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Simulation of Switched Reluctance Motor Drives
Using Two-Dimensional Bicubic Spline

Xiang-Dang Xue, K. W. E. Cheng, Member, IEEE, and S. L. Ho

Abstract—In this paper, a novel simulation algorithm of
switched reluctance motor drives is presented. With the proposed
algorithm the two-dimensional (2-D) bicubic spline interpolation
is used to describe the nonlinear magnetic characteristics in
switched reluctance motors. The corresponding computational
method of 2-D bicubic spline function is described in detail.
The simulation results are also compared with and validated by
experimental data. Compared with conventional techniques, the
presented simulation algorithm is more accurate even though it
requires relatively little information on the magnetic characteris-
tics of the motor.

Index Terms—Bicubic spline, simulation, switched reluctance
motor drives.

I. INTRODUCTION

SWITCHED reluctance motors are well-known to be highly
saturated magnetically due to their intrinsic physical char-

acteristics, therefore models of switched reluctance motors are
based generally on nonlinear first order derivative equations.
The characteristics of flux linkage with respect to both rotor
position angle and current are generally required before one
attempts to solve the nonlinear first order derivative equation.
In order to realize computer-aided design, performance pre-
diction, simulation study and real time control accurately and
speedily, many researchers have been modeling the character-
istics of flux linkage with respect to rotor position angle and
current for many years. The previous studies [1]–[11] to model
the nonlinear magnetic characteristics in switched reluctance
motors can be summarized as follows.

1) One-dimensional (1-D) piecewise linear function [4],
[11].

2) One-dimensional piecewise quadratic function [3].
3) One-dimensional analytic function [5], [7].
4) Two-dimensional (2-D) piecewise analytic function [6],

[8], [9].
5) Sinusoidal function [10].
6) One-dimensional cubic spline function [1], [2].
However, an ideal interpolation function to model the real

magnetic characteristics in switched reluctance motors should
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not simply be expressed as a discrete function of both rotor po-
sition angles and phase currents. It should give accurate inter-
polated values as well. The interpolation functions as reported
[1]–[11] does not have these two features simultaneously.

In this paper, the 2-D bicubic spline function is regarded as the
interpolation function to model experimental data of the mag-
netic characteristics in switched reluctance motors. The interpo-
lation of the flux linkage with respect to rotor position angle and
current based on this function is quite accurate, as 2-D bicubic
spline function is a third-order function [12]. It can be seen
that the interpolation function presented in the paper is different
from the previous methods and is more accurate than the pre-
vious ones [3]–[11]. Moreover, as flux linkage is directly de-
pendent on both rotor position angle and current, an interpola-
tion function describing the magnetic characteristics in switched
reluctance motors is expected to yield more accurate results
swiftly [1], [2]. The authors will describe in detail the computa-
tional procedures for finding the coefficients of the 2-D bicubic
spline function. The simulation and experimental results show
that the presented simulation algorithm is highly accurate and
robust.

II. TWO-DIMENSIONAL BICUBIC SPLINE INTERPOLATION

A. Two-Dimensional Bicubic Spline Function

Flux linkage is a function of both rotor position angle and
phase current. Hence, flux linkage can be expressed as the
third dimensional quantity sitting on a 2-D plane comprising the
rotor position angle and phase current. Moreover, these two
variables can vary within the limited regions according to the
symmetry and periodicity in the switched reluctance motors. In
general, one has and where

represents the turn-on angle, represents the inductance
period of switched reluctance motor and represents the
maximum phase current. Therefore, this is a rectangular region.

Suppose that small amount ofa prior discrete data about flux
linkage with respect to rotor position angle and current are ob-
tained through FEM or experiment, one has

and

where , , represents the number of rotor posi-
tion angles and represents the number of currents data.

The above rectangular region is firstly subdivided into
subrectangles. Arbitrarily, one of these rectan-

gles is assumed to be a subrectangle with vertices, ( ),
( ), ( ) and ( ), where
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and , then the proposed 2-D bicubic spline
function on a subrectangle can be written as follows:

(1)

where , , the and satisfy
( , 2, 3, 4)

(2)

and the matrix is 4 4

(3)

Any flux linkage value can be computed from (1) if the coef-
ficients in the matrix are known. For each subrectangle ,
there are 16 coefficients in (3). However, there are

coefficients for whole rectangular region. The total
of coefficients must be defined.

B. Definition of Matrix and Computation of the Coefficients

For each subrectangle , the bicubic spline interpolation
requirements give four conditions, which are function values

of four nodes of the subrectangle. Therefore, one still
needs to introduce a total of 12 temporary unknowns or parame-
ters in order to define matrix . Here, the choice for these is that
of the values of the first partials and the mixed partials deriva-
tive at each of the four nodes of the subrectangle.

In this case, the matrix is to be determined form the fol-
lowing matrix :

(4)

If one write the partial derivatives of (1), then the connection
matrix can be obtained

(5)

Therefore, (1) and (4) satisfy the following relation:

(6)

where is the transfer matrix of .
Solving (6), (7) can be obtained

(7)

The function values of four nodes in are known. The other
coefficients in can be computed from (8)–(11).

For , one has

(8)

For , (9) exists

(9)

For and , (10) can be obtained

(10)

For , we have

(11)

where and .
The total coefficients of the spline interpolation functions can

be computed iteratively through equations from (4)–(11). The
flow chart of computing the interpolation coefficients in bicubic
spline function is shown in Fig. 1. A more detailed description
is seen in [12].

III. SIMULATION

Fig. 2 shows the schematic diagram of switched reluctance
motor drives. It illustrates a typical construction of switched re-
luctance drives. , and represent the three-phase sinu-
soidal voltages. , and represent three-phase ac currents.
is the dc current of the rectifier output. is the current of the
capacitor. represents the voltage across the capacitor.
is the dc input current of the topology circuit. represents the
capacitor.

Referring to Fig. 2, the modeling of switched reluctance
motor drives with voltage source should satisfy the following
equations, at steady state

(12)

(13)

(14)
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Fig. 1. Flow chart of computation of the interpolation coefficients in bicubic
spline function.

Fig. 2. Schematic diagram of switched reluctance motor drives.

(15)

(16)

(17)

(18)

(19)

where is a coefficient that depends on the structure of the
circuit topology, control strategy and switching angles and could
be equal to 1, 1 or zero, represents phase currents in SRM,

represents flux linkage of phase winding,represents the

Fig. 3. Input magnetic characteristics.

Fig. 4. Interpolated magnetic characteristics.

Fig. 5. Comparisons between experimental and interpolated values.

rotor position angle, represents the angular velocity of rotor,
is a coefficient, depending on the status of a winding, would

be equal to 1, 1 or zero, represents the winding voltage
which is dependent upon , represents the current of the
computed phase in the simulation, is the on-state voltage of
the IGBT, is the forward voltage drop of the recovery diode
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(a)

(b)

Fig. 6. Comparisons between experimental and interpolated values (a) The
step of 10 for input data without including total flex points (b) Input data to
include total flex points.

and is the resistance of winding, is the capacitor voltage,
represents time, is the dc voltage which should be equal

to the average value of , represents the maximum line
voltage of the ac inputs, and , or but and

represents the forward voltage drop of the bridge rectifier.
Equation (14) can be solved by using the Runge-Kutta method
[13].

An accurate model of SRM drives does not only depend on
how accurately to describe nonlinear magnetic characteristics in
SRM, but also how accurately to establish voltage equation of
SRM drives. Equation (14) seems to have two variables that are
flux linkage and phase current. Actually, flux linkage is regarded
as the solved variable and phase current is only a latent variable
that can be computed from flux linkage and rotor position angle,
in this study. may be written the other expression as fol-
lows [11].

(20)

where denotes the phase inductance of SRM anddenotes
the back-EMF.

It is seen from (20) that contains both and
back-EMF. Therefore, (14) can describe the voltage differential
equation of SRM drives accurately.

The most general expression for the instantaneous torque pro-
duced by one phase at any position is

(21)

where is the coenergy [11].
The average torque produced by SRM is

(22)

where is the number of rotor poles, is the number of
phases in SRM drive and is the total mechanical work done
by one phase within one period [11].

As a result, the model proposed in this paper meets the re-
quirement of accurately describing both the nonlinear magnetic
characteristics and voltage differential equation of SRM drives.

IV. A PPLICATION

Using the above model of switched reluctance motor drives
with 2-D bicubic spline interpolation, a prototype of switched
reluctance motor drives is simulated and reported in this paper.
For the prototype of switched reluctance motor drive being
studied, its main data are shown as follows.

1) Number of phases 4.
2) Stator poles 8.
3) Rotor poles 6
4) Phase resistance 0.687 .
5) Maximum phase inductance/phase current

A.
6) Minimum phase inductance/phase current

A.
7) Maximum phase inductance/phase current

A.
8) Minimum phase inductance/phase current

A.
9) Typical on-state voltage of power IGBT 1.65 V.

10) Forward voltage drop of recovery diode0.7 V.
11) Forward voltage drop of rectifier diode 0.7 V.
12) DC link capacitor 1000 F.

The magnetic characteristics are shown in Fig. 3.
Fig. 3 illustrates the small amount of input data that describes

the nonlinear magnetic characteristics in the switched reluc-
tance motor within the half simulation period. Fig. 4 shows,
however, the interpolation results on the basis of Fig. 3.

Fig. 5 shows the comparisons at the step of 2.5between ex-
perimental values and interpolated ones. The interpolated values
are based on the experimental values with a step of 5. It is seen
that the interpolated values are virtually identical with the ex-
perimental values.

Figs. 3–5 show that the interpolated curves are smooth and
accurate and it can describe exactly the nonlinear magnetic char-
acteristics in switched reluctance motors.
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(a) (b)

(c) (d)

(e) (f)

Fig. 7. Simulation and experimental phase current waveforms (“on”= turn on angle, “con”= conduction angle). (a) Simulated phase current waveform at
dc-voltage= 22.5 V, on= �7 , con= 21 , speed= 930 rpm. (b) Measured phase current waveforms at dc-voltage= 22.5 V, on= �7 , con= 21 , speed
= 930 rpm. (c) Simulated phase current waveform at dc-voltage= 33.4 V, on= �3 , con= 18 and speed= 600 rpm. (d) Measured phase current waveforms
at dc-voltage= 33.4 V, on= �3 , con= 18 and speed= 600 rpm. (e) Simulated phase current waveform at dc-voltage= 22.5 V, on= �5 , con= 18 and
speed= 350 rpm. (f) Measured phase current waveforms at dc-voltage= 22.5 V, on= �5 , con= 18 and speed= 350 rpm.

Smaller amount of input data that describes the nonlinear
magnetic characteristics is desirable. However, accuracy of in-
terpolation is generally dependent on the amount of input data.

Fig. 6(a) shows the comparisons between the experimental and
interpolated values at the step of 2.5where the step of input
data is 10. It is seen that the errors are quite large when rotor
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TABLE I
COMPARISONSBETWEEN COMPUTED AND MEASUREDTORQUE

position angle changes from 0to 10 and from 50 to 60 .
From the experimental curves in Fig. 6(a), it is observed that
magnetic characteristics in SRM drive change much strongly
in the above regions. In other words, there are “flex points” in
magnetic characteristic curves in the above regions. The input
data for the interpolation in Fig. 6(a), however, do not include
the above “flex points.”

Similarly to Figs. 6(a), 6(b) illustrates the comparisons be-
tween the experimental and interpolated values. However, the
input data for the interpolation in Fig. 6(b) include the data of
“flex points.” On the basis of the input data in Fig. 6(a), only
the data at the rotor position angle of both 5and 55 are added
in the interpolation of Fig. 6(b). It is seen from Fig. 6(b) that
the interpolated curves by using the proposed method can de-
scribe nonlinear magnetic characteristics of SRM drive much
accurately. As a result, the proposed method needs input data as
few as possible, to obtain accurate interpolation results. How-
ever, these much few input data must include information of
total “flex points.”

It is seen that the simulation waveforms are quite similar to
the experimental ones, although only a small amount of mag-
netic data is used. The current step being chosen is 0.25 A and
the rotor position angle step is 0.25for the simulation. How-
ever, the current step is 2 A and the rotor position angle step is
5 for the input magnetic data. In other words, the proposed in-
terpolation algorithm and the fine steps ensure a high accuracy,
which are essential for a precise simulation for switched reluc-
tance motor drives.

Saturation in SRM drive depends on amplitude of phase cur-
rent and rotor position. However, saturation in SRM drive is
mainly dependent on amplitude of phase current since rotor of
SRM rotates. SRM drive will operates at saturation state if phase
current is sufficient large. Fig. 7(a) and 7(b) show phase cur-
rent waveforms at the not high-saturated operation with high
speed, whereas Fig. 7(c)–(f) show phase current waveforms at
the high-saturated operation with low speed. It is seen that the
proposed method can simulate phase currents in SRM drive ac-
curately, regardless of saturated and unsaturated operations.

Table I shows the results of both the computed average
electromagnetic torque and the measured output torque.
Table II describes the operation conditions of the above
simulation and experiment. Table I shows the computation
and experimental results of the six operation conditions. The
average electromagnetic torque in Table I is computed from
(21) and (22) on the basis of the simulated phase current and
flux linkage. One knows that viscous friction torque is equal
to subtraction of output torque from average electromagnetic
torque. Viscous friction torque depends on speed basically,
for a specified SRM drive. It is seen from Table I that viscous

TABLE II
OPERATION CONDITIONS OFTABLE I

friction torque is almost the same at the same speed, regardless
of the other operation conditions. This shows that the computed
electromagnetic torque can describe the real electromagnetic
torque produced by SRM drive.

V. CONCLUSION

1) Two-dimensional bicubic spline is chosen as the interpo-
lation function for simulating a switched reluctance motor
drive in this study. The key parameter in the study is the
flux linkage that is a direct function of both rotor position
angle and current. The authors have reported that the use
of 2-D biculic spline as the interpolation function can pro-
duce excellent matching on the nonlinear magnetic char-
acteristics in switched reluctance motors.

2) The proposed simulation algorithm requires relatively
few experimental data and the simulation is accurate and
fast.

3) The proposed simulation algorithm enhances the accu-
racy of simulating switched reluctance motor drives. It
can be applicable to computer-aided design, performance
prediction and simulation of real-time control.
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