
dependent performance such as EMF, cogging torque, on-load 
torque and losses, particularly the copper losses. The variation 
in losses will again influence the temperature within electrical 
machines. These iterations of calculations based on the 
bi-directionally coupled model allow us to actually predict the 
temperature variations and also its influence on the 
electromagnetic performance under healthy and fault 
conditions. 

The main challenge in building a general model capable of 
accounting for coupled electromagnetic-thermal phenomena 
and also faulty operations is accounting for the effects of the  
time constants between the two domains. This is mainly due to 
the necessity of using a small time step (偃ms) in the 
electromechanic domain in order to achieve acceptable 
accuracy. However a much larger time constant (偃hours) is 
required for the thermal domain modelling. The simulated 
operation time of the multi-physics model is necessarily long as 
the response is dominated by the dynamics of the thermal 
model, however, to accurately represent the electromechanical 
domain the simulation must be run using much shorter time 
steps. This is very computationally demanding and requires 
particular attention. 

 
Fig. 2. The combined multi-physic model for healthy and faulty operations. 

B. Electromechanical Model and Associated Control 

The aforementioned SFPMM works under the classic speed 
control strategy, as shown in Fig. 3. The Matlab/Simulink 
model is based on the voltage and torque equations (7) and (8) 
in the Appendix. 

 
Fig. 3.  The block diagram with current and speed controls. 
 

By way of an example, Fig. 4 shows a fault operating 
condition where for phase A, one coil (A1) out of a total of four 
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coils is affected by a short-circuit, i.e. 25% fault severity.  

 
Fig. 4.  The inter-turn short-circuit fault schematic. 

 
The electro-mechanical model computes the heat sources 

(copper loss, iron losses and PM eddy current loss) which are 
going to be used later in the thermal model. The iron losses 
(calculated using the method introduced in [21]), the PM and 
frame losses are implemented in look-up tables. To reduce the 
model complexity, the PM eddy losses are assumed to be 
independent of the temperature variation and only dependent 
on the speed, as shown in Fig. 5. The FEM results have shown 
that the PM losses at 150° C decrease by only 9% when 
compared with the 25° C case, which justifies the above 
simplification. However, the copper losses depend on the 
computed current and the phase resistance, and the latter is 
temperature dependent.  

 
Fig. 5.  Stator and rotor iron losses, PM and Frame eddy current losses vs rotor 
speed. 

 

It is worth mentioning that the data exchange between the 
thermal and electromechanical models is driven by the thermal 
domain simulation time step and the impact on accuracy is 
negligible since the electrical quantities vary very slowly with 
temperature. A variable time step is used for the thermal 
domain model to cater for a fast transient but lengthy 
convergence time, with the minimum and maximum time step 
values set at 25s and 1000s respectively. The electromechanical 
domain model uses a time step of 0.2ms and so time averaged 
values for the copper losses are sent as heat source inputs into 
the thermal domain model.  

C. Thermal Domain Model 

A 3D FEM thermal model is used in order to account for the 
effects of the end-winding and end plates as shown in Fig. 6. It 
is also worth mentioning that the inter-turn short-circuit is 
studied, which is an asymmetric fault, meaning that the model 
cannot be reduced based on the available physical symmetries 

of the machine and the FEM model of the whole machine is 
necessary.  

 

   
(a) (b) (c) 

Fig. 6.  The thermal model. (a) Full motor, including end plate, (b) stator and 
rotor cores, PMs, coils and shaft, (c) single coil surrounding PM. 

 
The thermal properties of the materials used in the model are 

given in Table II . Concerning the windings, an anisotropic 
thermal conductivity was considered due to the fact that there is 
a much stronger heat transfer by conduction in the Z-axis (axial 
direction) towards the end-windings and not so much in the 
radial direction, i.e. XY plane, Fig. 6 (c). The radial thermal 
conductivity is calculated using the method introduced in [22] 
considering the fact that the fill factor is 0.4 and the winding is 
not impregnated. The housing is made of aluminum with a 
polished surface (with an assumed emissivity of 0.09). 

TABLE II  
THERMAL PROPERTIES OF THE INVESTIGATED MACHINE 

Region Thermal 
conductivity 

[W/m/K] 

Volumetric Heat Capacity 
[J/K] 

Windings [22] 0.07/0.07/385 1000000 
Stator [22] 28/28/0.5 3519000 
Rotor  20* 3519000 
Frame + Rig 168 2324070 
Air 0.0263 1231.1 
Shaft 52 3588000 
Equivalent* value is calculated using the method introduced in [23]. 
(1) Airgap heat transfer 

Concerning the airgap heat transfer between the stator and 
rotor, the methodology is to determine first the type of flow 
(laminar, vortex or turbulent). This is given by Taylor’s 
dimensionless number [24] which was computed for smooth 
concentric rotating cylinders. However, it was established that 
with slight modification this can be applied successfully to the 
slotted rotors and stators for relatively low speed applications, 
which is the case for this paper. Hence it was decided to treat 
the salient rotor structure as a constant airgap structure, as 
shown in Fig. 6 (b), in which the equivalent thermal 
conductivity of the rotor material was determined using the 
method introduced in [23]. The Taylor number Ta is: 

劇欠 噺 貢 ゲ 健直 ゲ 懸航 ゲ 俵 健直迎追 (1) 

where と is the air density, lg is the air-gap radial thickness, Rr is 
the rotor radius, µ is the air dynamic viscosity and v is the air 
velocity. For the maximum speed considered (3000 rpm), the 
Ta value is 38.88 which would still allow one to consider the 
airgap as having a laminar flow. Secondly, based on the Ta 
value, the Nusselt number Nu is equal to 2 and allows the 
determination of the convection coefficient: 
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月 噺 軽憲 ゲ 倦詣 (2) 

where k is the air thermal conductivity and L is the 
characteristic length (詣 噺 に ゲ 健訣 for airgap region). 

Once the convection coefficient h is calculated, an equivalent 
thermal conductivity can be obtained in the airgap region, 
facilitating the 3D FEM thermal model. For simplicity, this 
approach was also expanded to the end-space regions.  
(2) The convection coefficient calculation 

The machine housing is cylindrical and is cooled via natural 
convection. In order to determine the convection coefficient 
[24], the Grashof and Prandtl dimensionless numbers are 
determined first. The Grashof number (罫堅) is defined as: 罫堅 噺 紅 ゲ 訣 ゲ つ劇 ゲ 貢態 ゲ 詣戴【航態 (3) 

where く is the coefficient of cubical expansion 
く=1/(273+TFLUID). The TFLUID is the average ambient 
temperature. 〉T is the difference between the housing external 
surface temperature and TFLUID. と is the air mass density. g is the 
gravitational acceleration. The characteristic length L is equal 
to the machine housing diameter. The Prandtl number (鶏堅) is 
given by: 鶏堅 噺 潔椎 ゲ 航【倦 (4) 

where cp is the air specific heat capacity.  
 Next the Nusselt number is determined using a correlation 
for cylindrical objects:  軽憲 噺 ど┻のにの ゲ 岫罫堅 ゲ 鶏堅岻待┻態泰  (5) 

Finally, using the Nusselt number the surface convection 
coefficients can be determined from (2). The convection 
coefficient is considered as temperature dependent [25] – more 
specifically it depends on the surface temperature as illustrated 
by the Grashof number in (3).  

III.  THERMAL ASSESSMENT DURING THE INTER-TURN 

SHORT-CIRCUIT 

A. Predictions using the Thermal and Electro-Mechanical 
Models  

The thermal transient response is studied for two cases – 
400 rpm and 1000 rpm at rated torque and under inter-turn 
short-circuit condition. The ultimate goal is to estimate the 
overall temperature rise during the fault operation and to 
predict if the PMs are in danger of being irreversibly 
demagnetized. It is worth mentioning that at 400 rpm, the 
short-circuit current is low (8.5A, peak value) and there is no 
significant increase in temperature. Therefore, these results 
were not shown here. However, at 1000 rpm, the potential 
short-circuit current is high (19.9A, peak value). The 
considered faulty scenario is such that the machine operates for 
one hour under healthy conditions, then the short-circuit fault is 
introduced and the degraded mode maintained by using the 
control shown in Fig. 3 for the next 1.5 hours. Under these 
conditions, the solving process of the entire coupled model 
takes 7 hours on a 2.6 GHz quad core i7 processor computer 

with 16 Gb RAM and SSD storage. The majority of the time is 
spent in the electromechanical model due to its small time step. 

 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Fig. 7.  Temperature distributions within the machine at 1000 rpm. (a) windings 
(healthy), t = 1 hour, (b) windings (faulty), t = 2.5 hours, (c) PMs (healthy), t = 
1 hour, (d) PMs (faulty), t = 2.5 hours. The units in the figures are oC. 
 

The following results are presented for the machine working 
at 1000 rpm and rated torque (no flux weakening: Id = 0A). The 
temperature distributions within the machine are shown in Fig. 
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7. It can be noticed that due to the existing fault there is an 
imbalance in the temperature distribution for both windings and 
the surrounded PMs. The affected winding and PM have a 
temperature rise of 30°C higher than the other the coils and 
PMs, respectively, contributing to an extra heat source for 
them. The overall temperature has increased to levels that cause 
irreversible demagnetization of all PMs. Some PMs, especially 
the ones far away from the affected coil might only be partially 
demagnetized. This is because the demagnetization process, 
while facilitated by the high temperature, does depend on the 
local magnetic circuit configuration as well, as investigated in 
[15]. The windings are also subject to temperatures higher than 
120°C while reaching a peak of 207°C in the affected coil. This 
might cause thermal destruction of most of the commercially 
available insulation materials. 

The speed and torque resulting from the electromechanical 
model are shown in Fig. 8. The temperature has no visible 
influence over these quantities because the control strategy 
shown in Fig. 3 compensates them. The speed disturbance due 
to the inter-turn short-circuit is attenuated in around 10s. 
However, the torque ripple is high during the faulty mode, as 
expected. 

 
(a) 

 

(b) 
Fig. 8.  Speed and torque (1000 rpm, faulty case). 

B. Demagnetization Analysis 

The models studied in the previous sections are analyzed and 
compared further from the point of view of magnet 
demagnetization. The first quantities studied are the copper 
losses, as shown in Fig. 9, which justifies why thermal analysis 
is necessary. At low speed, the copper losses (only the DC 
component is considered) in the affected coil have a modest 
increase of 37% due to the short-circuit fault. The copper losses 
in the remaining healthy coils (only one representative coil, e.g. 

B1, is shown) increases with to a similar value due to the fact 
that the control strategy tries to compensate torque drop due to 
the fault by increasing the current in the healthy phases. When 
the fault occurs at a higher speed, e.g. 1000 rpm, the copper 
losses in the affected coil increase by about 861%, while again 
the control strategy is responsible for an additional increase of 
70% in the healthy coils. These effects need to be correlated to 
Fig. 5 as the iron, PM and frame losses are also important and 
can be comparable with the copper losses at high speed. Given 
the significant copper loss increase during fault operation, it is 
necessary to investigate the temperature evolution in the 
machine before and after the fault is introduced. 

 
Fig. 9.  Copper losses comparison. 
 
 The temperature increase in the PMs is studied further, as 
shown in Fig. 11. Although there are 12 PMs in the machine, 
only three representative PMs were chosen – the affected PM 
(A1), the adjacent PM (B1) as well as a third one (A4), located 
at 90° compared to A1. Fig. 10 shows the locations of the 
temperature measurement points and the selected PMs. 
 

  
(a) (b) 

Fig. 10.  Locations of thermocouples. (a) single coil and PM – 3D view, (b) all 
coils and PMs with thermocouples located at A1, B1 and A4. 
 

For the considered PM grade (N35M), 100 °C is the 
threshold for irreversible demagnetization. It can be noticed 
that even during normal operation, there is a 7°C (about 10%) 
increase in temperature for a change in speed from 400 rpm to 
1000 rpm due to the higher PM losses. This might justify the 
necessity of magnet segmentation in order to reduce the PM 
losses. At rated speed, the temperature in the PMs is still below 
the irreversible demagnetization threshold. However, at 1000 
rpm it can be noticed that all PMs are irreversibly demagnetized 
within about 30 minutes of the fault being introduced. However, 
the affected coil’s PM demagnetizes in only a couple of 
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minutes due to the close proximity and coupling to the 
short-circuited coil. 

 
Fig. 11.  PM temperature evolution before and after inter-turn short-circuit. 
 

The previous results can be further analysed to assess the 
influence of the short-circuit current alone on the PM 
temperature rise. This can be done by applying the 
superposition principle, which is feasible because the 
coefficients (thermal conductivity and heat capacity) used in 
the thermal domain model are linear. The heat source effects 
can be then separated for regions of interest like the PMs. Two 
cases are possible considering the heating sources due to 
winding currents. The first case assumes all coils act as heating 
sources and are included in the thermal model, which is exactly 
the same as previous analyses. The second case, however, 
assumes that the heating source is only due to the short-circuit 
current in the short-circuited coil and the other coils are 
open-circuited. Similar to the previous section, the effects of 
both low and high speeds are considered. The following 
relation is used to determine the relative temperature rise in 
PMs or windings during the faulty operation: つ劇岷ガ峅 噺 劇捗銚通鎮痛槻 伐 劇朕勅銚鎮痛朕槻劇朕勅銚鎮痛朕槻 伐 劇沈津沈痛 ゲ などど (6) 

where 〉T is the temperature rise (in %) due to fault mode. 
Thealthy is the temperature achieved during the steady state (2.5 
hours) in healthy mode. Tfaulty is the the steady state temperature 
in faulty mode. Finally, Tinit is the initial temperature. Table III  
summarizes the relative temperature increase during faulty 
mode based on (6) for the three representative PMs.  
 

TABLE III  
TEMPERATURE RISE IN FAULTY MODE* 

Region all coils** 
400 rpm 

all coils** 
1000 rpm 

coil A1*** 
400 rpm 

coil A1*** 
1000 rpm 

PM A1 29.9 % 127.2 % 24.4 % 104.7 % 
PM B1 29.9 % 94.2 % 15.1 % 60.8 % 
PM A4 29.9 % 82.1 % 11.8 % 45.2 % 
*with respect to the healthy case. **all coils are included. ***only the 
short-circuited coil is included. 
 

 Taking PM A1 as an example, the results in Table III  can be 
interpreted as following. When introducing the fault, the 
resulting copper losses will produce an increase in temperature 
by 29.9% (400 rpm) and 127.2% (1000 rpm) with respect to the 
healthy case. Furthermore, Table III shows the important 
contribution of the short-circuit current alone to the PM A1 

heating. For 400 rpm, the short-circuit current contribute 
24.4%/29.9% = 81.6% of PM A1 overheating, and the 
remaining coils being responsible for less than 20%. This is 
plausible as the PM A1 is contained in the coil A1. Similar 
reasoning can be applied for higher speed, showing a 
contribution of 104.7%/127.2% = 82.3 % of the short-circuit 
current to total overheating of the PM A1. Extending the 
analysis to the PM B1 shows 15.1%/29.9% = 50.5% (400 rpm) 
and 60.8%/94.2% = 64.5% (1000 rpm) contributions due to the 
short-circuit current in the coil A1. Therefore, there is an 
important heat flow path from the affected coil (A1) to the 
adjacent ones during fault conditions. 

IV.  EXPERIMENTAL VALIDATION OF THERMAL MODEL  

A prototype machine was built in order to validate the 
combined electromagnetic-thermal model considering fault 
operations, as shown in Fig. 12. However, it was not possible to 
achieve the filling factor of 0.4 due to the difficulty of winding 
process – instead a filling factor of 0.35 was achieved for the 
prototype machine meaning a higher current density is needed 
to achieve the required rated torque. Therefore, the prototype 
has a lower thermal load capability, which will be taken into 
account in the following analyses.  

 

 
(a) 

 

 

(b) (c) 
Fig. 12.  Prototype of SFPMM with 12-slot/10-pole. (a) motor mounted on the 
test rig with insulation paper, (b) stator, (c) rotor. 
 

In addition, the influence of the test rig was found to be too 
significant due to the extra surface area of the supporting 
structure, which might lead to significant overestimation of the 
thermal performance of the investigated machine. Therefore, 
several layers of insulation paper (totaling a 0.72 mm) were 
mounted between the prototype and the rig to limit this 
influence. There are 7 thermocouples mounted in the machine 
(Fig. 10) – 3 on windings, 3 on PMs and one on the external 
surface of the housing. The machine was operated under 
constant speed control and the temperature is recorded during 
the dynamic operation. After the machine is stopped, the 
temperature variation during the cooling down process is also 
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recorded. In order to remove the noise induced in 
thermocouples due to the electromagnetic interference (EMI), a 
thermometer with low pass filter was used. 

The results for healthy case are given in Fig. 13. The test 
conditions are set at rated speed (400 rpm) and a mechanical 
load equal to 45% of the rated torque. This is necessary to 
prevent the potential damage due to overheating during the 
tests. Since the fault is not introduced, the imbalance does not 
exist, as expected. Therefore, only the temperature variations at 
three representative locations (coils A1, PM1 and the case) are 
shown. The predictions correlate well with the experiment 
measurements since the discrepancy between the predicted and 
measured results is within 5%. 

 
Fig. 13.  Temperature variation in healthy case (400 rpm). 

 
For the faulty case, the same conditions are maintained. 

Introducing the fault shows a noticeable increase in the 
temperature. This is due to the short-circuit current but also due 
to the control strategy that increases the currents in the 
remaining healthy phases to compensate the influence of the 
short-circuit.  

 
(a) 

 
(b) 

Fig. 14.  Temperature variation in faulty mode. (a) coil A1, PM1, Case, (b) 
Coils B1 and A4, PM inside B1 and A4. 

V. CONCLUSIONS 

An accurate multi-physics (electromechanical- thermal) 
model for a SFPMM is proposed in this paper, which can take 
into account the temperature influence during dynamic 
operation in either healthy or faulty mode. It reduces the 
required computation time and resources by implementing the 
electromechanical part using less demanding Matlab/Simulink 
models coupled in a bidirectional manner with a 3D FEM 
thermal model. A key feature is the inclusion of temperature 
dependent characteristics of various parameters such as 
back-EMF, cogging torque and phase resistance. Based on this 
model, an accurate view over the entire process (both healthy 
and faulty operations) can be obtained and used further in order 
to develop appropriate fine-tuned fault remedial strategies.  

The proposed model is highly recommended as the faults 
such as inter-turn short-circuit can affect all the PMs, which 
could be irreversibly demagnetized primarily due to the 
increase in temperature. In addition, since there is little thermal 
separation between the coils, the heat generated by the 
inter-turn short-circuit in one coil can easily spread to other 
phases causing them to be overheated. The influence of the 
short-circuit current on temperature rise is quantitatively 
analyzed, based on the superposition principle. The time 
needed for the PM to be demagnetized under the inter-turn 
short-circuit can be assessed accurately.  

Based on these conclusions, possible improvements such as 
the forced convection in the end-winding regions or better 
overall external cooling might need to be taken into account 
during design phase for the SFPMM. In addition, iterative 
thermal design optimizations can be conducted given the 
reasonable solving time. Further studies concern various fault 
severities and comparisons with modular SFPMM like C-Core 
and E-Core topologies are ongoing. These modular machine 
topologies might provide superior fault tolerant capability due 
to physical, electromagnetic and thermal separation between 
phases. 

APPENDIX 

The dynamic electro-mechanical model implemented in 
Matlab/Simulink is based on [23], [26], [27], [28], [29] and can 
be used for both the healthy and faulty operations: 

          0e
dt

iLd
iRv 

 
(7) 

where [v], [i] and [e0] are the phase voltage, phase current and 
back-EMF vectors while the [R] and [L] quantities are the 
matrices of the phase resistance and self- and mutual- 
inductances, respectively. The mechanical model is described 
by: 

    load
t

reluctcoggem Tf
dt

d
JipTTT 


 0

 
(8) 

where p = 10 is pole pair number, Tem is electromagnetic torque, 
Tcogg is the cogging torque and Treluct is the reluctance torque. 
For the SFPMMs, their average reluctance torques are 
negligible under healthy conditions but can play a 
non-negligible role during short-circuit operations [30]. In the 
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model, the [R], [e0] and Tcogg are considered as temperature 
dependent. 
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