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SUMMARY 
This paper deals with investigation of core losses in Switched Reluctance Motor (SRM), which is supplied by converter, if 

motor is loaded by rated torque and is running at various speeds. The core losses in the SRM consist mainly of hysteresis and 
eddy current losses. The winding losses are proportional to the square of the r.m.s current whereas the core losses are 
function of the excitation frequency and flux density, but the flux density depends on stator current waveforms. The different 
parts of the SRM core are subjected to the different frequency of flux reversals when the SRM is operating at constant speed 
and load. The detail analysis of flux linkage waveforms in individual parts of SRM magnetic system is performed. The current 
waveforms are not sinusoidal and depend on operating conditions. This paper deals with investigation of core losses in 
individual parts of SRM magnetic system by means of two analytical approaches for different rotor speed. The total core 
losses are calculated for the real 3-phase 12/8 SRM and verified by measurements. 
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1. INDRODUCTION 

Core losses prediction has an important role in 
design of electrical machine and in determination of 
its thermal rating. Efficiency optimization of the 
machine requires the sources of losses in the 
electrical machine and their relationships between 
the lamination material characteristic, machine 
dimensions, excitation conditions and losses. The 
determination of core losses of Switched Reluctance 
Motor (SRM) is complicated by the fact that the 
frequency of flux reversals is different in individual 
parts of the core [1], [2]. The complexity increases if 
the number of phases increases. The core losses Pc 
in SRM are relatively low, even though the 
switching frequency is higher than in classical AC 
motors of the same speed and comparable pole 
number, and the flux waveforms in various parts of 
the magnetic circuit are not sinusoidal. The core 
losses are different for each part of SRM cross-
section area, because the waveforms of flux linkage 
and flux density are different. In this paper the core 
losses are calculated by two analytical approaches. 
The flux linkage is calculated from real current and 
voltage waveforms in real 3-phase SRM, 12/8 (stator 
poles / rotor poles), 3.7kW, 3000rpm, 11.8 Nm [3], 
and verified by measurement of total core losses. 
The cross-section area of investigated SRM is shown 
in Fig. 1. 
 
2. ANALYSIS OF FLUX LINKAGE 

WAVEFORM 

Before calculation of SRM core losses it is very 
important to determine the flux linkage waveforms 
in each part of the core. The waveform of flux 
linkage in SRM depends on phase current waveform 
which depends on SRM speed and load. In the SRM 
only the stator winding is excited, the flux 
waveforms in the individual parts of core are 

determined by the switching sequence in the stator 
phase winding. The normal switching sequence for 
3-phase 12/8 SRM is to excite the phases 
successively, it means: A, B, C, A, B, C, etc (see 
Fig. 1).  
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Fig. 1  The cross-section area of investigated SRM 
 
 
In this case, each commutation step constitutes 

one working stroke and each cycle constitutes a 
switching period Ts. Since a phase winding is 
excited when a rotor pole tends to the alignment, the 
number of periods for stator phase per revolution is 
equal to the number of rotor poles. Then, the 
switching period per phase is given as 

 

r

r

Rr
s N

T
2                                                      (1) 

 
where r is angular speed of the rotor, NR is number 
of rotor poles and r is rotor pole pitch. In this case 
for rated speed 3000rpm is Ts=0.0025s. The stroke 
period Tst depends on the number of phases. Each 
phase is excited once per cycle and it is given as: 
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which is for here investigated SRM at rated speed 
Tst=0.00083s.  

The flux linkage frequency in the stator poles is 
determined from Ts as fs=1/Ts, which is 400Hz and 
fst=1/Tst, which is 1200Hz. These two frequencies 
provide the basis for the construction of flux linkage 
waveforms in all parts of the SRM core. 

Flux linkage is different for each part of SRM as 
mentioned above, mainly in stator yoke, stator tooth, 
rotor yoke and rotor tooth. If the working point of 
rotor position is followed (Fig. 2), and the phases are 
switched successively, the idealised waveforms of 
flux linkage are obtained in individual parts of SRM 
cross-sections, see Fig. 2.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 2  The directions of SRM flux linkages as 
working point on the rotor rotates 

 
 
2.1.  Stator tooth flux linkage 

 
In the Fig.3 there is only flux linkage waveform 

for phase A in stator tooth, which is reversed with 
period Ts, but it is only positive.  

 
 
 
 
 
 
 
Fig. 3  The idealised stator tooth flux linkage 

waveform 
 
 

2.2.  Stator yoke flux linkage 
 
The stator yoke of investigated SRM is possible 

to divide into 12 parts (see Fig. 2). The total flux 
linkage of the stator yoke parts is made as the sum of 
individual phase flux linkage waveforms. The 
construction of total flux linkage in parts 1,4,7,10 is 
shown in Fig. 4. From this Fig. it is clear, that the 
total flux is nearly constant, therefore the core losses 

in these parts are negligible. However, in other parts 
of stator yoke (2,3,5,6,8,9,11,12) the flux linkage is 
reversed with period Ts, it is positive and negative 
and its waveform is shown in Fig. 5.  
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Fig. 4  The idealised stator yoke flux linkage 

waveforms in individual stator yoke parts 1,4,7,10 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 

Fig. 5  The idealised stator yoke flux linkage 
waveforms in individual stator yoke parts 

2,3,5,6,8,9,11,12 
 
 
2.3.  Rotor tooth flux linkage 

 
The rotor tooth flux linkage waveform can be 

constructed and synthetized from the stator tooth 
waveform (see Fig. 3) by observing the phase 
relationship based on the following equation: 
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Then the rotor tooth flux linkage waveform is 
shown in Fig. 6.  

 

Fig. 6  The idealised rotor tooth flux linkage 
waveforms 

2.4.  Rotor yoke flux linkage 

The total rotor yoke flux linkage, shown in Fig. 7 
is made in similar way as the total stator yoke flux 
linkage in Fig. 5. 

 
 

Fig. 7  The idealised rotor yoke flux linkage 
waveforms 

 
 

From Fig. 6 and Fig. 7 it is evident, that the flux 
linkage in all rotor parts has frequency 4 times 
smaller then in stator parts. From this consideration 
it is possible to suppose that the rotor core losses are 
lower then in stator core. 

Rotor tooth total flux linkage rt, 

Tr 
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The real flux linkage waveforms for different 
speed and rated torque have been calculated from 
measured waveforms of phase currents and voltages 
by means of equation: 

dtiRv f )(  (4) 

 
where Rf is the phase resistance, i is the phase 
current and v is phase voltage as functions of time 
for one period Ts.  

The real flux linkage waveforms and calculated 
harmonics components of flux density for rated 
speed (3000rpm) and torque (11.8Nm) are shown in 
Fig. 8 for stator tooth, in Fig. 9 for stator yoke, 
where the flux linkage is negative and positive, in 
Fig. 10 for rotor tooth and in Fig. 11 for rotor yoke. 
In Fig. 8a, Fig. 9a, Fig. 10a and Fig. 11a the rotor 
position  is on the x-axis in mechanical degrees, 
because the speed has been constant and it is 
possible to recalculate from time to mechanical 
degrees. In this real 12/8 SRM Ts equals 45o. 
 
 
 
 
 
 
 
 
 
 
 
 
                                                a) 
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Fig. 8  a) The waveform of stator tooth flux linkage 
versus rotor position, b) magnitudes of flux density 

harmonic components 
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                                           a) 
 
 
 
 
 
 
 
 
 
 
 
 
 

b) 
 
Fig. 9  a) The waveform of stator yoke flux linkage 
versus rotor position, b) magnitudes of flux density 

harmonic components 
 
 
 

 
 
 
 
 
 
 
 
 

                                           a) 

 
 
 
 
 
 
 
 
 
 

                                         b) 
 
Fig. 10  a) The waveform of rotor tooth flux linkage 
versus rotor position, b) magnitudes of flux density 

harmonic components 
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                                              a) 
 
 
 
 
 
 
 
 
 
 
 
 
 

                                              b) 
 
Fig. 11  a) The waveform of rotor yoke flux linkage 
versus rotor position, b) magnitudes of flux density 

harmonic components 
 
 
3. CORE LOSSES CALCULATION  
 

Core losses consist of both hysteresis loss and 
eddy current loss. To calculate hysteresis loss in the 
case of non-sinusoidal flux linkage waveform is a 
very difficult task. The most common method is to 
use modified Steinmetz equation for iron loss 
density, [4], [5], which is given as: 
 

22
me

bBa
mhc BfkfBkmP m  (5) 

 
where kh and ke are the coefficients of hysteresis and 
eddy-current loss given by manufacturer, a and b are 
constant of exponent, which depend on flux density 
magnitude and they are given as graph by 
manufacturer too, f is frequency, m is weight of 
correspondent part and Bm is flux density magnitude. 
This equation is valid for sinusoidal flux density. 

As it can be seen from Fig. 8, Fig. 9, Fig. 10 and 
Fig. 11 the flux linkage waveforms are not 
sinusoidal, then some other approach has to be used.  

 
3.1.  Eddy current losses 

For non sinusoidal waveform the harmonic 
analysis is needed for each flux linkage waveform to 
be able to calculate eddy current losses [6]. In 
accordance with the cross-section area of 
correspondent SRM parts, the flux density 
magnitude calculation is needed. Then the eddy 
current losses are given as 
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where Pce are eddy current losses, m is weight of 
correspondent part, ke is factor of eddy current loss 
(it has been chosen 1.1 for dynamo sheets with 
thickness 0.5 mm and loss factor 2.6W/kg for 
frequency 50 Hz), fi is frequency of harmonic 
components and Bim is magnitude of flux density, 
which is calculated from flux linkage and 
correspond cross-section area. From equation (6) all 
components of eddy current losses in stator teeth 
(st), stator yoke (sy), rotor teeth (rt) and rotor yoke 
(ry) are calculated step by step. They are 
summarized in Table I. for different speed and rated 
torque. 
 

Speed 

[rpm] 

500 1000 1500 2000 2500 3000 

Pcest [W] 2.95 10.77 19 27 35.4 43.7 

Pcesy[W] 17.7 37.4 74.1 93.1 122 150 

Pcert[W] 1.93 9.5 15.1 21.8 28.3 35.7 

Pcery[W] 1.75 6.9 17.1 17.5 22.8 20.7 

Pce[W] 24.3 64.6 125 159 208 250 

 
Table I.  Eddy current losses 

 
3.2.  Hysteresis losses – the first approach 
 

The calculation of hysteresis losses is more 
complicated than eddy current losses because 
equation (5) is defined for sinusoidal waveform and 
the harmonic analysis is not correct. If the 
coefficients and exponent of hysteresis losses from 
equation (5) are known, then is possible to use the 
flux density magnitude of non sinusoidal 
waveforms. In this case the hysteresis losses term of 
equation (5) is reduced by a factor of the �minor 
loop effect� in the hysteresis loop [4]. Because the 
coefficients, exponent and factor of minor loop 
effect of equation (5) for real here investigated SRM 
are unknown, the harmonic analysis has been used 
as estimated calculation of hysteresis losses. Some 
other authors use this method for calculation of 
hysteresis losses, [7]. Therefore it is also applied 
here but only as an informative value about 
hysteresis losses. Then the equation is given as: 
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where kh is factor oh hysteresis losses (it has been 
chosen 1.5 also for dynamo sheets mentioned above) 
and exponent has been taken 2. 

In this paper this method is taken as the first 
approach with the subscript I. The total calculated 
hysteresis losses PchI are given as the sum of all 
core components. The hysteresis losses calculated in 
individual parts of SRM by the first approach I are 

summarized in Table II. for different speed and rated 
torque.  

 
Speed 

[rpm] 

500 1000 1500 2000 2500 3000 

Pchst [W] 1.4 3.34 4.1 5.24 5.53 5.72 

Pchsy[W] 4.54 12.9 15.5 17.8 18.7 19.3 

Pchrt[W] 1.37 3.26 3.96 4.63 4.9 5.1 

Pchry[W] 1 2.61 4 3.63 3.93 3.8 

PchI[W] 8.31 22.1 27.5 31.3 33.1 33.9 

Table II.  Hysteresis losses � the first approach 

The total core losses are calculated as the sum of 
eddy current losses and hysteresis losses 
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The calculated values are shown in Table IV. 
 

3.3.  Hysteresis losses – the second approach 
 

The second analytical approach is based on 
substitution of flux linkage non sinusoidal waveform 
by sinusoidal waveform with the same flux density 
magnitude. It is very simple method to calculate 
hysteresis core loss by means of classical equations. 
The flux density magnitudes are calculated from non 
sinusoidal flux linkage waveforms in stator and rotor 
parts (see Figures 8 - 11). For example, the 
substitution of waveform by sinusoidal waveform 
for rotor tooth is shown in Fig. 12. Then, the 
hysteresis core loss is calculated by following 
equation: 
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and core losses according the second approach 
(subscript II) are given as follows: 
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Fig. 12  Substitution of non sinusoidal flux density 
waveform in rotor tooth by sinusoidal waveform 
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The hysteresis losses calculated in individual 
parts of SRM by the second approach II are 
summarized in Table III. for different speed and 
rated torque.  

The values of total iron losses PcII versus speed 
for rated torque from the second approach are also in 
Table IV. 
 
 

Speed 

[rpm] 

500 1000 1500 2000 2500 3000 

Pchst [W] 2 6.55 8.32 10.1 9.15 8.4 

Pchsy[W] 8.3 24.8 39.1 48.5 43.3 42.8 

Pchrt[W] 3.4 5.1 7.12 10.2 7.7 7.2 

Pchry[W] 2 3.95 7.46 8.2 7.85 7.6 

PchII[W] 15.7 40.4 62 77 68 66 

 
Table III. Hysteresis losses � the second approach 

 
 

 
Table IV. The comparison of core losses 

 
 
4. THE MEASUREMENT OF CORE LOSSES 
 

The measurement of core losses have been made 
for total core losses only. The measurement of 
hysteresis and eddy current losses separately during 
operation is very difficult task.  

The measured values of total core losses have 
been gained in such a way, that from the average 
electric power input Pin supplied to the motor, the 
winding, the additional and mechanical losses, and 
the output power Pm delivered on the shaft to a load 
have been substracted. The mechanical losses have 
been measured by auxiliary calibrated DC motor and 
the additional losses due to their theoretical 
unpredictability, are appreciated by a certain 
percentage of the input power. In this measurement 
have been considered as 1% of the power input Pin.

The results of total core losses obtained by 
means of analytical approaches Pcl, PcII are 
compared and verified by measurements Pcm for 
rated torque and for different speed and they can be 
seen in the Table IV. It is seen that the second 
approach calculation gives the values in good 
coincidence with the measurement only at higher 
speed. For lower speeds it seems to be better to use 
the first approach. 

 
 
 

5. CONCLUSION 

The methods for core losses calculation in a real 
12/8 3-phase SRM have been described. The detail 
analysis of flux linkage waveforms in individual 
parts of SRM magnetic system was performed. The 
calculation of core SRM losses was made by two 
analytical approaches, and calculated values are 
verified by measurement. Harmonic analysis has 
been used to determine the harmonic components of 
flux linkage and flux density in individual parts of 
the SRM core.  

The core losses increase considerably as the level 
of speed increases. The first approach seems to be 
more suitable for lower speed (500-1500) rpm, 
because the percentage difference is no higher than 
16%. In opposite, the second approach is more 
suitable for higher speed (>1500 rpm) because the 
percentage difference is no higher than 8%. The 
coincidence between calculations and measurements 
is very good. The used analytical methods are 
general and suitable also for others SRM, but the 
low and high speed range must be defined. The 
speed range and also frequency depends on control 
strategy and load and it can be different for various 
kind of SRM.

Speed 
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