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Iron Loss Calculation in Switched Reluctance Motor Based on Flux
Integral Path Method
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Abstract—In this paper, a new fast and accurate method, the Flux Integral Path (FIP) method, is
proposed for switched reluctance motor (SRM) to analyze the iron loss. The magnetic flux generated
by stator poles is integrated over a period of time, then, the eddy current loss and the hysteresis loss
of the whole SRM can be directly calculated by analyzing the path distribution of the flux closed loop
without dividing the motor into four blocks (stator pole, stator yoke, rotor pole, and rotor yoke). The
concept of flux flow is introduced to calculate the eddy current loss, and the piecewise linear fitting of
flux density curve in the period is used to approximate the differential and simplify the hysteresis loss
calculation. The FIP method can be well applied to non-sinusoidal and nonlinear magnetic density of
SRM because of the combination of Finite Element Analysis (FEA) simulation. Furthermore, the loss
separation model and Fast Fourier Transform (FFT) method were compared with the FIP method of
the iron loss calculation, and the 2D FEA simulation results were used to verify the method proposed
in this paper.

1. INTRODUCTION

Due to its unique double salient pole structure, strong fault tolerance, large starting torque, simple and
firm structure, and other advantages, switched reluctance motor (SRM) has been more and more widely
used in electric vehicles, mining industry, aerospace, and other fields [1-4]. However, the loss will be
generated in the SRM when the motor is running, which has a significant impact on the performance
index and efficiency of the SRM, and at the same time, the various losses will be lost in the form of
heat. Especially the SRM is running under the condition of high speed or long time working, and the
generation of heat is considerable, which will shorten the service life of the motor, even cause an accident
in some cases. Therefore, it is very important to calculate the loss of SRM quickly and accurately.

The loss in SRM includes the following parts: winding copper loss, iron loss, mechanical loss,
and stray loss. Because the current in phase windings changes constantly during the excitation, the
induced magnetic field in the stator pole also changes periodically, and the changing magnetic field will
produce iron loss in the whole motor. The accurate estimation of iron loss is particularly important to
SRM, especially in the predesign stage, which directly affects the output power and stability of SRM.
In addition, iron loss can be divided into eddy current loss and hysteresis loss. Eddy current loss is
the energy loss caused by the eddy current flowing on the silicon steel sheet, and the hysteresis loss is
caused by the vibration and friction between magnetic domains in the changing magnetic field.

At present, several methods to predict and calculate the iron loss for SRM have been proposed.
In [5], Epstein frame was used to directly measure the iron loss, which is relatively simple. But due
to the uneven magnetic field distribution, this method has low accuracy and large error. In [6], the
influence of minor hysteresis loops was considered when the hysteresis loss is calculated, and a correction
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coefficient was introduced to quantify the effect. The paper [7] gave the analytical calculation method of
flux density in each major part of SRM in the form of matrix. This method saves the time of magnetic
field simulation, but introduces a large calculation error and does not consider the influence of flux
saturation. Obviously, the internal flux of the motor is induced by the stator poles, due to the windings
on them. So, the flux of stator pole was obtained by analytical formulas [8] and finite element analysis
(FEA) method [9], respectively, and flux of the rest parts was derived, then the iron loss was calculated
based on the flux density distribution. From the comparison of the two methods, it can be seen that
the flux density obtained by the FEA method is closer to the actual running condition of the motor.
In [10], the magnetic flux in the motor can be obtained analytically by Fourier transform from the phase
currents and the air gap permeability model.

In [11], an iron loss model based on Steinmetz equation was proposed, the practical flux density
waveform was compared with the sinusoidal waveform, and the equivalent coefficient was used to correct
the calculated results. This method can calculate the core loss for non-sinusoidal magnetic density,
although it is not precise enough. In [12], the eddy current and hysteresis losses were discretized into a
limited number of elements according to the magnetic flux density distribution, and then the iron loss
of the whole motor was obtained by means of the sum. In [13], the eddy current loss coefficient and
hysteresis loss coefficient in the calculation formulas were defined by the flux density, respectively, and
the above coefficients were expressed by fitting into the high-order form of power function.

In this paper, a more accurate and simpler calculation method of iron loss is proposed. Because the
winding at the stator pole run through three-phase AC current, the flux is also periodic. Meanwhile,
the stator pole is regarded as the “magnetic source” of the field in SRM, and the flux density within
the period of time is integrated. Then the total flux path of switched reluctance motor is quantitatively
analyzed, and the iron loss of SRM is investigated. In summary, the method proposed in this paper has
the following characteristics:

1) In the calculation of iron loss, the influence of magnetic flux density change in core loss is
considered in the form of integration, rather than only through peak flux density like most current
methods.

2) From the perspective of flux path, the iron loss of SRM is calculated as a whole, instead of
dividing the motor into stator pole, stator yoke, rotor pole, and rotor yoke to analyze flux density and
core loss distribution, respectively.

3) Combined with the finite element analysis, the precise distribution and variation of flux density
in the motor can be obtained, which makes the calculation of core loss more accurate and reliable.

2. THE FIP METHOD

Each phase winding of SRM turns on successively, which will inevitably lead to instability of the current
in the process of commutation in the motor windings. Therefore, the distribution of magnetic field in
the motor is also uneven and varies with time. As can be seen from Figure 1, the three-phase current has
a nonsinusoidal waveform, especially in the commutation overlap region. Accordingly, the flux density
of the excited phase in SRM is much higher than that of the non-excited phase (Figure 2), and at two
different moments, with the change of the rotor position, the distribution of the flux density in SRM
also changes a lot.

At present, a method widely used in the calculation of iron loss is the loss separation model in
Steinmetz-form, as follows [14]:

Piron = Pe"‘Ph = Kef2B}23+thB%’ (1)

where P, and P are eddy current loss and hysteresis loss, respectively. K. and K} are eddy current
loss and hysteresis loss coefficients, respectively. Bp is the peak value of the flux density, and f is the
frequency of magnetization. « is called Steinmetz coefficient, which ranges from 1 to 2.

A large number of experiments and examples prove that the loss separation model can calculate
the iron loss accurately when the flux density waveform is sinusoidal, but in the actual operation of
SRM, the flux density in the core is usually non-sinusoidal. So, the model cannot be used directly in
this case. On the other hand, SRM generally needs to be divided into four parts (stator pole, stator
yoke, rotor pole, and rotor yoke) to calculate eddy current and hysteresis losses respectively in the loss
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Figure 1. The three-phase currents in the motor turn on successively.
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Figure 2. The distribution of magnetic flux density in SRM.

separation model, which will undoubtedly increase the work of calculation and also increase the error
in this process.

For a three-phase 12/8 SRM, each phase winding is electrically conductive in turn. The flux induced
in the stator pole of the excitation phase will form a closed loop mostly through the adjacent stator
pole and rotor part, and a small fraction goes farther, as shown in Figure 3(a). Due to the absolute
symmetry of SRM, the total flux path in a period is three times the flux path of a phase, i.e., 12 times
the flux path of a stator pole excitation.
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Figure 3. Quantization of flux path. (a) Magnetic field line distribution. (b) The abstract flux path
of the excited stator pole in SRM.

Next, the flux path in SRM will be quantified. Magnetic flux generated by the excitation phase
will return to the excitation pole through the stator yoke, adjacent stator poles, rotor poles, and rotor
yoke, which is the flux path. In general, the two sides of the excitation stator poles are the possible path
of the flux, as shown in Figure 3(b). At different rotor positions, the distribution of the flux on both
sides is different, and there is a large fluctuation. If the adjacent stator pole of the excitation phase is
located near the center line of the rotor slot, there is almost no magnetic flux distribution on the stator
pole, and the flux mainly forms a closed loop through the other side of the stator pole. However, if we
consider the overall magnetic flux, the flux paths on both sides of the excitation phase can be equivalent
to one path: a stator pole and a rotor pole.

The effect of air gap on flux is ignored in order to simplify the analysis. Therefore, the flux path
length of a single excited stator pole can be calculated by

s 7r

L= g + Bdst 5 +7Dr+Ds = dr (2)
where Dg and dg are the outer diameter (m) and inner diameter (m) of the stator, respectively. D,
and d, are the outer diameter (m) and inner diameter (m) of the rotor, respectively. [ is the stator
pole arc coefficient; v is the rotor pole arc coefficient; Ng and Ni are the number of the stator poles
and rotor poles, respectively.

Therefore, through the above quantization method of magnetic flux path, the calculation of iron
loss can avoid discussing the flux density distribution in different parts of the SRM, and there is no
need to calculate the iron loss of each part of SRM separately.

Based on the above analysis and quantification of flux path, the calculation methods of eddy current
and hysteresis losses are given below, respectively.

2.1. Eddy Current Loss

The changing magnetic field generates current in the iron core, resulting in power loss. The stator and
rotor of SRM are constructed in the form of laminated silicon steel sheets, and the insulation is coated
between them, which has greatly reduced the eddy current in the core, but the loss caused by eddy
current in the silicon steel sheets is still unable to be ignored.

However, for the non-sinusoidal flux density inside the iron core, it is not precise enough to calculate
the iron loss simply by peak flux density. In this paper, the time-varying waveform of the flux density on
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the stator pole is obtained by combining the FEA, then the magnetic density is integrated in the time
period to calculate the eddy current and hysteresis loss. Obviously, this method reflects the influence
of non-sinusoidal flux density on iron loss.

As mentioned above, ® is defined as in the following formula:

= % / B(t)dt (3)
T

where T represents the time of one running cycle of SRM.

Since the flux density variation is relatively complex, the following method is adopted to consider
the integral of the flux density: Firstly, the 2D FEA of SRM was carried out in ANSYS Maxwell. Then,
transient magnetic field analysis was employed to obtain the flux density of the motor at any moment
at any point. Finally, the data curve over a period is output to Matlab for integral operation.

Meanwhile, the windings on the stator poles can be considered uniformly arranged, so that the flux
density in the stator pole can also be regarded as uniformly distributed except the ends. Therefore,
multiplied by the length of the stator pole arc and the length of the stator core, the result is defined as
the flux flow as follows:

Q=5 [ B 8
T

where @ is the flux flow on the cross-section of the stator pole, and a and c are the length of stator pole
arc (m) and the length of stator core (m), respectively.

In this method, the eddy current and hysteresis losses are generated in the flux path of SRM. And
for a three-phase excitation cycle, the windings on the 12 stator poles are excited once, and the total
flux path is 12 times L. In addition, the eddy current induced on the silicon steel sheets increases with
the aggrandizement of magnetization frequency. Therefore, the following formula is used to calculate
the eddy current loss of the whole motor.

— .. 2% — .. 2
Pe=12L-Cef* = /B(t)dt = 12L - C.f2Q (5)
T

where L is the flux path of single stator pole excitation, which is given in (2), C. the eddy current loss
coefficient, f the flux density frequency (Hz), and @ the flux flow in the stator pole, which is given
in (4).

2.2. Hysteresis Loss

From a physical point of view, magnetic materials are inclined to retain their magnetism, and
ferromagnets do the same. This phenomenon leads to the magnetization in the ferromagnetic body
always lagging behind the change of magnetic field strength [15]. Thus, hysteresis loss occurs when
magnetic domains in the iron core are repeatedly magnetized.

The magnitude and direction of the flux are always changing due to the periodic motion of SRM,
and obviously, this is where the hysteresis loss comes from. Hysteresis loss is also positively correlated
with the amplitude of flux density in SRM.

So, the hysteresis loss calculation formula is introduced as

Py = 12LC,f - ‘“flt(% (6)
where C}, is the hysteresis loss correction coefficient of this calculation model, f the frequency of flux
density, and L the flux path of single stator pole excitation.

The variation trend of flux density is not a constant in (6), which brings great difficulty to the
accurate calculation of hysteresis loss. Therefore, this paper simplifies the above formula as follows: the
flux density curve of the stator pole in a period is decomposed near the extreme points, and each section
of the curve is linearly fitted to construct a broken line chart (which may not be closely connected).
The piecewise function expression B(t) is written according to the linear fitting curve. Based on this
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Figure 4. Piecewise linearization of the flux density in stator pole.

method, the hysteresis loss can be obtained from the linear expression of the flux density over a period,
as shown in Figure 4.

Since the flux density is fitted as a piecewise linear function, the slope of the broken line in each
segment is fixed, i.e., dB(t)/dt is a constant in each segment. Equation (6) can be rewritten as

dt | T,
Ty

P, = 12Lchf§:: ‘dB’“(t)‘ 1 /Bk(t)dt

M
= 12LCWf Y pk-;k / By(t)dt (7)
k T,

where k represents each fitting subsection of the flux density curve; M is the total number of subsection,
i.e., the number of subsection expressions; p; is the change rate of flux density at segment k, namely
the slope of each segment of the linear fitting curve; T), and By(t) are the duration and flux density of
part k, respectively.

From what has been discussed above, the total iron loss of SRM can be obtained as follows:

Rron:Pe+Ph (8)

3. VERIFICATION AND DISCUSSION

In order to verify the developed method, the existing loss separation model and FFT method are applied
to make a comparison. The loss separation model is shown in (1), which cannot be used to calculate the
core loss under non-sinusoidal magnetic density waveform. However, the FF'T method can approximate
the core loss in the cases by harmonic decomposition: Assuming that the fundamental frequency of
the magnetic density is f, the amplitude of the m-th harmonic is B,,p, and the frequency is mf after
Fourier transform, then the iron loss caused by the m-th harmonic is:

Rronfm = Ke(mf)2BT2nP + mthB?nP (9)
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The magnetic density in the motor core is usually given in terms of radial and tangential components.
Supposing that the radial component is represented by B, and the tangential component by By, the
peak magnetic density of the m-th harmonic component can be expressed as:

Bmp = /B2, + B, (10)

where B,.,, and By, are the amplitude of the m-th harmonic of the radial and tangential components,
respectively. (10) is substituted into (9), and Eq. (11) can be obtained:

Pion—m = Ke(mf)? (B2, + B},) + mKyf (B2, + Bi,)? (11)

In addition, the number of harmonics may be infinite after Fourier transform for an actual waveform
of magnetic density. The higher the number of harmonics is, the smaller the amplitude is, so when the
number of harmonics reaches a certain level, the amplitude is close to zero [16]. In the calculation, the
sum of the losses of the first eight harmonics can be taken as the loss of the iron core per unit mass
(Figure 5).

8 8
Poon = > Ke(mf)® (B2, + B%) + S mEnf (B2, + B,)? (12)
m=1 m=1

Obviously, the separation of harmonic components makes the calculation of iron loss by FFT method
more accurate than the original model in SRM. In addition, FEA simulation results will be used as the
reference value of iron loss to further compare the differences of the three methods.
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Figure 5. Harmonic components of flux density. (a) Radial components. (b) Tangential components.

In the loss separation model and the improved model combined FFT method, the dual-frequency
method [17] can be used to obtain coefficients K. and K} without separating eddy current losses and
hysteresis losses, as shown below:

Paon/f = Kea(B)f + K),b(B) (13)

In this paper, a 12/8 SRM is taken as the research object, and the specific parameters of the motor are
shown in Table 1. For the SRM, in the range of 100-500 Hz of magnetic frequency, the coefficients can
be selected as: K. = 0.0001, K;, = 0.034, o = 1.5.

To consider the FIP method proposed in this paper, the correction coefficients can also be fitted
by measuring iron loss, and C, and C}, are set to 0.58 and 1.2, respectively.

In the range of 100-500 Hz, the frequencies of 100 Hz, 200 Hz, 300 Hz, 400 Hz, and 500 Hz are
selected as the operating frequency points of the motor.
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Table 1. Dimensions of the 12/8 SRM.

Parameters Value
Stator outer diameter (mm) 120
Stator inner diameter (mm) 69.8
Number of stator poles 12
Number of rotor poles 8
Number of turns per pole 50
Rotor outer diameter (mm) 69
Rotor inner diameter (mm) 30
Stator pole embrace 0.5
Rotor pole embrace 0.355
Thickness of stator yoke (mm) 9
Thickness of rotor yoke (mm) 6.7
Stator stack length (mm) 65
Steel material DW360-50

The eddy current and hysteresis losses are calculated by the loss separation model, the improved
model combined FFT method, and the FIP method proposed in this paper, respectively. The results
are listed in Table 2, wherein, the first two existing methods calculate the iron loss of stator pole, stator
yoke, rotor pole, and rotor yoke respectively and sum them up, which is not presented separately here.

In order to more clearly show the difference among the three methods of iron loss calculation, the
data of eddy current loss and hysteresis loss is shown in Figure 6 in the form of a bar chart. As can be
seen from Table 2 and Figure 6, with the increase of frequency, the errors of the three methods increase,
both in eddy current loss and hysteresis loss. Nevertheless, within this frequency range, the results of
the proposed method are in good agreement with those of the other two methods. So, the FIP method
has good adaptability to calculate the iron loss in the frequency range of 100-500 Hz.
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Figure 6. The loss comparison of three analytical methods. (a) Eddy current loss. (b) Hysteresis loss.

In addition, it should be noted that when the magnetization frequency is relatively low, i.e., low
speed, hysteresis loss is greater than eddy current loss. However, the eddy current loss exceeds hysteresis
loss and becomes the main part of iron loss with the increase of frequency.

Next, the 2D FEA simulation of the SRM at each frequency is carried out in ANSYS Maxwell, and
the iron loss is obtained. Then it is compared with the iron loss data calculated by separation model,
improved model with FFT method, and the FIP method, as shown in Table 3. The iron loss in the
table is the sum of eddy current and hysteresis loss.
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Table 2. Eddy current and hysteresis loss results at different frequencies.

Frequency Eddy current loss (W) Hysteresis loss (W)
(H2) Separation FFT FIP Separation FFT FIP
Model method method Model method method
100 1.82 2.14 2.35 5.91 5.63 4.96
200 12.36 1297 13.05 17.06 1755 18.73
300 33.82 3503 35.22 27.82 2824 29.01
400 60.28 6253 65.67 36.17 3786 39.24
500 96.34 10162 107.45 4525 4772 50.8

Table 3. Iron loss of the four methods and errors at different frequencies.

Iron loss (W)
Frequency FFT FIP
(Hz) FEA | Separation | Separation-FEA FFT-FEA FIP-FEA
method method
100 8.25 7.33 11.15% 7.77 5.82% 7.31 11.39%
200 31.02 29.42 5.16% 30.52 1.61% 31.88 2.77%
300 66.81 61.64 7.74% 63.27 5.30% 64.23 3.86%
400 108.03 96.45 10.72% 100.39 7.07% 104.91 2.89%
500 157.47 141.59 10.08% 148.34 5.80% 159.25 1.13%

The iron loss results of the four methods are also shown in Figure 7 in the form of a bar chart.
Compared with the loss separation model and the improved model, the iron loss calculated by FIP
method is closer to the data obtained by FEA simulation. In addition, it can also be seen that when the
frequency is high enough (500 Hz), the simulated iron loss is less than that calculated by FIP method,
because there will be local saturation of flux density in the motor, and there is no iron loss in this
region.

In order to compare the iron loss of different methods more directly, the errors of the loss separation
model, improved separation model, and proposed FIP method compared with FEA simulation are shown
in Table 3 and the broken lines in Figure 7. The error of the separation-FEA is the maximum at each
frequency, while the error of the FIP-FEA decreases significantly at high frequency and is at a low level.

Another important indicator to measure the core loss analysis methods is efficiency. Table 4 shows
the iron loss analysis time under different methods. It can be seen that the iron loss calculation of the
separation model is the simplest and requires the least time. The model combined with FFT method
needs to decompose harmonics, and the calculation time is the longest. Although the method proposed
in this paper is not the least in terms of analysis time, it undoubtedly shortens the required time
compared with FEA simulation and FFT methods.

Table 4. Iron loss analysis time of different methods at a certain frequency.

FEA | Separation | FFT method | FIP method
Time (s) | 375 103 542 261

The above analyses reflect the high accuracy of FIP method in calculating core loss. Compared
with the other two analytical calculation methods, the proposed method considers the magnetic flux
density in SRM from the perspective of the whole, which not only avoids the block calculation of iron
loss, greatly reduces the calculation amount, but also improves the reliability of calculation.
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Figure 7. Comparison of core loss and errors between different methods.

4. CONCLUSION

In this paper, a new method of calculating iron loss, the FIP method, is proposed, and the formulas
for eddy current and hysteresis losses are given, respectively. First of all, the flux path in the closed
loop of the motor is abstracted, and the periodic flux density of the stator pole is integrated in time to
calculate the iron loss of the whole motor. Then, the concept of flux flow on the stator pole cross-section
is introduced into the calculation method of eddy current loss. In order to investigate the flux density
variation during the hysteresis loss calculation, the piecewise linear fitting of the flux density is carried
out. In the proposed method, the flux density on the stator pole is obtained by finite element simulation,
which will bring convenience to the calculation of iron loss and make the results more accurate. The
correctness and practicability of the proposed method are proved by comparing the FIP method with the
existing loss separation model, improved separation model, and FEA simulation. It can be concluded
that the FIP method is more accurate and more stable than others, and it does not need to block SRM
and does not need to consider the complex flux density distribution of each part of the motor, but only
needs to calculate once, which greatly simplifies the calculation steps, and is simpler and more effective.
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