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Surface-mounted permanent magnet (PM) machines were examined experimentally and theoretically, through

power loss measurements and calculations. Windage, friction and copper losses were calculated using simple

analytical equations and finite element (FE) analyses. Stator core losses were calculated by determining core

loss coefficients through curve-fitting and magnetic behavior analysis through non-linear FE calculations.

Rotor eddy current losses were calculated using FE analyses that considered the time harmonics of phase cur-

rent according to load. Core, windage and friction open-circuit losses and copper loss were determined

experimentally to test the validity of the analyses.
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1. Introduction

Environmental concerns have spurred research into

renewable electrical power sources; with wind power one

of the most promising [1]. Wind generators are generally

divided into two types: gearbox-coupled generators (e.g.

induction generators (IGs)), and gearless direct-coupled

generators (e.g. permanent magnet synchronous generators

(PMSGs)). Compared with IGs, PMSGs have advantages

such as reduced overall size and lower installation and

maintenance costs [2]. Therefore, they have received

increased attention. As wind turbines are totally enclosed,

non-ventilated machines located on a tower outdoors in

possibly hot environments, it is useful to study their

thermal behavior. Assuming that the heat it radiates and

that which it absorbs from the sun are approximately

balanced, a PMSG’s temperature is determined by its

power losses. This paper describes experimental and

calculated power losses of the PM wind turbine generator

shown in Fig. 1. Windage, friction and copper losses were

calculated by simple analytical equations. Stator core

losses were calculated by determining core loss coefficients

through curve-fitting and magnetic behavior analysis through

non-linear FE calculations. Rotor eddy current losses

were calculated using FE analyses that considered time

harmonics of phase current according to load. Experimental

measurements of core and copper losses were made to

test the validity of the calculations.

2. Power Loss Calculations

The losses that cause stator heating are copper and iron

losses, and those that cause rotor heating are rotor eddy

current and mechanical losses (Fig. 2). The calculation of

each loss is discussed in the following sections.

2.1. Copper Loss

The copper loss, Pcu, consists of I2R and eddy currents

through proximity effects caused by the rotation of the
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Fig. 1. The PM wind turbine generator with 16-pole rotor and

48-slot stator.
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PM. Eddy current loss per volume for round wire can be

expressed as: 

(1)

where Bp is the peak flux density in the winding area, ωe

is the electrical angular frequency, and d and ρ are the

winding diameter and the resistivity of copper, respectively.

However, since rotational speeds of PM wind turbine

generators are generally low, eddy current losses in the

copper wire can be ignored.

2.2. Stator Core Loss

The core loss density in the stator lamination material

can be calculated by the Steinmetz equation [3]:

(2)

where kh, ke, ka and n are the hysteresis, eddy current,

anomalous loss coefficients and the Steinmetz constant,

respectively. f and B are the operating frequency and the

peak flux density in the stator core, respectively. Generally,

core loss data provided by steel manufacturers are given

for only specific frequencies and are obtained under

alternating field. Therefore, to calculate core losses of PM

wind turbine generators at various frequencies, the coeffi-

cients kh, ke, ka and n in equitation (2) must be derived

and the rotating and alternating magnetic fields in the

stator core should be separated. The calculations of stator

core loss were made as follows (Fig. 3):

Step 1 - the core loss data (Pcore vs. B) provided by the

manufacturer were rearranged and plotted as a function of

Pcore/f vs. B (Fig. 4(a)). 

Step 2 - the coefficients in equation (2) were derived by

curve fitting Pcore/f vs. B. The derived coefficients were: 

kh = 9f 0.4×10−4; ke = 2.2·f −0.68 × 10−3;

ka = 1.6·f −0.11 × 10−3; n = 1.11f 0.16 − 0.009f + 0.93 (3)
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Fig. 2. Power flow diagram of the PM wind turbine generator.

Fig. 3. The calculation procedures of stator core losses.

Fig. 4. (a) P
core

/f vs. B curves rearranged from original core loss data and (b) comparison of original data and predicted stator core

losses.
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There was good agreement between the original core

loss data provided by the steel manufacturer and the results

predicted by equation (2) using the core loss coefficients

of equation (3) (Fig. 4(b)). 

Step 3 - the rotating and alternating magnetic fields in

the stator core were separated by analyzing the magnetic

field behavior using non-linear FE calculations [4, 5]. The

numbers of nodes where flux densities were calculated, in

the teeth’s tops, centers and bottoms and the stator yoke

were 6, 3, 6 and 20, respectively (Fig. 3).

Only the results for node ‘1’ in the teeth’s top region

are presented, despite data being obtained for the

magnetic field behavior of all the nodes shown in Fig. 3.

To analyze magnetic field behavior considering time

harmonics, 255 normal and tangential flux density data

were obtained under open-circuit conditions, according to

the rotor position with time at node ‘1’ in Fig. 3 (Fig.

5(a)), as FFT analysis requires 2n-1 data during the 1-

cycle. The results of FFT analysis of these waveforms

(Fig. 5(b)) show that the main harmonic orders were the

1st, 3rd, 5th and 7th. Also, loci for each harmonic com-

ponent of the flux density produced in node ‘1’ of Fig. 3

were described (Fig. 6). Here the axis ratio [5], αratio =

Bshort/Blong, was introduced to separate the alternating and

rotating magnetic field regions in the stator core. This

ratio (confined between 0 and 1) defines the aspect ratio

of a particular B-locus, with zero corresponding to a pure

alternating field and 1 corresponding to a pure rotating

field, where the B-locus resembles a circle. Although the

teeth’s top region in the stator core is generally a rotating

field region, Fig. 6 shows that the axis ratios of the loci

for the fundamental and for the 3rd, 5th and 7th harmonic

components are closer to 0 and to 1, respectively. i.e.

alternating and rotating fields exist together in same

region of the stator core. Therefore, the alternating or

rotating field areas in the stator core should be determined

by loci according to harmonic order.

Step 4 - Core loss considering the rotating and alternat-

ing magnetic fields can be calculated by: 

+ (4)
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Fig. 5. Normal and tangential flux densities obtained at node ‘1’ during 1-cycle: (a) waveforms and (b) FFT analysis results.

Fig. 6. Loci for each harmonic order of flux density obtained at node ‘1’: (a) fundamental component and (b) 3rd, 5th and 7th har-

monic components.
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where N is the Nth node. m is the mth order time harmonic

of the normal and tangential flux densities obtained in

each region of Fig. 3. The coefficients , ,  and nm

can be obtained from equation (3) by substituting mf for f

in each case. Bm is the maximum flux density for each

time harmonic and is given by . 

and  respectively represent the alternating and the

rotating field areas judged from the loci of the time

harmonic for each flux density obtained at the nodes in

Fig. 3. ρsteel is steel’s specific gravity. la is the effective

axial length of the PM wind turbine generator. Core loss

in the rotating field regions has been experimentally

determined to be almost double that in the alternating

field regions [6]. 

Therefore, as shown in equation (4), to calculate core

loss accurately,  should be multiplied by 2. The

normal and tangential flux densities were also obtained

with respect to time at node ‘1’ in Fig. 3 under ac and dc

loads (Fig. 7). Thus, the calculation of core losses consi-

dering load conditions can be achieved using the same

procedures detailed in step 3.

2.3. Rotor Eddy Current Losses

Slotting effects, the non-sinusoidal stator mmf, and the

non-sinusoidal phase current waveform produce time and

space harmonics in the air-gap field that induce eddy

current losses in the permanent magnets and rotor back-

iron [7-9]. However, since the rotor’s rotation is

synchronized with the fundamental stator mmf, permanent

magnet (PM) generators generally have relatively small

rotor losses, therefore allowing eddy current losses

induced in the rotor to be neglected. However, since PM

wind turbine generators usually have 3-phase diode recti-

fiers, the influence on rotor losses of the phase current’s

time harmonics is very significant. 

The phase current waveforms produced by the PM wind

turbine generator of Fig. 1 under rated ac and dc loads

(Fig. 8(a)) show that, under the rated speed, the effective

phase current (9 A) produced by the PM generator with

ac load was almost similar to that with dc load, namely,

rectifier load. FFT analysis (Fig. 8(b)) of each of the

phase currents shown in Fig. 8(a) shows that the PM

generator with rated ac load had 1st, 5th and 7th order

harmonic components of the phase current, with the 1st

order harmonic dominating. The PM generator with rated

dc load had 1st, 5th, 7th, 11th and 13th order harmonic com-

ponents of the phase current, with the 1st and 5th dominat-

ing. Therefore, the rotor eddy current losses of the PM

generator with dc load are likely produced mainly by the

5th order harmonic. The results of the analysis are present-

ed in Chapter III.

2.4. Other Losses

Rotational or mechanical losses, Prot, consist of friction,

Pfr, in bearings and windage, Pwind. The friction loss in the

bearings of small machines can be evaluated as: [10]

Pfr = kfrGrωr × 10−3 [Ω] (5)

where kfr = 1 - 3, Gr is the mass of the rotor (in kg). The

windage loss of small machines without a fan at rotational
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Fig. 7. Normal and tangential flux densities obtained at node

‘1’ during 1-cycle under ac and dc loads.

Fig. 8. (a) Phase current waveforms and (b) FFT analysis of the PM generator with respect to ac and dc load conditions.
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speeds not exceeding 6,000 rpm is: [10]

Pwind =  [W] (6)

where Dr is the outer diameter of the rotor.

3. Results and Discussion

3.1. Stator Core Losses

Two PM generators were used (Fig. 9(a)) to measure

the open-circuit losses, which are the sum of mechanical

losses and iron losses under no load. Open circuit losses

were obtained by subtracting the power dissipated by one

PM generator operated as a motor when it was not

coupled to the other PM generator from that when it was

coupled. Predicted core losses with respect to rotor speed

were compared with measured values (Fig. 9(b)). Core

losses without load were higher than those under either

load, though whether ac or dc did not greatly affect the

results. This indicates that the influence of load conditions

on core loss was not significant in this model. When the

PM generator was driven at the rated speed of 450 rpm,

the error between the predicted and measured core losses

without load was ca. 25%, because the measured values

included not only core losses but also rotational losses

such as friction and windage.

3.2. Rotor Eddy Current Losses

Rotor loss densities were calculated according to harmonic

order for current waveforms of the PM generator with ac

and dc loads (Fig. 10). Although the amplitude of the 1st

order harmonic was ca. 20 × that of the 5th order harmonic

(Fig. 8(b)), the PM generator with ac load had a rotor loss

density due to the 5th order harmonic ca. 4.5 × that due to

the 1st order harmonic. Under dc loads, the amplitude of

the 1st order harmonic was ca. 2.5 × that of the 5th order

harmonic (Fig. 8(b)), while the rotor loss density due to

the 5th order harmonic was ca. 120 × that due to the 1st

order harmonic (Fig. 10(b)). Although the effective phase

currents of the PM generator were similar with ac and dc

loads, the rotor loss density with dc loads was ca. 30 ×

larger than that with ac loads, because the amplitude of

the phase current’s 5th harmonic component under dc
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×

Fig. 9. Core loss measurements: (a) experimental setup and (b) comparison of predictions with experimental results.

Fig. 10. FE calculations of rotor eddy current loss: with (a) ac

and (b) dc loads.
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loads was much larger than that of the PM generator with

ac loads. Therefore, despite low rotational speed, eddy

current losses should be predicted when the PM generator

has a rectifier circuit. As expected from Fig. 10, the eddy

current distribution under dc loads is more prominent than

under ac loads (Fig. 11).

3.3. Copper Losses

A power analyzer, resistive load bank, motor with an

inverter as a mechanical input, and test machine (Figure

12(b)) were used to measure copper losses. The values

obtained agreed well with predicted values over a range

of load resistances and various rotor speeds (Fig. 12(a)).

3.4. Total Losses

Table 1 lists the losses in the PM generator shown in

Fig. 1 at a rated speed of 450 rpm and rated load of

400 W. The losses can be used to predict the efficiency

and thermal behavior of the PM generator. In addition,

losses can be calculated at various speeds and loads. The

calculated results agreed well with measured data.

4. Conclusion

Experimental and calculated power losses of a surface-

mounted PM machines were investigated. Simple analy-

tical expressions of windage, friction and copper losses

were established. Stator core losses were calculated by

curve fitting of original core loss data and separating

alternating and rotating magnetic fields through FFT

analysis of time-varying magnetic fields in the stator core.

Calculation of eddy current losses according to load was

undertaken by investigating time harmonics of in phase

current under ac and dc loads. Measured open-circuit and

copper loss measurements confirmed the validity of the

calculations. 
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