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Abstract –Due to the limited space availability and the high demand on power density and efficiency, the 
permanent magnet synchronous machine is suitable for application in parallel hybrid electric vehicles. The 
desired reduction of the vehicle’s fuel consumption requires a good efficiency, and thus low losses. Since the 
machine is operated over a wide range of operation points, the losses must be calculated depending on 
different values of the current, the field-weakening angle and the rotational speed. Since the harmonic 
content has a significant effect on losses, the effect of block-shaped currents and real current forms of PWM-
fed machines are also studied in this paper. 

 
Introduction 

 
Due to the limited space availability and high demands on power density and overall efficiency, the 
permanent magnet synchronous machine (PMSM) is the most applied machine type for parallel hybrid 
electric vehicles (HEV). The desired reduction of fuel consumption implies a good overall efficiency 
and thus losses as low as possible. The integrity of the permanent magnets is a crucial element for the 
definition of the overload capacity and the thermal limits of the machine. As the resistance of the 
magnets against demagnetization decreases with increasing temperature, the allowed temperature 
increase in the machine is strictly limited. Integration into the drive train and the close positioning of 
the combustion engine worsens this problem. The losses in the machine should therefore be calculated 
as early as possible in the design process. Efficiency maps and loss maps over the operation range of 
the machine must be generated and used to optimize the design and determine the thermal operation 
limits. The machine is operated according to the vehicle’s driving cycle, over a large speed- and torque 
range, Losses must therefore be calculated for different current values, field-weakening angles and 
rotational speeds. To obtain high dynamic performances, increase the speed range and improve the 
torque at high speeds, the machine can be operated in the over-modulated region [1]-[2], or block-
shaped voltages [3]-[4] can be applied. The resulting currents contain higher harmonics. Because the 
harmonic content greatly affects the iron losses, as well as on the eddy-current losses in the permanent 
magnets, its effect is also studied in this paper. 
 

The electrical machine 
 

The electrical machine under analysis is an eight-pole internal permanent magnet synchronous 
machine (IPMSM) with concentrated windings. The machine's cross-section and the rated data are 
depicted in Fig.1 and Table I. 
 

TABLE I 
THE DATA OF THE ELECTRICAL MACHINE 

rated power 35 kW  pole-pair number 4 
max. power 70 kW  active length 224 mm 
rated speed 5000 min-1  stator diameter 146 mm 
max. speed 12000 min-1  rotor diameter 92 mm 
DC link voltage 650 V  air gap 0.7 mm 
rated current 120 A  shaft diameter 50 mm 
max. efficiency 93% magnet dimensions 25x4mm2 
    

Fig.1.Cross-section of the electrical machine.      
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This machine was designed in the context of the BMWi1 cooperative project Europa Hybrid for a 
parallel hybrid electric vehicle as described in [5]. 
The torque of a synchronous machine can be determined, with the pole-pair number p, the mechanical 
speed ω, the induced voltage Up, the current Iq and reactance Xq in quadrature axis and the current  Id 
and reactance Xd in direct axis, by: 

 

 ܶ ൌ
ଷ௣

ఠ
ൣܷ௣ ൅ ௗܫ · ൫ܺ௤ െ ܺௗ൯൧ ·  ௤ (1)ܫ

  
The currents ܫ௤ ൌ ܫ cos ߰ and ܫௗ ൌ ܫ sin ߰ depend on the field-weakening angle ߰, see Fig.2(a). Due 
to the saliency of the IPMSM (Xq >Xd), there is an optimum angle ߰௢௣௧ offering the highest torque at a 
certain current (see Fig.2(b)). Up to the nominal speed the machine is operated with ߰ ൌ
߰௢௣௧ (maximum-torque-per-ampere control, MTPA). Above nominal speed, in the field-weakening 
range, the negative current in direct axis Id must be increased (߰ ൏ ߰௢௣௧) to weaken the rotor field, 
lower the induced voltage and limit the terminal voltage Us to the maximum voltage (maximum-
torque-per-voltage control, MTPV), which in turn is limited by the dc-link voltage and the battery 
voltage respectively.  
Since the machine is operated over a wide speed- and torque range during the vehicle's driving cycle, 
the load current and the field-weakening angle change permanently. Thus, a loss calculation 
depending on the load current and the field-weakening angle is necessary to predict the machine's 
efficiency and thermal limits, especially in the speed range of field weakening and in the range of 
overload operation. 
 

  
(a) phasor diagramm (b) torque depending on current and field weakening angle
Fig. 2. The phasor diagram and torque characteristics of a synchronous machine with saliency.

 
Calculation methods 

 
This section gives a detailed explanation and description of the applied loss-calculation methods for 
the iron losses in rotor- and stator lamination and the eddy-current losses in the permanent magnets. 
Iron losses are computed by means of quasi-static numerical FE simulations and an improved post-
processing formula based on the loss-separation principle [6]-[8], and that considers rotational 
hysteresis losses as well. The implemented formula is based on the loss separation principle in which 
the iron losses (PFe) are separated into hysteresis losses (Ph), eddy-current losses (Pec) and excess 
losses (Pex): 
 

 ிܲ௘ ൌ ௛ܲ ൅ ௘ܲ௖ ൅ ௘ܲ௫ (1) 
 

                                                 
1 Bundesministerium für Wirtschaft und Technologie (German Federal Ministry of Economics and Technology) 
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Eddy-current losses are calculated from the contributions of each harmonic as follows: 
 

 ௘ܲ௖ ൌ ݇௘௖ ∑ ௡ܤ
ଶ ·ஶ

௡ୀଵ ሺ݊ · ݂ሻଶ (2)  
  
where Bn is the peak value of the magnetic flux density for the harmonic order n, and f the 
fundamental frequency. The constant kec depends on the sheet thickness, the mass density and the 
electric conductivity of the steel. 
Excess losses are calculated in a similar way from the flux density of the different harmonics as: 

 
 ௘ܲ௫ ൌ ݇௘௫ ∑ ௡ܤ

ଵ.ହ ·ஶ
௡ୀଵ ሺ݊ · ݂ሻଵ.ହ (3)  

  
Hysteresis losses depend on the frequency f and the peak value of the magnetic-flux density B and are 
determined by:  
 ௛ܲ ൌ ݇௛ሾ1 ൅ ܿሺݎ െ 1ሻሿܤଶ · ݂ (4)  
  
The second term in (4) is a connection that accounts for rotational hysteresis losses [8]. It depends on 
an empirical factor r and the ratio ܿ ൌ ௠௜௡ܤ ⁄௠௔௫ܤ  that characterizes locally the locus of the B field. 
The material constants kh and kex can be determined from the value of specific losses of the electrical 
steel at 1.5T and 50Hz (p1.5T,50Hz) and at 1.0T and 50Hz (p1.0T,50Hz). 
 
The eddy-current density Jec, in the permanent magnets, is calculated by the means of a transient 3D-
FE approach, as described in [9]-[10]. The eddy-current density Jec and the specific conductivity of the 
magnet material σpm are used to determine the eddy-current losses by integration over the magnet's 
volume Vpm: 

 ௘ܲ௖ ൌ ׬
ଵ

ఙ೛೘
Ԧ௘௖ܬ

ଶ ݀ ௣ܸ௠ (5)  

  
Results of performed loss calculation with sinusoidal currents 

 
The results of the loss calculations are presented and analyzed in this section. The iron losses are 
calculated for sinusoidal currents as a function of the rotational speed, the current peak value and the 
field-weakening angle ψ. Since iron losses increase monotonically with speed and frequency, as 
shown by (2)-(4), the losses against speed are not depicted here. In the following, loss calculations are 
done at a mechanical speed of n=3000min-1.  

(a) stator losses (b) rotor losses 
Fig. 3. Calculated iron losses depending on current peak value and field weakening angle. 

 
Stator losses are reduced by increasing the field-weakening angle (߰ ՜ െ90଴) and increased by 
increasing the load current at small field-weakening angles. However, at high field-weakening angles, 
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the stator losses are reduced first and increased then by increasing the load current, so a local 
minimum is formed (see Fig.3(a)).  
By contrast, rotor losses slightly decrease with growing field weakening at low currents, but at higher 
currents, they increase (see Fig.3(b)) when the field-weakening angle rises.  
 

(a) depending on the axial segmentation (b) depending on current and field weakening angle
Fig. 4. Calculated eddy-current losses of permanent magnets. 

 
The eddy-current losses in the permanent magnets are, in a first step, calculated with an axial 
segmentation of the magnets. If, as assumed here, the machine is operated with ideal sinusoidal 
currents, eddy-current losses are proportional to ݂ଶ. Therefore, the loss calculations are performed at a 
mechanical speed of n=3000min-1. Similar to the core lamination, the eddy-current losses decrease as 
the a the number of axial magnet division increases, see Fig.4(a). Since the relative loss difference 
between two segmentation numbers remains constant against all operation points (end effects are 
neglected, FE-model without end windings), the calculations were done with a segmentation number 
of 80 to keep the computational efforts and the 3D-FE model within reasonable limits. Due to 
feasibility reasons, the machine was prototyped with a axial magnet segmentation of 7 divisions. 
The eddy-current losses in the magnets depending on the load current and field weakening angle (see 
Fig.4(b)) have similar characteristics to the rotor iron losses, i.e. they largely increase with rising field 
weakening and increasing load-current.  
 

(a) rotor total losses (b) electrical torque 
Fig. 5. Total rotor losses and resulting electrical torque depending on current and field weakening angle. 

 
The total rotor losses are depicted in Fig.5(a). This shows that it is possible, especially at high 
currents, to lower the rotor losses but raise the stator losses (compare Fig.3(a)) by decreasing the field 
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weakening angle (߰ ՜ 0଴), i.e. the iron losses can be “moved” from rotor to the stator by an 
appropriate selection of the operation point. This is a great advantage because the permanent magnets 
are protected from heating. In addition, the heat, caused by the losses, can be dissipated more easily 
due to the stator's water-cooling jacket. 
The field-weakening angle is usually set by the controller depending on the maximum torque (see 
Fig.2(b) and Fig.5(b)) in the range of nominal speed, and depending on the limited terminal voltage in 
the range of field-weakening operation. But with respect to these results the losses in the permanent 
magnets should be considered in the design of the machine control as well, especially in overload 
operation. 
 

Results of performed loss calculation depending on the current form 
 

The losses, calculated so far, are caused by slot harmonics due to the permanent magnetic flux, the 
rotational speed and stator slots as well as the sinusoidal load current. But real currents in PWM-fed 
machines contain, besides the fundamental, higher harmonics causing additional losses. Moreover, the 
machine can be operated in the over-modulated region, or block-shaped voltages can be used. By these 
means it is possible to increase the speed range and improve the torque and thus the dynamic 
performances at high speeds. However, the resulting currents include high frequencies, too. Because 
the harmonic content has a great effect on the losses, the losses caused by three different current 
shapes are compared now: the sinusoidal, a block-shaped, and the real current at PWM supply, see 
Fig.6(a). The real current form was determined by a simulation containing the analytical IPMSM 
model, the PWM inverter (carrier frequency 20kHz) including power electronics and the machine 
controller. The amplitude of the block-shaped current is set in such a way, that the achieved average 
torque is equal to average torque resulting from the other current forms, see Fig.6(b). The constant 
output power assures a good comparability concerning losses and efficiency. The losses are calculated 
at n=3000min-1 and n=6000min-1. The machine is operated at nominal torque with the current I=In and 
the field-weakening angle ߰ ൌ ߰௢௣௧. 
 

(a) eddy-current density in a magnet (3000min-1)

(b) resulting electrical torque (3000min-1) (c) calculated iron- and eddy-current losses
Fig. 6. Simulation results depending on the current form. 

 
Compared to the operation with ideal sinusoidal currents, the stator-iron losses increase, depending on  
speed, by about 3%-7% with real currents and about 40% with block-shaped currents. The rotor-iron 
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losses rise by about 10%-50% (real currents) and about 60% (block shaped). The increase of the 
magnets' eddy-current losses is much higher, though. They increase, depending on speed again, by 
about 65%-80% (real currents) and about 140%-160% with block-shaped currents. The total (iron- and 
eddy-current) losses of the machine increase by about 35%-40% (real currents) and 80%-100% 
(block-shaped), compared to the losses at sinusoidal operation. All results are depicted in Fig.6(c). 
In view of these results, the control of the machine has to consider in particular the losses of the 
permanent magnets, particularly if the machine's speed range and dynamic performance is going to be 
increased and improved by the application of block-shaped currents.  
 

Conclusion 
 
In this paper the rotor- and stator-iron losses as well as the eddy-current losses in permanent magnets 
are calculated for different current values, field-weakening angles and rotational speeds. Since the 
harmonic content greatly affects the losses, the effect of block-shaped currents and real current forms 
of PWM-fed machines have also been studied in this paper. 
It is shown that the field-weakening angle should not only be controlled depending on the maximum 
torque and limited terminal voltage, but also regarding the total rotor losses. For instance, the losses 
can be shifted from the rotor into the stator by decreasing the field-weakening angle. This protects the 
magnets from heating, and the heat, caused by the losses, can be dissipated more easily by means of a 
water-cooling jacket. The overload capacity of the machine and the thermal limits respectively can be 
improved this way. 
Since the losses increase enormously with block-shaped currents, this must be considered if machine's 
speed range and dynamic performance is going to be increased and improved by the application of 
block-shaped currents. 
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