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Abstract—This paper presents the sizing and the 
comparison of two synchronous machines. The purpose is to 
design a high temperature dedicated machine with the same 
performance and volume as a permanent magnet machine. To 
compare the machines, torque has been chosen as a reference 
indicator and not the efficiency which will be not so good for 
the high temperature machine. A salient pole wound rotor is 
chosen with anodized aluminum tape as windings. Works 
presented should be considered as preliminary studies leading 
to the conception of a prototype.  

Keywords— Motor sizing, high temperature, permanent 
magnet, anodized aluminum tape, thermal study. 

1 INTRODUCTION 

In a large variety of fields, electrical machines are more 
and more preferred to traditional actuators (pneumatics or 
hydraulics) [1]. Indeed, thanks to their compactness and 
efficiency, machines like PMSM (Permanent Magnet 
Synchronous Machine) are very attractive [2][3]. However, 
because of the use of permanent magnets, this kind of 
machine is not very suitable in high temperature operating 
conditions [4].  

The field of high temperature machine design has been 
specially investigated during the last decade [5]. Two 
different applications of high temperature winding are 
identified, the first one is related to operation in a harsh 
environment where the external temperature can be very 
high, like aircraft application with the concept of More 
Electric Aircraft (MEA) [6] where electrical machines 
operated in an environment with high ambient temperature 
(more than 200°C [1]). The second one concerns machine 
designed with high power density where line current and 
surface current density are very high [7]. In addition to the 
issue of magnet demagnetization, the other weak point of 
high temperature machines is related to wire insulation. 
Organic insulation using Polyamide Imide (PAI) and 
Polyester Imide (PEI) material does not allow to exceed 
200°C at the hottest point of the machine (the conducting 
copper). To go beyond this limit, inorganic insulation can be 
an alternative solution [8][9][10], like ceramic copper wire, 
nickel-plated copper wire, or anodized aluminum tape. 
However, the mechanical characteristic of inorganic 
insulation is different than this of PEI-PAI; what requires 
specific know-how in winding and machine building, which 
can bring real manufacturing difficulties. Anodized 
aluminum tape has a real advantage in high temperature 
machine design [11]. Firstly, the aluminum is flexible and 
enables a low bending radius which make it easier to wind 
the coil. Therefore, an Anodized aluminum coil fits well with 

a concentrated winding machine. The inter-turn voltage is 
well controlled, and the anodized layer insure a good inter 
turn insulation to more than 350°C. The anodized aluminum 
strip has also the advantage to be available in the 
marketplace at different wanted dimensions (width, 
thickness). 

The aim of this paper is to present the sizing of two 
machine topologies of 40 kW for 4500 rpm with similar sizes 
and performances. The purpose is to lead to the design of a 
laboratory prototype that could fit with aircraft or car 
industries requirements. The first machine is made with a 
permanent magnet rotor whereas the other one is made with 
a salient pole wound rotor to operate at high temperature. 
The second machine uses anodized aluminum tape [12][13] 
as windings. The stator windings use the same conductor to 
hold the high temperature. 

The paper is organized as follows: Section 2 presents the 
sizing of a three-phase 12/10 (12 slots, 10 poles) 
synchronous machine with a concentrated winding. Section 3 
gives comparisons between the two machines through finite 
element simulations. Section 4 presents a complete thermal 
study for both machines. Section 5 brings an explanation of 
the wound rotor construction. Section 6 gives conclusions 
and highlights works that will be made for the future 
machine that is currently being built. 

2 SIZING AND DESIGN OF THE MACHINES 

2.1 Main dimensions 

First, it is necessary to find the main dimensions of the 
machine as a preliminary sizing process. The purpose is not 
to optimize the compacity of the machine but to get an easily 
achievable electrical motor. To achieve that, the sizing 
formula in (1) is used. This is a simplified version of the 
sizing equation given in [14].  

  

With Da: the inner diameter of the stator, La: the active 
length, C: the rated torque, A: the current linear density, B: 
the peak airgap flux density and K1

s: the winding factor.  

The winding factor depends on the chosen topology such 
as the number of phases, slots and poles as explained in [15]. 
Considering (1), parameters are chosen as well as the active 
length to obtain a coherent stator diameter. The purpose is to 



obtain a mean torque of 100 Nm in a 0-4500 rpm speed 
range for two machines: the first one is a reference machine 
with a permanent magnet rotor that will be considered in the 
design process. The second machine has the same dimension 
as the reference one but with a wound rotor designed to 
provide the same magnetic effect than the permanent magnet 
rotor. In order to reach the same magnetic performance as the 
initial machine, the wound rotor machine uses anodized 
aluminum tape able to operate at high temperature (more 
than 350°C). To simplify, both machines have the same 
stator with concentrated winding, also made with anodized 
aluminum tape. Parameters are summed up in Table I, where 
the Torque C comes from desired specifications described 
before, the line current density A is a usual design value of 
permanent magnet machine to achieve acceptable heating 
[14] because the reference permanent magnet machine is a 
low temperature one. The peak airgap flux density B has 
been chosen as the more probably attained regarding magnet 
characteristic associated with the flux concentrated effect of 
the rotor magnet configuration. This value will be checked 
with a finite element simulation. The airgap width has been 
set to 1 mm which is a reasonable value for manufacturers. 

TABLE I.  DESIGN PARAMETERS 

Torque C 100 Nm 
Line current 

density A 
27000 A/m 

Peak airgap flux 
density B 

1.5 T 

Winding factor 
K1

s 
0.933 

Active length La 150 mm 

 

In previous studies about other types of machines, an 
active length La of 150 mm was defined. To keep 
approximatively the same volume regarding the existing 
testbench, the choice has been made to keep this 
characteristic value. This leads to an inner stator diameter of 
126 mm. 

Magnets have been taken the thickest of possible to be 
less sensitive to the temperature and to bring the highest flux 
density in the airgap, considering an interior magnet structure 
with flux concentration effect. The permanent magnet 
machine is not supposed to heat over some range; however, 
it is safer to use SmCo magnets that can handle higher 
temperature than NeFB magnets. Teeth wide has been 
determined to be minimum without being saturated. 

To determine the external diameter, it is considered that 
half of the magnetic flux of a rotor pole flows through this 
part of the machine. Considering the principle of flux 
conservation, the iron thickness can be calculated. Finally, 
the external diameter is 206 mm. 

2.2 Winding determination 

The method presented in [15] is used to determine the 
optimum winding sequence of the concentrated winding 
machine. The chosen structure of the machine is three-phase 
12/10 (12 stator slots, 10 poles) with double layer 
concentrated winding. At first, the SPP (number of slots per 
poles and per phase) needs to be determined (2). 

 SPP = 

The purpose is to compare a sequence of “zeros” and 
“ones” to a reference sequence. According to the method, our 
comparative sequence will have 2 “ones” and 3 (5-2) “zeros” 
and will be “01010”. The sequence is shown in Fig. 1 and the 
corresponding winding factor is 0.933. 

 

Fig. 1. Determination of the optimal winding sequence 

2.3 Results of the sizing 

Once sizing and winding have been determined, it is 
possible to draw both machines. Fig. 2 and 3 show the two 
machine configurations having similar dimensions. For the 
wound rotor machine, saliencies have been designed to let 
enough space to place rotor windings. Based on these 
geometries, finite element simulations with Altair Flux 2D 
software will be performed in the next section.  

 

Fig. 2. Permanent magnet configuration 

 

Fig. 3. Salient pole wound rotor configuration 



3 COMPARISON OF THE TWO MACHINES WITH FINITE 

ELEMENT SIMULATION 

3.1 Performance comparison using torque and airgap 
flux density 

Performances of the two machines are compared through 
finite element simulations for the expected rated point (4500 
rpm – 100 Nm). These simulations have been made at a 
constant temperature not considering changes in material 
characteristics. Thus, electrical resistances are calculated at 
20°C. 

In a first step, the rotor direct current of the salient pole 
machine has been determined to achieve roughly the same 
airgap flux density as the permanent magnet rotor, as shown 
in Fig. 4. Stator number of turns and stator current are similar 
for both machines and they are limited by the induced 
voltage that cannot exceed the DC bus voltage at maximum 
speed. The machine is powered with sine current and with 
flux-oriented control. Winding characteristics are 
summarized below. 

 Stator windings: 10 coils per tooth (anodized 
aluminum tape of 0.4*24 mm) 

 Stator current Is: 80 A peak (56.6 A RMS - 
6A/mm² current density) 

 Rotor windings: 40 coils per pole (anodized 
aluminum tape of 0.15*12 mm) 

 Rotor current Ir: 30 A direct current (16 A/mm² 
current density) 

Fig. 5 presents the spectrum of the normal flux density in 
the airgap. As expected, the 5th harmonic is the principal 
because of the 5 pairs of poles. It is slightly higher for the 
permanent magnet machine but not significatively. However, 
some other harmonics like the 15th are higher. 

Fig. 6 gives the torque of both machines at rated stator 
and rotor currents. It can be observed that the target torque 
was 100 Nm but, in both cases, simulated torques are 
weaker. This can be accounted for by assumptions used in 
the sizing formula. For example, the airgap flux density 
taken at 1.5 T in (1) has roughly this value in the simulation 
for the peak value in Fig. 4, but the fifth harmonic in Fig. 5 
falls to 0.85 T. 

Because of the magnet configuration, the PMSM is a flux 
concentrated machine, that leads to a slightly higher 
induction in stator teeth (around 1.3 T vs 1.2 T for the wound 
rotor machine). This can justify that the mean torques are not 
the same for both machines. Additionally, an interesting 
point is that the 12th harmonic (which corresponds to the 
number of slots) is the main one for the PMSM torque ripple 
whereas it is the 6th for the other rotor. 

 

Fig. 4. Normal flux density comparison along an airgap lap 

 

Fig. 5. Normal flux density spectrum comparison along an airgap lap 

 

Fig. 6. Torque comparison at the rated operating conditions 

3.2 Flux lines comparison 

Fig. 7 and 8 present the mapping of flux lines for both 
machines. As it can be seen, the direction of the lines differs 
for the two rotors. They follow the pole in the radial way for 
the salient wound rotor whereas in the permanent magnet 
rotor they are oriented in an orthoradial way. This is due to 
the magnetization direction that enables to have a flux 
concentration machine. Therefore, only a part of the magnet 
flux crosses the airgap. The other part flows towards the 
shaft, and this part can be reduced using a special shape at 
the level of the magnet inner part as shown in Fig. 7. 



 

Fig. 7. Flux lines for the permanent magnet rotor machine 

 

Fig. 8. Flux lines for the salient wound rotor machine 

4 THERMAL STUDY 

4.1 Power losses 

Losses have been obtained with Flux2D software and are 
summed up in Table II. These values correspond to the rated 
point (4500 rpm and rated current as described in section 3). 

TABLE II.  LOSSES REPARTITION FOR BOTH MACHINES 

Losses 
(W) 

Permanent magnet machine Wound rotor machine 

Stator 
Joule 

356 356 

Rotor 
Joule 

None 1827 

Magnet 91 None 

Stator 
iron 

465 420 

Rotor 
iron 

76 48 

 

Rotor Joule losses for the wound rotor seem to be quite 
important. This is due to the rotor direct current of 30 A 
which is injected in a thin aluminum tape. Thus, the rotor 
electric resistance is relatively high (around 2 Ω) which leads 
to high Joule losses. Comparatively, the stator current is 
higher (around 56 A RMS), but the tape is wider and shorter 
so with a small electric resistance. 

4.2 Geometry for the thermal study using Motor-Cad 
software 

The machines that have been designed using Flux2D 
software for the finite element study, have been rebuilt in the 
Motor-Cad software. Dimensions have been respected but 
some differences can be observed between Fig. 8 and 11 
considering the head of rotor poles. The design has been 
adapted in Motor-Cad software to achieve the same 
performances (same torque) even if drawings are not 
identical. Indeed, Motor-Cad software can be used as a fast 
analytical electromagnetic predesign tool to get some data as 
the torque. However, because results are not obtained in the 
same way as with Flux2D, it doesn’t lead exactly to the same 
values. Choice has been made to adapt the design to get the 
same torque because it is the main comparison indicator of 
the study. Furthermore, it has been verified that the impact of 
the slightly different design is not significant at all on 
thermal behaviour. 

The other principal difference is the addition of a cooling 
part around the stator. This is a water jacket housing in a 
spiral. The characteristics of this cooling part are set to 
default in the software. An improvement of the cooling 
system could be made in further works.  

4.3 Thermal results 

From the losses in the different parts of the machines, a 
thermal study has been performed using Motor-Cad 
software. The ambient temperature is set to 20°C. The 
purpose is to evaluate the temperature range that could be 
attained at the most severe operating point. In a harsh 
environment with higher ambient temperature, machines 
would operate at reduced performances. In addition to losses 
repartition, the different materials are filled out (aluminum, 
steel and magnet) to get suitable thermal coefficients that are 
included in the software. Moreover, other characteristics, like 
interfaces behavior, are set to idle. 

Table III presents thermal conductivity of the different 
materials used in both machines. These values are quite 
arbitrary because the exact composition of the machines that 
are being built is not known. However, because values from 
one steel alloy or aluminum alloy to another are very close, 
as a preliminary study, it has been considered that these 
coefficients are accurate enough to obtain representative 
results. Different values come from Motor-Cad database. 

TABLE III.  THERMAL COEFFICIENTS OF THE DIFFERENT MATERIALS 

 Thermal conductivity (W/m/°C) 

Aluminum winding 170 

Stator lamination 
(M250-35A steel) 

30 

Rotor (stainless steel) 15 

Magnet 8 

Wire insulation 
(default) 

0.2 

 

Fig. 9, 10, 11 and 12 present temperatures at different 
critical points for both machines in axial and radial view. 



 

Fig. 9. Temperatures of the permanent magnet machine in radial view 

 

Fig. 10. Temperatures of the permanent magnet machine in axial view 

 

Fig. 11. Temperatures of the wound rotor machine in radial view 

 
Fig. 12. Temperatures of the wound rotor machine in axial view 

Presented results are given for steady state. This explains 
that temperatures can be rather high at specific critical 
points. 

First, temperatures reached in the permanent magnet 
machine are quite usual (165.5°C) as it can be found in other 
studies [16]. This leads to be optimistic about the quality of 
the simulations, both for losses determination and the 
thermal study. Moreover, the maximal temperature in 
magnets is less than 170°C. This is clearly in the range of the 
selected magnets which are Samarium Cobalt-based. This 
kind of magnet can usually withstand up to 300°C [17]. 

Considering pure aluminum, the welding temperature is 
around 660°C. In the worst case, which is the wound rotor 
machine, the highest temperature reached is less than 520°C 
thanks to the cooling. It should be noticed that to simplify the 
simulation, the evolution of the electric resistivity of the 
aluminum with temperature has not been considered. It 
means that at 400 or 500°C the electric resistance of the tape 
would be higher, leading to even more losses, and higher 
temperatures. However, this machine has been designed to 
obtain the same performances with a wound rotor as with a 
permanent magnet rotor at least for short time. 

Another point to be considered is the bearings 
temperature. Classical bearings are not suitable to withstand 
such temperatures (almost 300°C) [18]. So, in further works, 
a full study should be made to design bearings with 
innovative materials that could hold these temperatures. A 
specific rotor cooling system could also be implemented. 

4.4 Study in transient 

Steady state has been studied and it can be interesting to 
observe the evolution of some temperatures for a short 
period. This time the ambient temperature starts from 40°C. 
Fig. 13 and 14 present transient evolution of the temperature 
at different points on both machines for ten minutes. 

First, concerning the permanent magnet rotor machine, 
only the stator winding is heating the most alongside the 
stator surface but in a reasonable range (≈ +40°C). This can 
be accounted for by stator Joule losses that are quite low 
thanks to a small electric resistance and because the cooling 
device is close to these windings. Also, the magnet and 
bearings stay at very low temperature which is a good result 
for the future testbench. 



Concerning the wound rotor machine, the temperature 
rise of the stator winding is quicker and goes up to +70°C. 
Indeed, the losses of the rotor are higher and are the principal 
heating source of the machine. Moreover, the temperature in 
rotor windings rises also quickly. It reaches more than 300°C 
(starting at 40°C) after ten minutes. The interesting point is 
that even if the shaft heats up also significantly, bearings stay 
under 80°C until 5 minutes have passed, without considering 
the thermal inertia. This is reassuring concerning the 
experimental machine that is being built and it can be 
considered that tests could be executed for several minutes at 
rated operating conditions. 

 

Fig. 13. Transient temperatures of characteristic points for the permanent 
magnet rotor machine 

 

Fig. 14. Transient temperatures of characteristic points for the wound rotor 
machine 

 

Fig. 15. Transient temperature comparison of characteristic points for both 
machines 

Fig. 15 presents a comparison of transient temperature 
evolution for some characteristic points between both 
machines. Temperatures in wound rotor machine rise 
quicker than for the permanent magnet one. Stator rising 
temperature is almost linear while it starts to inflect on the 
rotor side. Even if results are not shown here, transient study 
showed that the steady state occurs after one hour and a half 
at rated operating conditions. 

4.5 Thermal improvement in steady state 

It has been shown previously that steady state 
temperatures for the wound rotor machine are quite high and 
would be even higher by considering the electric resistance 
increase. This could cause insulation deterioration or even 
critical failure in rotor windings. 

To prevent any risk, a simple way to limit the heating is 
to decrease rotor direct current. In this case, airgap flux 
density will be lower than in the permanent magnet rotor 
machine. So, the stator current needs to be increased to 
compensate and to obtain the same torque. By coupling 
losses and thermal analysis with simple mathematical 
considerations, new configurations are obtained. Table IV 
sums up the results and compares values for the critical 
points which are stator and rotor windings. There is a quite 
noticeable impact on stator iron losses, but not on rotor iron 
losses. 

As it can be observed, decreasing the rotor direct current 
by only 5 A leads to more than a 100°C reduction in 
windings rotor. An interesting fact is that even if stator 
current has been increased to get the same torque, stator 
temperatures are also lower. This means that for the wound 
rotor machine, heating is largely due to rotor losses. 
Moreover, the cooling water jacket is close to the stator so, it 
is easier to evacuate the heat in this area. 

A very important result can be observed for the 
configuration 3, it is the optimum. Indeed, configuration 3 
can be considered as the best because this is where stator 
temperature starts to inflect while rotor temperature is still 
decreasing. Moreover, configuration 4 demands a really high 
stator current. Configuration 3 presents the most balanced 
losses distribution and temperatures are much more 
convenient.  

TABLE IV.  COMPARISON OF DIFFERENT CONFIGURATIONS FOR THE 
WOUND ROTOR MACHINE 

Configuration 1 2 3 4 

Current rotor Ir 30 A 25 A 20 A 15 A 

Current stator (peak) Is  80 A 92 A 112 A 157 A 

Rotor Joule losses 
1800 

W 
1264 

W 
812 W 458 W 

Stator Joule losses 356 W 471 W 700 W 
1372 

W 

Stator iron losses 420 W 420 W 425 W 538 W 

Rotor iron losses 48 W 48 W 48 W 48 W 

Torque (average) 76 Nm 77 Nm 77 Nm 76 Nm 

Rotor highest 
temperature (winding) 

517°C 406°C 329°C 309°C 

Stator highest 
temperature (winding) 

269°C 237°C 223°C 263°C 

4.6 Thermal results considering a harsh environment 

As mentioned earlier, the purpose is to design a 
synchronous machine without magnet that could operate at 



high temperature. Studies have been made at classical 
ambient temperature (20°C) in order to see the attained 
temperature range. With the improvement presented in the 
last subsection, it is interesting to evaluate what could 
happen in a harsh environment like in car or aircraft 
applications where ambient temperature is higher. As 
indicated in [19], the temperature range for the aircraft 
industry is very wide (from -55°C to 200°C). To stay 
relatively representative, the following study has been made 
with an ambient temperature of 150°C. 

A simple way to extrapolate precedent results with a new 
ambient temperature is to reevaluate losses at 150°C. 
Concerning Joule losses, aluminum electrical resistivity is 
the only parameter to increase. In [20], the aluminum 
temperature coefficient is around 0.004 1/°C, this means that 
from 20°C to 150°C, resistivity increases by approximatively 
50% and so do the Joule losses. 

On the other way, [21] shows that iron losses decrease 
with temperature because both hysteresis and Eddy current 
loss coefficients are decreasing. This is also dependent to 
flux density, but the choice has been made to consider a 20% 
decrease for iron losses from 20°C to 150°C. Table V 
compares results obtained for the configuration 3 presented 
before for both ambient temperatures (20°C and 150°C). 

As could be expected, the hotspots for both rotor and 
stator raise a higher temperature because global losses and 
ambient temperature are higher. It should be noted that when 
stator and rotor windings are at 300°C or more, the 
aluminum electrical resistivity is even higher and the same 
applies to the Joule losses. As explained before, a steady 
state operating condition at high temperature could lead to 
reducing the machine performances, but a transient operation 
(several minutes) could be achieved without any problem as 
shown in the transient study. 

TABLE V.  IMPACT OF AMBIENT TEMPERATURE FOR THE 
CONFIGURATION 3 

Ambient temperature 20°C 150°C 

Rotor Joule losses 700 W 1050 W 

Stator Joule losses 812 W 1218 W 

Stator iron losses 425 W 340 W 

Rotor iron losses 48 W 38 W 

Rotor highest temperature 
(winding) 

329°C 539°C 

Stator highest temperature 
(winding) 

223°C 387°C 

 

5 ROTOR WINDING REALIZATION 

As previously explained, the winding is quite unusual 
because it is made of anodized aluminum tape. So, it is 
interesting to present technical solutions that have been 
chosen to make the windings, especially concerning the 
rotor. 

First, rotor windings are coiled up around a plot 
corresponding to a rotor pole. Then, each plot will be 
screwed to the main piece of the rotor. Fig. 15 shows one 
plot with the anodized aluminum tape around. In the final 
version, each winding will be protected with fiberglass paper 
and filled up with a high temperature resin to ensure good 
rigidity and isolation. Because this kind of tape is relatively 

brittle and the rotor will turn up to 4500 rpm, a solution has 
been developed to ensure good stability and to connect the 
ten poles together. This is achieved with a connection disk 
attached to the rotor. One part of the tape goes through the 
disk and is screwed to the part of the tape from the direct 
next pole. Concerning the two parts of tape in contact on the 
disk, the anodized isolated surface has been removed. The 
disk is made in PEEK which is a polymer with good 
structural characteristics and a high welding point (343°C) 
[22]. Fig. 16 presents the connectivity principle on the disk. 
The same idea has been developed for stator connectivity. 

 

Fig. 16. Example of winding around a pole rotor 

 

Fig. 17. Connection disk for the rotor winding  

6 CONCLUSIONS AND PERSPECTIVES 

This paper proposes a design of synchronous machines 
with the purpose to obtain the performances of PMSM with a 
salient pole wound rotor machine that can operate at higher 
temperature. 

First, a sizing method has been presented and main 
dimensions have been given. Also, the way to find the ideal 
winding sequence has been presented. 

Then, finite element simulations have been carried out 
with Flux2D software to compare the performances of the 
two machines with the same stator configuration. It appears 
that the obtained torque is quite similar with a small 



advantage for the permanent magnet rotor machine. This has 
been explained previously. 

Thanks to these simulations, Joule losses and iron losses 
have been determined and used in the Motor-Cad software to 
evaluate temperatures in steady state for an ambient 
temperature of 20°C. A transient study has also been 
proposed. It appears that the permanent magnet rotor 
machine ends with totally acceptable temperatures especially 
concerning magnets. However, temperatures reached in the 
wound rotor machine are relatively high and could 
deteriorate the machine especially the insulation in rotor 
windings. So, other configurations have been presented by 
decreasing rotor direct current and increasing stator current. 
Results show a better heat repartition and an optimum 
configuration while performances are not altered. A study 
has also been carried out for a higher ambient temperature 
with relevant results. Problems concerning some exterior 
parts such as classical bearings that cannot handle such 
temperature have been evocated. Moreover, the transient 
study has shown that machines could operate at rated 
conditions for several minutes without any risks. 

From a technical point of view, the way to create winding 
with anodized aluminum tape has been shown. 

Finally, design and simulated results have been 
conducted successfully with promising results to get a high 
temperature machine with great performances while avoiding 
magnets and classical winding that are not suitable with such 
temperatures. 

Future works will consist of testing these machines which 
are currently being built in real conditions. Moreover, a study 
about the efficiency of both machines needs to be carried out 
and the environmental impact of these two technologies 
needs to be evaluated. 
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