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Abstract — This paper presents technical and economical 
improvements of a newly developed interior permanent magnet 
synchronous motor (IPMSM) for a high end ebike and compares 
the improvements with the currently used drive motor. The new 
external rotor motor was optimized for hilly districts 10-15km/h 
and flat areas 25-30km/h which represent the main application 
scope for ebike drivers. Thanks to the varying number of poles 
and better use of the winding space, the efficiency could be 
enhanced for all observed operating points for both, motor mode 
and generator mode. The driver is now able to use the nominal 
torque of 30Nm for 21min, more than twice as long as with the 
current motor due to an improved thermal design which uses the 
bike frame as a huge cooling fin. In addition, not only in motor 
mode, but also in generator mode, the overall efficiency is higher 
in all cases than the existing motor. Besides the technical 
improvements, the visual integration was also improved using a 
smaller motor with better technical features. Thanks to a partly 
automated, special test bench, which was developed at the same 
time, the production of the new machine can be done more 
rapidly. Thus, the new IPMSM will be mass produced as soon as 
possible.   
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supercapacitors; test bench 

I.  INTRODUCTION 

Since 1994, energy storages and drive chains are two of the 
main topics of the Competence Center Integral, Intelligent and 
Efficient Energy Systems (CC IIEE) of Lucerne’s University of 
Applied Sciences & Arts. Several successfully accomplished 
projects concerning integral drives, transportation carriers as 
well as mobile and stationary electrical storage systems 
[1],[2],[3],[4],[5],[6],[7],[8],[9],[10] have been carried out. 
Thanks to an increased environmental awareness, ecological 
friendly carriers become more and more important and 
therefore ebikes are very popular (Fig. 1).  

 
Fig. 1. Today’s Ebike  

The ebike market increases very much (Fig. 2). In addition, 
the design of the transportation vehicle plays an essential role. 
For this purpose for a Swiss ebike,  primarily used in the range 
of agglomeration and small distance transportation, a highly 
efficient electrical motor had to be developed.  

 
Fig. 2. Ebike market Switzerland/Europe in pieces (velosuisse/ZIV)1 

The motor, the drive chain, the power electronics and the 
storage system, which in a later stage should not only use 
batteries but also supercapacitors (SCAPs), were integrated 
into the ebike. By means of SCAPs, energy can be regenerated 
while braking mainly in stop & go operation with a very high 
efficiency [6],[7],[8],[9]. This is part of the wider CC IIEE’s 
research strategy “Grid-Living- & Mobility”, considering the 
overall energy topic for mobile and stationary applications [2]. 
Various mobility drive projects have already been realized 
within this area [3],[4],[5]. The Interior Permanent Magnet 
Synchronous Motor (IPMSM) is not only extremely efficient, 
but also meets style challenges. In addition, it can even be 
adapted to the client’s requirements regarding typical landscape 
specific profiles. The efficiency shall be proved using a 
patented new test bench, which has been developed at the CC 
IIEE as well [12].  

Moreover, the economically competitive and partly 
automated production of the motors in Switzerland is another 
goal of the project. 

                                                           
1 Velosuisse: www.velosuisse.ch; Zweirad Industrie Verband, 

www.ziv-zweirad.de 
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II. CONCEPT DESCRIPTION 

In order to improve the currently used drive motor, it was 
first of all necessary to find out about its performance 
characteristics. Therefore, a new test bench was developed 
which allowed the installation of different ebike motors. In 
order to get the best motor characteristics, varying concepts 
such as a wheel rim engine or a gear motor were developed and 
compared afterwards. The comparison was partly made using 
the finite elements simulation software FEMAG2, as former 
projects revealed that this is one of the few software tools 
whose calculated results are almost similar to the real machine 
which is built subsequently. Due to the best simulation results, 
the realization of a new IPMSM was started.  

A. External rotor motor 

For a Swiss ebike, a new IPMSM based on the mentioned 
drive characteristics was developed and realized as an external 
rotor motor. The opportunity to implement the Hall sensor 
outwards the motor enables the engine installation without the 
application of any electronics on the rear wheel hub. Thereby, 
the rotor magnets have to be scanned passing the motor 
housing. On the other hand, if desired, the Hall sensor can be 
integrated inside as well. As a consequence, this concept has a 
long lifespan.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3. CC IIEE’s engine test bench. 
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A characteristic feature is the heat dissipation from the 
inside to the bike frame, which means huge cooling fins. 
Consequently, the problem of motor overheating, traditionally 
prevented by torque reduction, could be solved. The IPMSM 
has been optimized within its main application scope which is 
described in III.A. 

B. Partly automated test bench 

Thanks to a partly automated test bench, the machine 
development could be realized rapidly. The specialty of the test 
rig is the cheap realization. In this particular case, the curve of 
torque can be saved. Instead, the breaking generator and the 
whole measurement device with an equivalent investment 
amount were put into service. Overall, a test bench accuracy of 
0.8% related to the torque is achieved. Fig. 4 does not only 
show parts of the test bench, but also the mounted IPMSM.  

A pendulum mounted braking generator machine is one 
possibility to avoid the implementation of the wave of torque 
(torque shaft). The braking generator absorbs the braking 
energy and therefore the torque can be easily determined by 
measuring the force and the length of the lever arm. In 
comparison to the application of a typical wave of torque, the 
effort for the component alignment of the new test bench is 
much easier as only two components – the D.U.T (device under 
test) and the pendulum mounted braking mechanism – are 
needed.  



Consequently, the measurement device cannot only be 
produced at a low price, but it also reaches a high accuracy and 
at the same time the calibration can be performed by the 
operator himself using simple tools. 

The main advantage and the core part of the new torque 
measurement device are represented by the tilt sensor which is 
produced using silicon bulk micromechanics technology. For 
this sensor, the analogue output signal is equivalent to the sine 
wave of the tilt angle. The torque, which has to be measured, is 
the product of the sensor’s output signal times the calibration 
torque of the pendulum. By placing the pendulum in a 
horizontal position and measuring the pendulum force using a 
scale at a defined position, the calibration torque can be 
determined easily. The procedure for any motor measurements 
is represented in Fig. 3.  

The tilt sensor, which encloses three-dimensional 
micromechanical monocrystalline silicon structures, already 
contains an accurate measurement amplifier, which is able to 
reach the following data referring to the data sheet: 

 Measurement in a positive and negative direction 

 Measurement of static and dynamic acceleration 

 High level of reproducibility (approx. 0.01% of the 
measurement range) 

 Fine resolution (approx. 0.001% of the measurement 
range) 

 Shock resistance up to 50’000g 

 temperature range of – 30°C up to +85°C 

 active and passive temperature compensated 

 small, but robust metal case with fixing holes 

 robust PVC cable (1m) 

 wide useful output signal: from 0.5V up to 4.5V over 
the measurement range. 

 voltage range: stabilized from 7VDC up to 36VDC. 

 

 

Fig. 4. Mounted IPMSM at automated test bench.  

III. SOLUTION 

The aims of the motor construction were, besides the goal 
to enhance the efficiency, in particular, the improvement of the 
thermal motor characteristics as well as the variation of the 
number of poles in order to reach varying features (e.g. power) 
for different application areas.   

A. IPMSM and its different operational areas 

Regarding the characteristic use of ebikes, the key 
operational areas can be divided into two parts. First of all, flat 
areas are regarded, for which the optimal operational area 
varies between 25 and 30km/h. Secondly, for hilly districts the 
optimum can be found at a speed of 10–15km/h. For the 
optimal design of these two operational areas, the new 
developed test bench, which was shortly described in II, was 
used. Thanks to smart production, the number of poles can 
easily be adapted.  By varying the number of poles, not only a 
higher torque and, at the same time, a better efficiency can be 
reached, as it was already shown in [13], but it also provides 
the opportunity to design the IPMSM with respect to the 
desired operational areas.  Based on [9][13], at the same time 
various investigations took place to find out the most efficient 
relations between the number of poles, the kind of wiring 
scheme and the possibilities of a 3 phase or 6 phase control 
algorithm. 

B. Thermal optimization 

It is generally known that external rotor motors often have 
to cope with motor overheating. Consequently, in order to 
further improve the efficiency of the IPMSM, the thermal 
optimization was taken into account. Therefore, a connection 
between the internal motor and the external bike frame was 
planned. The idea behind this proposal is to use the bike frame 
as an enormous cooling fin, which is able to dissipate the heat 
perfectly.   

C. Style 

In addition to technical benefits, the construction of the new 
IPMSM also aimed at the improvement of an easier visual 
integration without the loss of the enhanced technical and 
economic benefits. Therefore, not only the motor diameter 
should become smaller, but also an adaptation in axial direction 
became possible and resulted in adjustable power.   

As a consequence of the redesign, the Swiss ebike won the 
gold award at the trade fair “Eurobike” in Friedrichshafen, 
Germany. The Eurobike Award is one of the most prestigious 
design awards in the bicycle industry that a company can 
receive for its products. 

IV. RESULTS 

Chapter IV deals with the results which were generated by 
testing the real IPMSM in comparison to the currently used 
drive motor. First of all, the torque production and the 
efficiency are discussed. Afterwards, design challenges and the 
big advantage of heat dissipation are explained, before the 
section finishes with the comparison of losses, detent torque 
and economic results.  



A. Torque Production 

The torque production was simulated for different 
rotational speeds beginning at 50rpm and ending at 400rpm 
using a constant upscaling of 50rpm. Consequently, the ebike 
speed, beginning at 6km/h up to 49km/h, was simulated. The 
simulation revealed that the maximum torque that can be 
reached, mounts to 45Nm and is consequently 5Nm higher than 
the currently used motor [14]. What is even more important is 
that the IPMSM can use the nominal torque of 30Nm more 
than twice as long as its competitor thanks to an improved 
thermal design which is described accurately in IV.D. 

B. Efficiency of the IPMSM 

Besides a powerful torque production, the efficiency of the 
new IPMSM is an essential design parameter of the motor. 
These two parameters are directly linked to each other as a 
higher torque results in higher losses, which means, in turn, 
that the efficiency becomes worse. In addition, the efficiency 
has an important impact on the range of the ebike. 
Consequently, the optimum between torque production and 
efficiency has to be found. 

The optimum for the ebike motor is defined with the aim to 
reach a high efficiency level at characteristic operational areas 
such as rides in flat or hilly districts. The typical velocity for 
hilly drives seems to be between 6 km/h and 12km/h, whereas 
it is between 25km/h and 31km/h for flat areas. An efficiency 
of 83% at a speed of 31km/h and a torque of 10Nm serves as 
an example for flat areas for the IPMSM. The efficiency at this 
speed is always equivalent or higher than 80% for a torque 
between 5Nm and 20Nm. The current motor reaches for the 
same operating point only efficiency of 80%, which is at the 
same time the maximum efficiency for the given speed. By 
contrast, for driving in hilly areas, a much higher torque at 
lower speed is needed. Not only does the IPMSM reach a 5Nm 
higher torque of 45Nm (see also IV.A), but it has always better 
efficiency levels. Driving up a hill at a speed of 12km/h and 
using a torque of 40Nm shows that the efficiency of the new 
IPMSM is 5% better than its competitor. To sum up, the 
efficiency of the new IPMSM is in all cases higher (TABLE I. 
and TABLE II. ). 

The better efficiency itself is primarily reached thanks to 
two different parameters. First of all, the winding space could 
be used more efficiently due to a new IPMSM design. 
Therefore, the fill factor in the slots could be enhanced to 45%. 
In comparison to the current motor which reaches only 30%, 
the new fill factor is one and a half times higher than before. 
Secondly, the magnetic flux density of the IPMSM is even 
twice as high as its competitor and now amounts to 1.8T. 

 In addition, it is also possible to use the motor as a 
generator. The outcomes concerning the efficiency in this case 
are the same as in motor mode: the IPMSM reaches much 
better results than the current motor. The IPMSM reaches the 
highest efficiency for the regeneration of braking energy at a 
speed between 43km/h and 49km/h at a torque of 10Nm or 
15Nm. For these operating points, the efficiency is 86%. In 
contrast, the current motor reaches only 83%, respectively 84% 
(49km/h and 15Nm) at the same operating points.    

 

TABLE I.  EFFICIENCY PLOT IN MOTOR MODE FOR THE CURRENT MOTOR 

Efficiency area 50 rpm 100 rpm 150 rpm 200 rpm 250 rpm 300 rpm 350 rpm 400 rpm 450 rpm 500 rpm

η tot 6 km/h 12 km/h 18 km/h 25 km/h 31 km/h 37 km/h 43 km/h 49 km/h 55 km/h 62 km/h

5 Nm 0.62 0.72 0.75 0.78 0.77 0.77 0.78 0.75
10 Nm 0.58 0.70 0.76 0.78 0.80 0.82 0.82
15 Nm 0.51 0.65 0.73 0.76 0.79 0.81 0.82
20 Nm 0.47 0.62 0.70 0.75 0.78 0.81 0.82
25 Nm 0.41 0.57 0.65 0.71 0.74 0.77
30 Nm 0.36 0.51 0.61 0.67 0.71 0.76
35 Nm 0.32 0.48 0.57 0.64
40 Nm 0.30 0.44 0.54
45 Nm
50 Nm  

 
 

TABLE II.  EFFICIENCY PLOT IN MOTOR MODE FOR THE NEW IPMSM 

Efficiency area 50 rpm 100 rpm 150 rpm 200 rpm 250 rpm 300 rpm 350 rpm 400 rpm 450 rpm 500 rpm

η tot 6 km/h 12 km/h 18 km/h 25 km/h 31 km/h 37 km/h 43 km/h 49 km/h 55 km/h 62 km/h

5 Nm 0.67 0.75 0.78 0.79 0.80 0.80 0.80 0.80
10 Nm 0.65 0.75 0.80 0.82 0.83 0.85 0.85 0.83
15 Nm 0.58 0.71 0.77 0.81 0.82 0.84 0.84 0.83
20 Nm 0.51 0.66 0.73 0.78 0.80 0.82 0.84
25 Nm 0.46 0.61 0.69 0.74 0.78 0.80 0.80
30 Nm 0.41 0.56 0.65 0.71 0.74 0.78
35 Nm 0.37 0.52 0.61 0.68 0.72 0.75
40 Nm 0.32 0.49 0.58 0.64 0.69
45 Nm 0.27 0.43 0.53 0.61
50 Nm  

 
 
 

C. Design challenges 

In addition to technical and economical improvements, the 
motor design was a further challenge. The new IPMSM can be 
produced much more compact and a lot smaller. As a result, the 
visual integration into the ebike is easier as the motor diameter 
could be reduced to only 125mm, compared to 150mm before. 
A smaller design also means reduced weight. The IPMSM is 
lighter than its competitor (5.1kg vs. 7.2kg [14]). But not only 
design challenges were solved. Chapter IV.B reveals that the 
motor and power electronics efficiency of the IPMSM is in all 
cases better than the current motor.  Furthermore, a very little 
air gap between rotor and stator is achieved which leads in 
combination with the filling factor of the windings and the 
separation of the rotor and stator package to the characteristic 
compactness of the new IPMSM although a peak torque of 
50Nm is reached. Besides that, the stator teeth do not wear pole 
shoes. To sum up, the IPMSM technology reaches better 
efficiency and power results in comparison to bigger motors, 
although it is tinier.   

D. Low motor temperatures 

As already described in III, the thermal motor design plays 
an essential role. Therefore, the new IPMSM was thermally 
optimized. As a consequence, not only the efficiency was 
increased, but also the ability to use the nominal torque more 
than twice as long (see Fig. 5, Fig. 6). The IPMSM heatrun 
using an adjustable power limitation at 250rpm, which is 
shown in Fig. 6, visualizes a slower temperature rise in 
comparison to the existing motor (see Fig. 5). The main reason 
is an external heat dissipation using the bike frame as a huge 



cooling fin. For this case, considering the temperature of the 
two different motors in detail shows the effectiveness of the 
heat dissipation out of the IPMSM interior case. The IPMSM 
shaft reaches a temperature of 96°C, whereas the current motor 
is only able to reach 46°C (see Fig. 7, Fig. 8). 

 

Fig. 5. Heatrun using adjustable power limitation @250rpm (current motor) 

 

Fig. 6. Heatrun using adjustable power limitation @250rpm (new IPMSM) 

 
Fig. 7. Temperature motor measurement results of the current motor. 

 

Fig. 8. Temperature motor measurement results of the new IPMSM motor 

E. Increased detent torque 

The examination of the detent torque of the currently used 
motor and the IPMSM revealed that the detent torque of the 
new IPMSM is slightly higher. For the current motor, it is only 
0.64Nm, whereas for the IPMSM it is 1.1Nm. Although the 
detent torque is marginally higher, it does not affect the ebike 
driver as it is almost not noticeable while driving. 

F. Low production costs 

From an economic point of view, it is normally expected 
that the current motor is much more cheaper. Thanks to a 
highly automated manufacture capability, the IPMSM can be 
produced in Switzerland so that it has not only better technical 
features, but it is economically competitive as well. Due to less 
importation, there is even an environmental benefit. 
Concerning automated production, several advantages appear. 
At first, the slip-in-coils can be inserted automatically in the 
isolated notches using the stator bridges. Secondly, the filling 
factor of the windings rises up to 50%. It is worth mentioning, 
that in this case the number of windings lays between 10 and 
20 windings per coil and the cross section is only 1.5 – 2 mm2. 
Thirdly, the use of groove bridges has normally the 
disadvantage of a high detent torque.  

V. CONCLUSION 

To sum up, a new IPMSM with a diameter of only 125mm 
was developed with respect to a thermal and efficiency 
optimization. Thanks to the opportunity to vary the number of 
poles and a better use of the winding space, the efficiency 
could be enhanced at all regarded operating points – motor 
mode as well as generator mode. From a thermal point of view, 
the interior of the IPMSM can now dissipate heat a lot better. A 
thermal heatrun using a power limitation at 250rpm revealed 
that the motor shaft can now reach a temperature of up to 96°C, 
whereas the current motor reaches only 46°C. Thanks to this 
invention, the nominal torque of 30Nm can be used about 21 
minutes, instead of 10.5minutes before. The driver does not 
only benefit from a higher torque, which he can use longer, but 
the efficiency even raised.  

In addition to all technical improvements, the new IPMSM 
can even visually be integrated a lot better due to its reduced 
diameter. The huge amount of advantages such as the high 
efficiency, the huge torque, the thermal motor resistance as 
well as the perfect visual integration and cheap production 
opportunities promote the aim to industrialize this motor as 
soon as possible. 
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