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Abstract— This paper presents a comparison between an 
interior permanent magnet synchronous machine (IPMSM) with 
two different windings. The two windings subject to this analysis 
are concentrated six- and concentrated three-phase windings. 
The focus is put on concentrated windings, because by using this 
type of winding production costs can be kept low. The mentioned 
IPMSM is designed for the use in an electrical bike (E-Bike), the 
size of which is therefore limited by the frame of the bike. This 
leads to just a few possible combinations in the numbers of slots 
and poles of the machine. Concentrated six-phase windings have 
the possibility to reach higher values in the winding factors than 
three-phase windings of the same machine. The assumption that 
the six-phase winding generates more torque and reaches a 
higher efficiency than the three-phase winding is tested in a finite 
element simulation. The results of this simulation have shown 
that there can be an increase of the torque production of up to 
2 % and a better efficiency of 0.4 % with concentrated six-phase 
windings with a BLDC commutated current. 

Keywords— IPMSM multiphase; six-phase enginge, 
concentrated winding, distortion factor, finite element simulation  

I.  INTRODUCTION 

E-Bikes show a great acceptance on the vehicle market 
today. From the year 2011 to 2012 the E-Bike market in 
Switzerland increased by 6.7 % to 52941 sold E-Bikes [1]. The 
properties of the motor are an important part in the system of 
the E-Bike. Therefore, the Lucerne University is developing a 
new IPMSM machine with the focus on highest efficiency and 
torque density. This is a part of the research strategy “Grid-
Living-& Mobility”, considering the overall energy topic with 
drives and energy storages [2]. Various mobility drives projects 
were realized within this area [3], [4], [5]. The production of an 
electrical machine in Switzerland is an expensive procedure. 
Therefore, it is necessary to find a way to produce an engine as 
cheaply as possible. On the one hand, concentrated windings 
are a possible solution of this problem, because they can be 
prefabricated and included into the stator in less complex steps. 
On the other hand, using concentrated windings, a certain 
degree of freedom is lost when it comes to designing the 
windings. The distortion factors of the windings, which can be 
achieved with concentrated windings, are only dependent on 
the number of slots, poles and phases of the machine. The total 

winding factor reached strongly influences the torque 
production of the machine. If the geometrical dimensions are 
fixed, the torque production can be improved by the number of 
the phases. It can be seen that concentrated six-phase windings 
in a machine with the same number of slots and poles reach 
higher values in the distortion factors than the three-phase 
windings. This leads to the assumption that the six-phase 
machine has a higher torque production and a better efficiency 
than the three-phase variation of the same machine. This 
assumption is tested in a finite element simulation of a 
prototype. The prototype is designed for the use in an E-Bike 
Fig. 1 with a peak power of 1.2 kW with the possibility of high 
energy regeneration in a supercapacitor storage. [6], [7], [8], 
[9]. The construction of this machine and its size are limited by 
the dimensions of the E-Bike frame. In the course of earlier 
studies about multi-phase machines an algorithm of a six-phase 
control system has been developed [10]. Due to the already 
existing infrastructure and control system for a six-phase 
engine, which provides the possibility to test the simulated 
engines in reality, the mentioned six-phase machine is 
compared with a three-phase one. Thus, the result of the 
simulation can be proven and builds the fundament for future 
studies of other concentrated multiphase windings. 

 
Fig. 1. E-Bike containing the motor which shall be improved 



II. THE WINDING FACTORS 

The winding factor depends on the geometrical orientation 
of the different coils, how they are interconnected and at which 
moments they are stimulated by the magnetic field from the 
permanent magnets of the rotor. In the case of a full pitch 
winding all coils of one phase are stimulated at the same time, 
which results in the highest induced voltage and the greatest 
winding factor of 1. In case of the concentrated winding the 
resulting winding factor is calculated with two factors, called 
pitch factor and distortion factor. The pitch factor of the 
fundamental voltage of a concentrated winding is calculated 
with the number of slots N and the number of pole pairs p in 
the following formula [11]. 

 
sin

∙

 (1) 

For the distortion factor, three formulas are used [11]. 
Which of them is used to calculate the distortion factor depends 
on the nominator and denominator of the number of slots per 
pole pairs and phases m. 
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In the formulas the greatest common divider gcd of the 
number of slots and poles is needed. If the nominator z is even, 
this formula must be used: 
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The limitation of the frame size and other aspects of the 
design reduce the slot number of the E-Bike prototype to 36 
slots. In this case the following winding factors of Tab. I are 
possible [11]. To get a smaller slot length than pole length the 
number of pole pairs is limited to 17. Therefrom it can be 
deduced that all six-phase winding factors reach higher values 
than the same three-phase windings. To get a high torque 
density for the E-Bike prototype, the decision is to take a 
machine with 36 slots and 17 pole pairs.  

TABLE I.  REACHED WINDING FACTORS WITH 36 SLOTS 

Pole pairs 13 14 15 16 17 

3-Phase 0.867 0.902 0.933 0.945 0.953 

6-Phase 0.897  0.966  0.986 

III. THE SIMULATED MACHINE 

The calculation of the winding factors has shown that there 
may be a bigger amount of torque production with the six-
phase engine than with the three-phase engine. However, there 
are other factors like the skew factor and the slot factor which 
change the behavior of the fundamental and the harmonic 
sensitivity of the machine.  
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Fig 2: Comparison of the winding factors between 3- and 6- phase winding 
with skewing 

 

To reduce this uncertainty, a finite element model is 
designed which simulates and estimates different effects in the 
production of losses in the iron and copper materials within 
the machine. To simulate this model, the simulation tool 
FEMAG is used. In the case of the six-phase machine more 
losses in the iron are expected, because of the greater winding 
factors of the harmonics Fig. 2. This leads to a higher 
sensitivity for high frequency components which can produce 
more losses in the iron. The iron losses are frequency 
dependent and are calculated in FEMAG1 with the formula 
(6). The prototype is aligned in such a way that a prefabricated 
coil can be plugged directly onto a stator tooth. Therefore, 
there are no pole shoes at the end of the stator tooth, a fact that 
causes a significant worsening of the slot factor. To reduce the 
cogging torque a skew angle of 1.5 ° is applied. The slot factor 
and the skew factor lead to a damping of the higher harmonic 
components. To reach a high torque density an external rotor 
structure is provided which concentrates the flux of the 
permanent magnets. The six-phase winding is a double layer 
and the three-phase a single layer winding.  

 
 

Fig. 3. The FEMAG E-Bike model with 36 slots and 17 pole pairs 

 

                                                           
1 FEMAG, from the ETH Zurich, people.ee.ethz.ch/~femag/ 



The machine is designed to reach a maximum torque of 
45 Nm and a maximum speed of 400 RPM with an active 
length of 65 mm and a diameter of the air gap of 105 mm. In 
Fig. 3 the prototype machine model for the finite element 
simulation is shown. The case and the shaft are not drawn in 
this model, so that the influence of these parts is neglected in 
the simulations. 

IV. RESULTS OF THE SIMULATION 

In this section the torque production, efficiency and the 
iron losses of the two simulated 34 poles prototypes are 
compared. Because of the higher winding factors of the 
harmonics, the machine can be influenced stronger with 
currents which have frequency components of higher orders. 
Therefore, the simulation was done with the two different 
currents of a sinusoidal and a block commutated wave form 
(BLDC).  

A. Torque Production 

The torque production is simulated at a constant speed of 
240 RPM. This represents the speed of an E-Bike at 30 km/h. 
At the maximum torque the mechanical power is slightly 
below the maximum peak power limit. In reality this power is 
more limited by the power supply, due to the power 
limitations of the batteries. The machine with the six-phase 
BLDC waveform reaches the biggest torque of 46.65 Nm. The 
difference of percentage between the six-phase machine and 
the three-phase machine with BLDC and sinusoidal 
waveforms is shown in Fig. 4. The torque production is 
approximately 1.5 % higher in the case of six-phase BLDC 
machines. The simulations with the sinusoidal current 
waveforms have a slightly higher torque gain of 2.5 % reached 
at low currents values, but this benefit decreases down to 
0.5 % at higher currents. In the case of the sinusoidal current, 
a maximum torque of 42.09 Nm is reached in the six-phase 
machine, which is a 9.77 % lower amount of torque than in the 
case of the BLDC machine. The fluctuations of the values are 
effected by quantization effects of the simulation. The much 
higher torque production in the case of the BLDC current 
waveform depends on the induced voltage of the machine.  
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Fig 4. 3/6 phase comparison of the torque production with BLDC and 
sinusoidal currents 

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

1 3 5 7 9

In
d
u
ce
d
 V
o
lt
ag
e
 [
%
]

Harmonic order of the voltage

Induced Voltage Three phase winding Six phase winding

 
Fig. 5. Differences of the induced voltage with 3/6 phase windings 

 
The magnetic flux from the permanent magnets, which is in 

both variations of windings the same, includes higher 
harmonics components. This included harmonics in the 
magnetic flux have more influence on the induced voltage with 
the six-phase winding than the three-phase winding because of 
the higher winding factors at higher frequencies (see Fig.5). 
The higher torque production is the result of the better 
matching of the waveform of the BLDC current with the 
induced voltage. The current wave form would match best, if it 
included the same amount of frequencies as the induced 
voltage of the machine. Therefore the current dependent losses 
would be minimal with the maximal amount of torque 
production. 

B. Efficiency of the machines 

Not only is the gain in the torque production, but also the 
efficiency an essential part of the motor design. If a higher gain 
of torque results in a higher increase of the losses, the 
efficiency becomes worse. As the efficiency strongly 
influences the range of the E-Bike, a compromise between 
torque production and efficiency has to be found [12]. 
Therefore, the different efficiencies are compared at the same 
constant speed of 240 RPM. In Fig. 6 the two differences of a 
six-phase BLDC to a three-phase BLDC and the same with the 
sinusoidal waveform are shown.  

0.00

0.05

0.10

0.15

0.20

0.25

0.30

0.35

0.40

0.45

0.50

0 5 10 15 20 25 30

Ef
fi
ci
e
n
cy
 d
if
fe
re
n
ce
 [
%
]

Phase Current [A]

Efficiency difference at 240 RPM Efficiency 6P‐3P BLDC Efficiency 6P‐3P SIN

 
Fig. 6. 3/6 phase comparison of the efficiency with BLDC and sinusoidal 
currents 



TABLE II.  MAXIMUM SIMULATED EFFICIENCY 

Phase number Wave form Efficiency 

6 BLDC 88.97% 

6 Sinusoidal 87.86% 

3 BLDC 88.67% 

3 Sinusoidal 87.63% 

 
An interesting point is that the six-phase BLDC machine 

seems to have a better efficiency when the current is raised. 
One point that explains this behavior is that the torque 
production of the BLDC waveform is also increasing which 
results in a better output power. The difference of the torque 
production with the sinusoidal waveform decreases, which 
results in a decreasing efficiency difference respectively. 
Another point is the difference in the iron losses. In the next 
section in Fig. 8 the comparison of the iron losses is shown. In 
both cases the efficiency of the six-phase machine reaches 
higher values. The combination of the higher torque density 
and the higher efficiency makes the use of a six-phase 
machine in an E-Bike system more appropriate. The maximum 
efficiencies were reached in the simulations over hundred 
operation points between 2.82 and 28.2 ampere phase current 
and 40 to 400 RPM Speed. Tab. II shows the maximum of the 
reached values of the efficiencies over all these operating 
points. 

C. Iron losses 

It was assumed that the iron losses would be greater in the 
case of the six-phase machine, because of the higher sensitivity 
on high frequency components by the winding factors at the 
harmonics. In the case of the BLDC current waveform, higher 
frequency components are already included in the rectangle 
shape of the waveform and these components can have more 
impact in the iron. The sensitivity of the iron losses can be seen 
in the Steimetzformel, which is used by the simulation tool 
FEMAG [13]. 
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This formula includes two frequency dependent parts. They 
are split in hysteresis losses with a material dependent 
hysteresis factor kH and α ≈ 1 and in eddy current losses with 
the factor kW and β ≈ 2. These two parts are multiplied by the 
factor of the induction B with γ ≈ 2 and the mass of the 
machine (ρ · V). The base frequency f0 and induction B0 are 
50 Hz and 1.5 T. The separated factor ku is used to approximate 
the behavior of this formula with real data. In a first step the 
Steinmetz coefficients are estimated with the frequency 
dependent loss data of ThyssenKrupp Steel M330-50A. In a 
second step the iron loss data of the simulation are matched 
with real iron loss data, which are measured in an experiment 
with a 42 poles machine at an idle running condition (Fig. 7). 
The assumption that the iron losses are higher with the six-
phase winding seems to be false.  
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Fig. 7. Estimation of the iron loss coefficients with measured data of the 42 
poles machine 

 
Fig. 8 shows the two curves with the difference of the iron 

losses between the six- and three-phase machine with BLDC 
currents and between the six-phase machine with BLDC and 
sinusoidal current wave form. In both cases the iron losses of 
the six-phase BLDC machine are lower than the other ones. 
But with a maximum difference of 1.8 W at 400 RPM, these 
differences are relatively small. The copper losses at this point 
with a current of 14 A are 117 W. The percentage difference in 
the comparison with both six-phase machines is 4.4 % lower 
iron losses at 400 RPM with the BLDC current. The 
simulations are made with perfect current waveforms, which 
do not have additional frequency components as occur in 
power electronics. Therefore, the first assumption that the six-
phase machine has more losses in the iron can have a higher 
impact in a real machine in combination with a power 
electronic device. The machine needs further investigations to 
analyze the iron losses especially in the case with a real power 
electronic supply. 
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Fig. 8. Comparison of the 6 phase BLDC machine iron losses at a fix torque 
with sinusoidal current wave form and the 3 phase BLDC machine 

V. MEASUREMENTS WITH A PROTOTYPE MOTOR 

There already exists a prototype of a machine with 36 
slots, 42 poles and a concentrated three-phases winding.  



 
Fig. 9. Test bench with the prototype motor 

 
This machine uses the same stator geometry like the 

simulated machine. The rotor geometry has more poles, but 
the same amount of magnetic material as the simulated 
prototype. This machine was measured on a test bench in our 
laboratory (Fig. 9). The results of this measurement have been 
used to estimate the coefficients of the iron loss calculation, in 
order to get a better matching of simulated data of the iron 
losses. This prototype produces in the idle running test iron 
losses of about 37 W at 400 RPM, which can be seen in Fig. 7. 
The prototype reaches a maximum efficiency of 83.38 % at 
240 RPM. The simulation of the same machine has reached a 
value of the efficiency of 87.14 %. This is a lower value than 
the value which is reached on the test bench with the 42 poles 
machine. There are some effects like the neglected friction or 
the high frequency components of the power electronic drive 
which can be the reason why the simulation data are too 
optimistic. In future further steps for more analyses with the 
loss data depending on real measurements of this machine 
have to be undertaken to check where the losses in the 
machine are produced.  

VI. CONCLUSION 

The simulated data show that with a concentrated six-phase 
winding an improvement in torque production of up to 2 % is 
possible, compared to a three-phase winding of the same 
machine using the same amount of current. This higher 
production of torque is a consequence of the 3.46 % higher 
winding factor of the concentrated six phase winding. Also an 
improvement in the efficiency of up to 0.4 % is reachable. 
These two benefits are the reasons to pursue concentrated six-
phase windings further on. The comparison with measurements 
of an existing prototype shows good matching with the 
simulated loss data in the idle running iron losses, whereas 
there are bigger differences in the measured efficiencies. 
Therefore additional researches with a real prototype of the 
simulated machine are necessary in order to identify the real 
improvement of this concept. The benefits of the concentrated 

six-phase winding are smaller in the case of a sinusoidal 
current waveform. The six-phase topology shows a reducing 
impact to the iron losses in combination with the BLDC 
currents. The same effect with the sinusoidal current wave 
form is too small to have an impact in the simulation. This 
effect of the reduced iron losses has to be analyzed in future 
measurements. For the use in an E-Bike the implementation of 
a six-phase BLDC control system is expected. A BLDC control 
system reduces the complexity and increases the benefit of the 
whole system, which has to be as cheap as possible. Overall it 
is recommended to focus the research on the six phase BLDC 
topology to study the real behavior with a real prototype. 
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