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Core Loss Analysis for the Planar Switched Reluctance Motor
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Core loss is one of the key factors for performance evaluation of switched reluctance machines. In this paper, core loss analysis of
the planar switched reluctance motor (PSRM) is calculated based on the 3-D time-stepping finite element methods. The numerical
analysis for the computation of the core loss is discussed, also its transient and average core loss in the mover and the stator are
calculated. The corresponding experiments of measurement loss for a PSRM prototype are conducted and the results validate the
accuracy from the numerical analysis. It can be concluded that core loss dominates around the corner of the mover and stator
cores.

Index Terms— Core loss, FEM, numerical analysis, PSRM.

I. INTRODUCTION

PLANAR motors are suitable for 2-D, direct-drive appli-
cations in the industry, such as electronic component

insertion, integrated circuit packaging, and precision watch
assembly, and so forth. Based on the machine construction,
planar motor can be classified as permanent magnet (PM)
type or switched reluctance type [1]–[4]. In [1], characteristic
analysis of a long-stroke synchronous PM planar motor is
discussed by employing the finite element method (FEM).
The performance analysis of the PM-type planar motor char-
acteristics such as detent force, flux density, and so forth is
investigated in [2] with machine optimization scheme.

The effects of eddy current in permanent magnets from the
permanent magnet motors are analyzed in [5] and [6]. It has
been verified that the losses in the PMs inevitably increase
the working temperature, degrade the performance of the PM
materials, and decrease the efficiency of the PM machines.
The common procedure that describes core loss analysis for
rotary electrical machines based on the FEMs can be found
in [7]. Three core loss models from the traditional technique
model, the advanced technique model, and the hybrid model
are discussed and compared. Core loss estimation of rotary
switched reluctance machines is analyzed in [8] and [9]. A
loss measurement method based on FEM and the experimental
technique to calculate core loss rates in high-speed rotary
switched reluctance machines is discussed in [8]. The flux
waveforms in different parts of the switched reluctance motor
are evaluated using 2-D finite element transient analysis and
the improved Steinmetz Equation is applied for core loss
calculation [9].

However, few papers have focused on the loss study of
planar machines, especially on the planar switched reluctance
motors (PSRMs). In this paper, the calculation of core loss is
performed based on the 3-D time-stepping FEM and derivation
of average loss by electrical and mechanical parameters from
the PSRM prototype is also discussed. The simulation results
match closely with those from the experiment. The results
from the loss study of the PSRM provide considerable insights
to the design and optimization for this type of machine.
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Fig. 1. (a) Machine prototype, (b) mover lamination, (c) formation of stator
matrix, and (d) stator block and flux circulation in two axes.

II. MACHINE STRUCTURE

The planar machine can be regarded as the combination of
two linear switched reluctance motors with two perpendicular
movement of axis maintained at the same level [4]. Fig. 1(a)
shows the PSRM prototype. The moving platform consists
of two sets of three-phase movers with windings, and the
mover lamination can be found in Fig. 1(b). Each set of three-
phase movers and windings is responsible for one direction
of motion, so the two sets provide two axes of motion as a
2-D, direct-drive manner. The stator contains multiple lami-
nated silicon steel blocks held by epoxy glues. To reduce eddy
current loss, the stator matrix is assembled by inserting one
leg of the stator component to the leg hole of another one,
as shown in Fig. 1(c). The other pair can be connected in the
same manner as the previous one. Then, the stator block can
be constructed, as shown in Fig. 1(d), with perpendicular flux
circulation. When the winding of any phase is excited, the
stator blocks with laminations along that axis are responsible
for the establishment of a flux path. To ensure 2-D flux
circulation perpendicularly, the bricks topology of the stator
matrix realize flux circulation through the contact regions
between stator component legs with epoxy glues [10]. Table I
lists the major specifications of the machine. For each axis
of movement, the machine applies the asymmetric H-bridge
drive topology with rated dc supply set as 40 V. The power
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TABLE I

MAJOR MACHINE SPECIFICATIONS

transistors from the drive circuit are controlled in a pulse width
modulation manner for correct current chopping [4].

III. THEORETICAL ANALYSIS

A. Theoretical Analysis

Core loss Pv in the PSRM consists of eddy current loss Pc,
hysteresis loss Ph , and excess loss Pe [7], [11]. Core loss can
be represented from (1) as [12]

Pv = Ph + Pc + Pe. (1)

In the time domain, the instantaneous hysteresis loss can be
computed as [13]

Ph (t) = Hirr
d B

dt
(2)

where Hirr is the irreversible component of the magnetic field
and B is the amplitude of flux density of the PSRM.

The instantaneous eddy current loss and instantaneous
excess loss in the time domain can be expressed as (3) and (4),
respectively

Pc (t) = 1

2π2 Kc

(
d B

dt

)2

(3)

Pe (t) = 1

Ce
Ke

∣∣∣∣d B

dt

∣∣∣∣
1.5

(4)

where Kc and Ke are the eddy current core loss coefficient and
the excess loss coefficient, respectively. The core loss coeffi-
cients such as Kc and Ke are defined by electrical properties
of steel material and can be found from the manufacturer
data by least square fitting [14]. From the PSRM prototype,
Kc = 1.402, Ke = 12.175 and Ce can be calculated from
numerical integration with Ce = 8.763363 [12].

For the 3-D time-stepping FEM calculation, (2)–(4) can be
modified as [12]
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Pe (t) = 1
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. (7)

For β = 2, which is an empirical parameter obtained from the
experimental measurement under sinusoidal excitation [12].

TABLE II

DISCRETIZATION DATA

Fig. 2. Material characteristics. (a) B–H and (b) B–P curves.

B. 3-D Time-Stepping FEM

The 3-D time-stepping FEM is applied to calculate the
distribution of the copper loss in the coil windings and the
core loss in the silicon steel plates of the mover and the stator
using ANSOFT Maxwell 3-D. Since the 3-D time-stepping
FEM needs more time steps and long computation time, the
mesh quality directly affects the accuracy of the calculation.
The 3-D finite element discretization meshes of the mover and
stator finite elements are shown in Table II.

The magnetization characteristics of B–H curve and electri-
cal steel material characteristics of B–P curve for the PSRM
are shown in Fig. 2(a) and (b), respectively. The core loss
data of the material are input for calculation of the machine
core loss based on the 3-D time-stepping FEM. Parameters
of Kc and Ke can also be derived from the core loss data
as well.

IV. RESULTS AND DISCUSSION

A. Simulation Results from FEM

Since each phase from the two axes owns the same dimen-
sions and ratings, any one mover with windings and the stator
can be constructed as the 3-D FEM model for simulation.
The drive employs the typical asymmetric H-bridge with dc
link voltage of 40 V [11]. Fig. 3(a) shows the drive topology
for any direction of movement. For example, according to the
current command of winding A from x-axis of movement,
transistors T1 and T2 will be turned on for proper current
circulation. If the transistors are turned off, the energy stored
in the winding A will keep the current in the same direction
until it is depleted. Diodes D1 and D2 become forward
biased leading to recharging of the source. The magnetic flux
distribution contour at the unaligned position for the mover
relative to the stator can be found in Fig. 3(b). It can be
observed from Fig. 3(c) that the flux distributes within the
short magnetic path among the mover, the stator area and the
air gap region between them. Most of the flux lines penetrate
through both the mover/stator teeth and air gaps. Flux lines



PAN et al.: CORE LOSS ANALYSIS FOR PSRM 7020104

Fig. 3. (a) Drive topology, (b) 3-D magnetic flux contour, and (c) flux
distribution.

Fig. 4. Dynamic core loss profiles (a) and current waveform (0.08 m/s) (b)

distribute mostly in the mover and the stator teeth, compared
with mover and stator yokes. Therefore, there is a higher
tendency of saturation from the teeth.

The dynamic core loss profiles of any one phase without
load according to different speed levels can be derived, as
shown in Fig. 4(a). The core loss profile together with current
waveform at speed level of 0.08 m/s can be found in Fig. 4(b).
It is clear that transient core loss increases with speed. It
can also be observed that two peaks appear around the fully
unaligned positions (0 mm) and the fully aligned positions
(6 mm). The peak values at the unaligned positions are higher,
since the change rate of the phase current is high and the air
gap reluctance varies, as shown in Fig. 4(b).

Fig. 5. Average core loss of the PSRM.

Fig. 6. 3-D FEM results of total loss distribution.

As shown in Fig. 5, the average core loss of the PSRM is
separated into stator, mover, and total core loss, respectively.
The values are calculated according to different speed levels.
It can be concluded that the average core loss increase with
speed as well. The mover core loss is much higher than that of
the stator and the value of mover core loss is 0.6941, 0.7143,
and 0.6892 to that of the total core loss at different speed
levels, respectively.

Fig. 6 shows the total core loss distribution in the stator
and mover for one of the phases. It is clear that the loss in
the mover core is higher than that in the stator core. It can
also been found that total core loss around the corner of the
mover and stator cores are larger than other parts. To reduce
the core loss of the laminations, one method is to use arc
corner laminations instead of vertical corner laminations, and
results show that using arc corner will decrease almost 2.5%
of core loss compared with vertical corner laminations [15].

B. Experimental Results

The experiment is performed under the dSPACE DS1104
controller card installed on the personal computer. Three
commercial current drivers are employed for inner current
regulation and they are fast enough to meet the requirements
for position control of the linear switched reluctance actuator
that drives the PSRM. A force gauge and a linear optical
encoder with resolution of 1 μm are mounted on the translator
of the linear actuator. The overall experimental setup can be
found, as shown in Fig. 7.

The input power of any one phase from the PSRM can be
determined as the average of the product of input current from
the driver and the dc link voltage, whereas the output power
is obtained by multiplying the speed and the constant load
of the motor. The copper loss is calculated by multiplying
the resistance of the phase winding and the square of current
flowing through the phase.

Core loss can be obtained by subtracting the known losses
from the measured losses [11]. Therefore, the experimental
core loss can be represented as follows:

Pvm = Pin − Pout − Pcu − Pf w − Pst (8)
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Fig. 7. Experimental setup.

TABLE III

EXPERIMENTAL RESULTS OF CORE LOSS FROM ANY AXIS

where Pvm is the measured core loss, Pin is the input power,
Pout is the output power, Pcu is the copper loss, and Pf w is the
friction and windage loss. Pst is the stray load loss, predicted
by the fixed-value method [16] as 0.0906 W, which is 0.5%
of the input power.

Friction and windage loss are independent on the load of
the machine. However, they are dependent on the speed of the
motor as well as on the air gap length and the stack length of
the PSRM. In addition, the normal force makes a significant
contribution to the friction and windage loss [11]. Since it is
difficult to mount any sensor among the air gaps for accurate
measurement of the normal force, FEM is used to calculate
the effect of different current excitation levels on normal force
Fn at different positions. Coefficient of the kinetic friction
of the longitudinal direction μx = 0.0339 is obtained by
measuring the friction and windage force F f w of the PSRM,
driven by the linear actuator. Coefficient of kinetic friction of
the perpendicular direction μy = 0.0532 can be evaluated.

The friction and windage loss are measured as the average
product of normal force times coefficient of kinetic friction
multiplied by the constant speed. The measured core loss
values are listed in Table III at the operation speeds of 0.05,
0.08, and 0.1 m/s, respectively. It can be concluded that the
core loss percentage to the total input power of 27.70%,
30.12%, and 32.93% can be derived, respectively.

As the speed increases, the copper loss and the core loss
will also increase and they accounts for ∼95% of the input
power. It is also shown that the rate of the core loss to the
total input power increases as the rate of the copper loss to
the total input power is reduced.

V. CONCLUSION

In this paper, the core loss of the PSRM prototype has been
investigated using 3-D time-stepping FEM and results are ver-
ified by the experiment. The experimental results correspond
to the simulation data. Results show that the density of core

loss dominates in the vertical corner and teeth of the mover
and stator and it account for ∼30% of the input power without
load. Since core loss is one of the significant factors of the total
loss in a PSRM, it is essential for the design and optimization
of efficient PSRMs.
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