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Abstract-This paper presents the comparison of three permanent 
magnet synchronous machines (PMSMs) with concentrated flux, 
the first two machines with fractional slot windings and the 
other with distributed windings considered as the reference 
machine.  Therefore, the advantages of PMSMs with fractional 
slot windings were showed. Then, the computation method of the 
average copper losses, the average iron losses and the average 
flux weakening copper losses during the driving cycle of a 
hybrid electric vehicle (HEV) was presented. Finally, a 
comparative study during the driving cycles of three machines 
gives a global view of machine performances assembled for a 
HEV application. 

Index Terms-PMSM, concentrated flux, fractional slot windings, 
hybrid electric vehicle. 

 

I. INTRODUCTION 

The hybrid electric vehicle allows combining the 

advantages of the thermal and the electrical motorization 

while minimizing their disadvantages [1]-[2]. That is why 

several researchers have studied novel technologies of 

electrical machines for this kind of application such as the 

asynchronous machine, synchronous machine, switched 

reluctance machine or switching-flux synchronous machine 

[2]-[6]. This paper presents an electrical motorization of HEV 

by three types of driving cycle: NEDC, Artemis_Urban and 

Artemis_Road. Then, we were interested to study PMSM 

with concentrated flux for these cases. 

The three machines presented in this paper content: 

1) The machine with 12 slots and 8 poles, with 

concentrated and fractional slot windings (Fig.1.a.). 

2) The machine with 12 slots and 16 poles, with 

concentrated and fractional slot windings (Fig.1.b.). 

3) The machine 48 slots and 8 poles, with distributed 

windings (Fig.2.) considered as the reference machine. 

The comparative study of the three machines in terms of 

average losses during the driving cycles of vehicle is the 

particular point of this paper. It presents the computation 

method of the average copper losses and the average iron 

losses of three machines for three driving cycles of vehicle. 

Thus, this study gives the performances of the PMSM with 

concentrated flux and fractional slot windings. All the 

computation and modelling are based on the finite element 

analysis (FEA-2D) with non-linear magnetic material. 

 

II. STRUCTURES 

The first machine presented in this paper is a PMSM with 

concentrated flux, concentrated and fractional slot windings. 

In this case, there are 8PMs on the rotor and 12 slots on the 

stator (Fig.1.a.). Thus, it was called fractional slot windings 

because the slot per pole and per phase number is of Spp=1/2 

[1]-[3], [6]-[7]: 
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where: 

S: slot number. 

p: pole number. 

q: phase number. 

TABLE I 
GEOMETRIC DATA OF THE THREE MACHINES 

Parameters 48-8 12-8 12-16 

Pole number, p 8 8 16 

Slot number, S 48 12 12 

Slot per pole and per phase number, Spp 2 1/2 1/4 

Radius of air-gap, mm 70 68 70 

Stator external diameter, mm 200 200 200 

Stack length, mm 200 200 200 

Air-gap length, mm 0.6 0.6 0.6 

Shaft diameter, mm 30 30 30 

Remanent flux density Br, T 1.2 1.2 1.2 

Thickness of magnet at air-gap level, mm 5.2 5.2 5.2 

Thickness of magnet at axis level, mm 8.8 8.8 8.8 

Magnet height, mm 35 33 35 

 

The second machine was developed by doubling the pole 

number on the rotor. Therefore, we have obtained the PMSM 

(1) 



with 16PMs on the rotor, so that the slot per pole and per 

phase number is of Spp=1/4 (Fig.1.b.). Then, the third 

machine was considered as the reference machine that was 

characterized by the distributed windings with 48 slots and 8 

poles on the rotor (Fig.2.). These three machines have the 

same envelope limited by the industrial application such as 

the stator external diameter and the stack length. 

 

  

(a) (b) 

Fig.1. Machine with concentrated and fractional slot windings, 

(a) 12 slots and 8 poles and (b) 12 slots and 16 poles. 

 

Fig.2. Machine with distributed windings with 48 slots and 8 poles. 

 

In order to better understand the performance of PMSMs 

with fractional slot windings, we have made the first 

comparison of three machines for the same root mean square 

(RMS) current density. This comparison was based on the 

flux and on the torque during the electric period of each 

machine. 

The torque T depends on the pole number p, the RMS 

value of flux fundamental Φ  and the RMS value of injected 

current I by the following expression [8-10]: 
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Fig.3. Instantaneous flux during the electric period of the three machines. 
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Fig.4. Instantaneous torque during the electric period of the three machines. 

 

According to Fig.3, the 12-8 machine gives the highest 

value of flux at no-load among the three machines. Thus, for 

the same RMS value of injected current density 2/10 mmA=δ  

and the same pole number, the average torque of this machine 

is higher than the 48-8 machine (Table II). However, with 

two times more of pole numbers, the 12-16 machine nearly 

gives twice higher of average torque than the 12-8 machine. 

The reason of the difference between these machines is that 

the flux form which can give the different value of flux 

fundamental, hence the different value of average torque 

during the electric period of machines. 

TABLE II 
FIRST COMPARISON RESULT 

Parameters 48-8 12-8 12-16 

Average torque, Nm 128 185 343 

Flux at no-load, mWb 4.8 5.2 4.6 

 

This preliminary result has shown the interests of PMSMs 

with fractional slots windings. It is the possibility to give a 

very high electromagnetic torque and to reduce the torque 

ripple of machine, especially the 12-16 machine (Fig.4.). 

Consequently, to produce the same torque, the copper losses 

will be lower (Fig.5.). However, the fact of the higher 

alimentation frequency may give higher iron losses. 

 

0

50

100

150

200

250

300

350

400

450

500

0 3 6 9 12 15

Rms Current Density, A/mm
2

T
o

rq
u

e
, 
N

m

48-8 12-8 12-16

 
Fig.5. Torque versus RMS current density for the three machines. 

 

In the following part, basing on point of view of losses, we 

were interested to study the performance of all these 

machines during the driving cycles of the vehicle. Thus, it 

will show advantages of machine with fractional slot 

windings and give the global view of machine performances 

for this application. 

 

(2) 



III. COMPUTATION METHOD OF THE AVERAGE LOSSES 

DURING THE DRIVING CYCLE OF VEHICLE 

In several studies on electric machines for hybrid transport 

application [1]-[2], [7]-[9], we have found that the computation 

is principally made for some particular points of the driving 

cycle, such as the based point or the point of high speed. 

Therefore, for this study, our interest is particularly in the 

determination of the average losses during the driving cycles of 

a HEV. The interest of this computation is to give a total view 

of the optimization during the driving cycles of the vehicle. 

In this paper, for a HEV, there are three driving cycles, 

called NEDC (Fig.6.a.), Artemis_Urban (Fig.6.b.) and 

Artemis_Road (Fig.6.c.), respectively. 
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Fig.6.a. NEDC driving cycle of the HEV. 

 

 

Artemis_Urban
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Fig.6.b. Artemis_Urban driving cycle of the HEV. 

 

 

Artemis_Road
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Fig.6.c. Artemis_Road driving cycle of the HEV. 

 

Analyzing three driving cycles and basing on the particular 

point of 200Nm torque and of 1820rpm speed, we have the 

important parameters such as the maximum torque, the 

maximum speed, the maximum power and the average power 

during the cycle, the number of points where the speed is 

superior to 1820rpm. The point of 200Nm torque and of 

1820rpm speed, called the based point, is the point 

determinated by the possibility to attain the normal drive of 

machine during all the three cycles. 

TABLE III 
IMPORTANT PARAMETERS OF THREE DRIVING CYCLES OF VEHICLE 

 NEDC Artemis_Urban Artemis_Road 

Maximum torque, Nm 90 150 135 

Maximum speed, rpm 9600 4600 8900 

Average speed, rpm 2700 1000 4500 

Maximum power, kW 40 37 45 

Average power, kW 6.5 4.5 10.5 

Point number with speed 

>1820rpm 

685/1181 

58% 

373/994 

37% 

968/1083 

90% 
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Fig.7. Instantaneous power during the three cycles. 

 

Fig.7 and Table III have shown that there are some points 

that can attain power of 45kW but the values of average 

power during the cycles are of 6.39kW, 4.37kW and 

10.48kW for the cycles NEDC, Artemis_Urban and 

Artemis_Road, respectively. 

 

A. Torque Model 

From the curves in Fig.5, we have established the model of 

the average torque according to the RMS current density as 

following: 
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where kt1, kt2 are the constants and δ  is RMS current density 

in A/mm
2
. For the three studied machines, we have found 

their value shown in Table IV. 

TABLE IV 
TORQUE MODEL CONSTANTS 

Constants 48-8 12-8 12-16 

kt1 148 251 454 

kt2 17 54 91 
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B. Copper Losses During The Cycle 

From the Joule Effect, the copper losses model is 

determinated by: 

 
2)....(. δρ sssacoco NSkLL =  

where: 

coρ : copper resistivity, mΩ . 

La: stack length, mm. 

ks: slot fill factor. 

Ns: slot number. 

Ss: slot section, mm
2
. 

 

The calculation method of average copper losses during the 

cycle is shown in the Fig.8. Each point on the cycle gives the 

value of torque, then, the model (3) gives the RMS value of 

current density to attain this torque value. Then, knowing this 

value, the equation (4) gives the value of copper losses for 

this point. Consequently, the average value of copper losses is 

determinated during the cycle (Table V). 

 

 

 

 

 

 

 

 
Fig.8. Computation method of average copper losses during the cycle. 
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Fig.9.a. Copper losses for the NEDC driving cycle. 
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Fig.9.b. Copper losses for the Artemis_Urban driving cycle. 
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Fig.9.c. Copper losses for the Artemis_Road driving cycle. 

TABLE V 
AVERAGE COPPER LOSSES RESULT 

Average copper losses, W 48-8 12-8 12-16 

NEDC 50 22 10 

Artemis_Urban 102 44 16 

Artemis_Road 63 27 11 

 

C. Iron Losses During The Cycle 

Based on the assumption that the values of iron losses at 

load are the same values of that at no-load, we have computed 

the iron losses only at the presence of permanent magnets and 

on the stator. The iron losses are made up of two parts: losses 

by hysterisis and losses by eddy current [9]-[10]. We have 

proposed the following iron losses (W/kg) model: 
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 N: speed, rpm. 

B∆ : maximum ripple of flux density, T. 

kh1, kh2, pα : coefficients whose values have been determinated 

from the constructor data. In fact, we have calculated and 

obtained these values: kh1=0 (A.m
-1

), kh2=50 (A.m.V
-1

.s
-1

) and 

pα =0.042 (A.m.V
-1

). 

 

   
Fig.10.a. Mesh size and flux density at no-load 

for the two machines 12-8 and 12-16. 

 

 
Fig.10.b. Mesh size and flux density at no-load for the 48-8 machine. 
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In order to have a better result, the stator of each machine 

was divided by several small subdivisions in which the value 

of flux density is nearly constant (Fig.11.). 

 

 

Fig.11. Subdivisions in the haft of stator tooth for the 12-8 machine. 

 

The calculation method of average iron losses during the 

driving cycle was separated by two parts: losses by hysteresis 

and by eddy current. Knowing the peak-to-peak value of flux 

density and the volume of each subdivision, we could deduce 

the iron losses by hysteresis for each point on the cycle by the 

first part of model (6) basing on the frequency or the speed of 

this point. Then, knowing the value of flux density variation 

at the corresponding rotor position, we could deduce the iron 

losses by eddy current for each point on the driving cycle by 

the second part of model (6). Consequently, we could 

determinate the average value of iron losses during the 

driving cycle of vehicle. The results are presented in Fig.12 

and Table VI. 
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Fig.12.a. Iron losses for the NEDC driving cycle. 
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Fig.12.b. Iron losses for the Artemis_Urban driving cycle. 
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Fig.12.c. Iron losses for the Artemis_Road driving cycle. 

TABLE VI 
AVERAGE IRON LOSSES RESULT 

Average iron losses, W 48-8 12-8 12-16 

NEDC 690 760 1886 

Artemis_Urban 241 262 610 

Artemis_Road 1260 1391 3477 

 

D. Flux Weakening Copper Losses During The Cycle 

According to Fig.6 and Table III, the torque-speed 

characteristic of the three driving cycles of HEV has shown 

that there are points where the speed is superior of the based 

speed of 1820rpm. Thus, the machine flux must be weakened 

at these points to obtain the desired speeds [11]-[13]. 

Therefore, we have separated copper losses in two parts: one 

called copper losses du to the q-axis current that gives the 

torque value of points during the driving cycle, the other 

called the flux weakening copper losses du to the d-axis 

current of the points where the speed is superior to 1820rpm. 

The objective of this separation is to show the flux weakening 

contribution during the driving cycle of the vehicle. 

The proposed model of flux weakening current density is: 
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where: 
scδ  is the short-circuit RMS current density. It is the 

RMS value of injected current to give the back-EMF value 

equaling zero, so that the flux is totally weakened.  Then, this 

current is the current on the d-axis (Fig.13.). 

 

 
Fig.13. Flux weakening current effect in machines. 

TABLE VII 
SHORT-CIRCUIT RMS CURRENT DENSITY 

Sort-circuit RMS current density 48-8 12-8 12-16 

scδ , A/mm2 14.6 8.2 8.9 
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Fig.14. Short-circuit current density for the three machines. 

 

According to Fig.14, we have found that the two machines 

with concentrated windings are easier for the flux weakening 

while the 48-8 machine needs a very high current for the flux 

weakening. 

From the Table III, we have found that the vehicle works 

the important time part for the flux weakening, especially for 

the NEDC and Artemis_Road driving cycles, 58% and 89.4% 

respectively. Therefore, the flux weakening copper losses 

gives an important part for the machine efficiency during the 

cycles. 

The calculation method of average flux weakening copper 

losses during the cycle is the same as for average copper 

losses during the cycle, shown by model (4) and Fig.8. The 

difference is the computation applied only for the points 

where the speed is superior to 1820rpm and for the rest, there 

isn’t flux weakening effect. 
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Fig.15.a. Flux weakening copper losses for the NEDC driving cycle. 
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Fig.15.b. Flux weakening copper losses for the Artemis_Urban driving cycle. 
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Fig.15.c. Flux weakening copper losses for the Artemis_Road driving cycle. 

TABLE VIII 
AVERAGE FLUX WEAKENING COPPER LOSSES RESULT 

Average flux weakening copper 

losses, W 
48-8 12-8 12-16 

NEDC 395 185 191 

Artemis_Urban 131 61 63 

Artemis_Road 801 376 387 

 

IV. COMPARATIVE STUDY OF THE AVERAGE LOSSES 

DURING THE DRIVING CYCLES OF HEV 

The part III has presented the calculation method of 

average losses during the driving cycle of HEV, including the 

copper losses, the iron losses and the flux weakening copper 

losses. The computation result has been shown in Table IX 

that gives the global view and comparison during the driving 

cycles of vehicle. Therefore, the important variables of the 

optimal machine choice for this application have been 

developed such as the average losses during the driving 

cycles of vehicle. 

TABLE IX 
AVERAGE LOSSES DURING THE CYCLES FOR BR=1.2T 

Machine Cycle 
L_co, 

W 

L_iron, 

W 

L_co_flux_weekening, 

W 

L_tot, 

W 

48-8 NEDC 50 690 395 1135 

 Urban 102 241 131 474 

 Road 63 1260 801 2124 

12-8 NEDC 22 760 185 967 

 Urban 44 262 61 367 

 Road 27 1391 376 1794 

12-16 NEDC 10 1886 191 2087 

 Urban 16 610 63 689 

 NEDC 11 3477 387 3875 

 

According to Table IX, we have found some remarkable 

values of average losses during the cycle. In fact, the machine 

with 12slots-8poles gives the lowest losses during the three 

cycles. However, from the calculated losses contributions, we 

have found that the iron losses take an important part. That’s 

why the improvement of the machine efficiency requires the 

reduction of iron losses. A resolution which we offered is to 

reduce the remanent flux density at Br=0.6T giving the torque 

and speed capacity. With the new value of Br, we have made 

the same calculation in case of Br=1.2T. And finally, we have 

obtained the result shown in the following table. 



TABLE X 
AVERAGE LOSSES DURING THE CYCLES FOR BR=0.6T 

Machine Cycle 
L_co, 

W 

L_iron, 

W 

L_co_flux_weekening, 

W 

L_tot, 

W 

48-8 NEDC 264 323 73 660 

 Urban 592 112 24 728 

 Road 349 591 49 989 

12-8 NEDC 152 181 35 368 

 Urban 344 66 12 422 

 Road 202 327 71 600 

12-16 NEDC 24 476 37 537 

 Urban 46 162 12 220 

 Road 30 872 75 977 

 

According to Table IX and Table X, although the copper 

losses have augmented, the iron losses and the flux 

weakening copper losses have much reduced. That is why the 

average losses during the cycle for the Br=0.6T is lower than 

for the Br=1.2T for all three machines. 

Finally, in terms of average losses during the cycles, we 

have found that: 

1) For the NEDC driving cycle, the 12-8 machine gives the 

lowest losses. 

2) For the Artemis_Urban driving cycle, the 12-16 machine 

gives the lowest losses. 

3) For the Artemis_Road driving cycle, the 12-8 machine 

gives the lowest losses. 

However, a vehicle works all its life not only for one kind of 

application (one cycle) but may for all three kinds of application 

(three cycles). Thus, we were interested to determinate the 

average losses during the three driving cycles of HEV. 

TABLE XI 
AVERAGE LOSSES DURING THE THREE CYCLES FOR BR=0.6T 

Machine Average total losses, W Average efficiency, % 

48-8 792 90 

12-8 463 93.8 

12-16 578 92.4 

 

Table XI has shown that the 12-8 machine and with 

Br=0.6T gives the lowest losses during the three driving 

cycles of vehicle. Then, the use of this machine gives better 

performance for this application than two others with the 

average efficiency of 93.8%. 

 

V. CONCLUSIONS 

In this paper, three PMSMs with concentrated flux have 

been studied, two with the concentrated and fractional slot 

windings and the other with distributed windings. 

This paper has presented the calculation method of average 

losses during the driving cycles of HEV, including the copper 

losses, the iron losses and the flux weakening copper losses. It 

can be considered as a criterion to compare the performances of 

machines and to choose the machine for this application. 

 

 

In the case of our limited study in this paper, in terms of the 

average losses during the three cycles of HEV, the PMSMs 

with 12slots-8poles and with magnet of Br=0.6T may be 

considered as the best machine for this kind of application. 

However, in this study, we have used some assumptions to 

simplify the iron losses computation. Thus, in the future 

works, the iron losses at load and the thermal problem will be 

studied to complete the comparative study of the three 

machines for this application. 
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