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Abstract—Switched Reluctance Machine (SRM) is a very
basic and simple electrical machine in structure with
winding only at its stator. SRM has widely been considered
for possible usages in modern aircrafts through the
development of More Electric Aircraft (MEA). However, the
nonlinear behavior of SRM results in difficulty in obtaining
accurate model for simulation and development of its control
system. A piecewise analytical modelling using inductance
profile for a specific SRM is presented in this paper. The
SRM used in this study is a specific custom designed 45kW
6/4 SRM which has unique electromagnetic characteristics.
In this paper, the analytical model presented is compared
against the measured values for accuracy.
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I. INTRODUCTION

SRM is one of the earliest electrical machine
developed dating back to 19" century [1]. In recent times
however, SRM has been gaining a lot of research interest
including potential usages in aircrafts. Development
towards More Electric Aircraft (MEA) has increased the
need for more electrical power on-board aircrafts. One of
the key enablers of development towards MEA is the
starter/generator (S/G) technology. S/G technology
enables a single electrical machine to operate in motoring
(starter) and generation modes on demand. Electrical
machine operation in aircraft requires reliability and high
fault tolerant to be able for operation in high speed, high
temperature and harsh environmental conditions. As such
SRM has been widely researched as a potential candidate
as S/G in aircraft.

Due to the nature of construction of SRM where it does
not have any permanent magnets and copper windings only
on its stator, it is an attractive choice to be considered as
S/G in aircraft. The lack of permanent magnet allows the
machine to operate in harsh environmental condition and
requires much simpler cooling system [2]. The simpler
cooling system also reduces the overall weight of the S/G
which is a major objective in MEA development. These
properties of the SRM are attractive for potential usage in
MEA which requires high reliability and ability to operate
in harsh environmental conditions [3].

However, the physical geometry of the SRM causes
some disadvantages. SRM has salient poles in both its
stator and rotor poles. This results in a highly non-linear
magnetic characteristics. SRMs are operated in the heavy
magnetic saturation in order to produce large ratio of
torque to mass [4]. The high nonlinearities complicates
the analysis and control of the SRM drives. Commonly
used linear analytical modelling cannot be used for SRM
as it needs to take into consideration of the nonlinear
magnetization characteristics. In high speed operation

such as in aircraft, it is vital to be able to have an accurate
software model in order to reduce expensive and time
consuming hardware development [5].  Thus, it is
important to have an accurate analytical model of SRM
for accurate control development in simulation
environment.

Various analytical modelling of SRM has been
presented in literature. One of the earliest analytical model
of SRM was presented by Torrey in [6]. The paper
presents analytical modelling of the magnetization
characteristics using piecewise linear modelling.
Geometry based analytical was presented in [7] which
presents a new analytical representation of the SRM flux
linkage as a function of current and rotor position while
taking into consideration of magnetic saturation. The
analytical representation is approximated by Fourier series
representation. In [8], a versatile nonlinear SRM model is
presented by utilizing the magnetization characteristics
obtained through experimental measurements. The
analytical model is then derived using the electromagnetic
equations of SRM. In [9], a numerical method based self-
training of SRM magnetic characteristics are presented.
Despite the initial overhead for the training algorithm, the
proposed technique provides a very accurate analytical
model. An analytical modelling that utilizes techniques
presented in [8] and [7] is presented in [10] for deeply
saturated SRMs. The presented model is developed using
magnetization characteristic data which is then
represented using an improved Fourier series for deeply
saturated machine.

In this paper, an analytical model of a specific custom
designed 45kW 6/4 SRM developed by [11] is presented.
The SRM used for this study is unlike standard SRM
where it has cavity in the rotor poles. This also results in
magnetic characteristic that is unlike standard SRMs. Fig.
1 illustrates a generic SRM geometry and the SRM used
for the study in this paper.

(a) (b)
Fig. 1 : (a) Standard 6/4 SRM structure, (b) Custom designed 6/4 SRM

Due to the unconventional SRM geometry design
used, a new analytical modelling approach is required for
this machine. In this paper, a piecewise analytical model
is presented to represent the magnetic properties of the



SRM. The analytical model is derived by first deriving the
analytical model to describe the inductance behavior. The
paper is organized as follows: Section II lists basic
fundamental concept of SRM’s electromagnetic
properties. In Section III, the analytical model using
piecewise analysis is presented. Finally in Section IV,
error analysis of the analytical model to its measured
model is presented.

II. SRM FUNDAMENTALS

Electromagnetic properties such as inductance and
torque can be derived from the magnetization
characteristics. The magnetization characteristic can be
obtained through experimental measurement or using
Finite Element Analysis (FEA) tools. Fig. 2 shows the
magnetization characteristics for the SRM used for the
study in this paper.
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Fig. 2 Magnetization Characteristics of studied SRM

The magnetization characteristics in Fig. 2 describes
flux linkage behavior to the rotor angle position of
machine for different current operating region. Inductance
profile of the SRM can be calculated using the
magnetization characteristics. Relationship between flux
linkage, A and inductance, L is defined as,

2(0,i)=L(6.i)i (1)
The inductance, L(i,0) can then be found as,
L(0,i)=2(0,i)/i )

Using the magnetization characteristic from Fig. 2, the
inductance profile is then calculated using eq (2). Fig. 3
shows the inductance profile for studied SRM.
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Fig. 3 Inductance Profile derived from Magnetization Characteristics

Next, the electromagnetic torque needs to be
calculated. Electromagnetic torque produced in SRM is
expressed in terms of magnetic co-energy, W, as:

- W (0,i)

%0 3)

i=cons

Magnetic co-energy, W, can actually be calculated

from the magnetization characteristics from Fig. 2 and is
defined as,

W (6.1) = I;l(@,i)di @)

Using definition of flux linkage in eq (1) and replacing
into eq (3) and (4), the electromagnetic torque, 7 is then
formulated as,

r=lpfk (5)
2 060
Using these equations, the torque profile can then be
found as shown in Fig. 4
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Fig. 4 Calculated Torque Profile

III. ANALYTICAL MODELLING

A. Inductance Modelling

From the electromagnetic behavior seen in Fig. 2 and
Fig. 3, analytical model then must be derived as
accurately as possible in order for accurate design of SRM
control in the simulation environment. A piecewise
analytical modelling technique is presented in this paper.
Analytical equations are defined to model the inductance
profile behavior. Using the inductance profile model,
electromagnetic properties such as flux linkage and torque
can be derived.

16 = 10 Inductance Profile
- )
14 /
\\
12 \\‘
T \ /
S 10t N\ Linear
= \ Region /
B Nonlinear / Nonlinear
_g 8 r Region . /ﬂ' Region
= , /
\
6 N
/
\ /
4t N
2
0 10 20 30 40 50 60 70 80 20
Rotor Position, degree
Fig. 5 lllustration of linear and nonlinear region in inductance profile



From Fig. 5, it can be observed that the inductance
profile has a region where the behavior is linear. The
linear behavior is seen at rotor position from 35 to 55
degrees. The linear and nonlinear region can be
represented analytically through a piecewise method.

1) Nonlinear Region Analytical Model

The nonlinear region of the inductance can be seen
from rotor position, 8, from 0 to 35 degrees and from 55
to 90 degrees. A quasi sinusoidal behavior can be seen for
this nonlinear region. As such for the nonlinear region,
Fourier series function can be utilized to represent the
nonlinear region. 3™ order Fourier series functions of
cosine term were used to express the inductance profile
for the nonlinear region. The nonlinear analytical model
using 3™ order Fourier series is described below:

Lm)nlin (1’0) =ay (l) +al (1)005(@10) + ) (Z)COS(ZOOIQ)

6
+a3(i)cos(3a)19) ©

Where o, = 7r/(9

) nal — 6. ) 0, and 0, are the rotor
position at unaligned and aligned position which are at 90
degrees and 45 degrees respectively. The coefficients g,
a,, a, and a, can be found by applying eq (6). Eq (6) is
presented with respect to the rotor position. As inductance
behavior of SRM is dependent on rotor position as well as
excitation current, the coefficients is the represented as
function of excitation current. The coefficients is then
represented as 2" Fourier series function with respect to
the current as below:

a, (i) = 4y, + A4, sin(w,i)+ 4,,, cos (i)
+4s,, sin (2,0 )+ Ay, sin (20,1

(7

Where @) =7/ (ipy —imin)  Imax @0 iy is the

maximum and minimum excitation current which are
900A and 9A respectively. Using eq (6) and (7), the
coefficients are calculated and tabulated. Coefficient
results are shown for rotor angle, 6, from 0 to 35 in
TABLE I and from 55 to 90 degree in TABLE II. Coefficient
for 6, from 55 to 90 is represented by the following

notation, Bon > Bin s Ban > Ban and Bay -

TABLE I COEFFICIENT FOR 9, FROM 0 TO 35 DEGREES

n A()n Aln A2n A3n A4n

0 9.35¢-5 3.35¢e-5 4.02¢-5 5.34e-6 1.51e-5
1 4.53¢-5 3.65e-5 3.04e-5 8.47e-6 1.31e-5
2 -4.18e-6 -7.71e-6 -3.61e-6 -2.53e-7 -5.24e-6
3 2.06e-6 -1.53e-6 5.27e-6 -1.58¢-6 2.04e-6

TABLE II COEFFICIENT FOR 9, FROM 55 TO 90 DEGREES

n By, By By B3n B4n

0 6.41e-5 2.76e-5 1.38e-5 7.41e-6 8.22¢-6
1 7.06¢e-5 2.70e-5 5.96¢-5 -6.86¢-7 1.91e-5
2 -1.10e-5 1.50e-5 -1.81e-5 9.29¢-6 -2.92¢-6
3 1.07e-5 -9.44¢-6 1.22e-5 -4.19¢-6 -1.17e-6

2) Linear Region Analytical Model

Representing the linear region of the inductance is a
lot more straight-forward in comparison to the nonlinear
region. The linear region can be represented by just a
simple first order polynomial. The analytical model for
the linear region is presented as:

Ly (10)=F =0+ P, ®)

The calculated coefficients for the linear region are then
calculated as P = -1.161e-22 and P, =3.161e-5 .With

the analytical model defined for nonlinear and linear
region of inductance defined, the piecewise analytical
equation for inductance can then be expressed as the
following expression:

Lnanlin, 0< 9, <35
L(i,0) =14 Ly, 35<0, <55 ©)
nonlin, 55< 9,, <90

Fig. 6 shows the inductance profile using the derived
piecewise analytical model or inductance. The inductance
model will be used as the base for modelling the flux
linkage behavior.
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Fig. 6 Inductance Profile from Analytical Model

B. Flux Linkage Modelling

With the analytical model for inductance defined,
deriving the analytical model for flux linkage is far
simpler. Using the definition of flux linkage from eq (1),
the analytical model defining flux linkage can be found.
Replacing the piecewise inductance model from eq. (9)
into eq (1), flux linkage for the excitation current and
rotor position can be calculated. Fig. 7 shows the flux
linkage behavior calculated using the analytical equation.
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Fig. 7 Magnetization Characteristic from Analytical Model



IV. ERROR ANALYSIS

Fig. 6 and Fig. 7 presents the results of the analytical
model of inductance and flux linkage. The results from the
analytical model are then compared to measured values.
Relative error is compared for inductance and flux linkage
as shown in Fig. 8 and Fig. 9 low. Error is compared at 3
different inductance and flux linkage point. Calculated
error values are then tabulated in TABLE III
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Fig. 8 Comparison of inductance profile
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Fig. 9 Comparison of Magnetization Characteristics
TABLE III MEASURED ERROR DATA
Measured Point
Inductance L(ISOA,20°) L(ISOA,50°) L(ISOA,80°)
Relative
Error 8.9474¢-3% 0% 0.02%
Flux /1(180A,10°) /1(180A,25°) /1(180A,45°)
Linkage
Relative 0.26% 0.75% 0.86%
Error

The relative error tabulated in TABLE Il shows small
percentage of difference between the analytical model and
the measured values. Error is particularly lower at the
linear region as it is much simpler to obtain an accurate
analytical model due to its linearity. By visual inspection
of Fig. 6 and Fig. 7, it can be observed that the analytical
is able to track the actual measured values rather closely.
The values deviate at certain points due to the nonlinear
behavior where the accuracy of the analytical modelling

can be further improved. However, the piecewise
analytical model presented for a specific SRM does
provide a rather accurate analytical model that can be used
for simulation and SRM control drives development.

V. CONCLUSION

In this paper, piecewise analytical modelling for a
specific SRM is presented. The SRM used in this study is
unlike conventional generic SRM due to its custom
geometrical design. As such, the magnetic behavior of this
SRM is rather unique and requires a specific analytical
modelling solution. The piecewise modelling approach
using the inductance profile presented provides a rather
accurate model that can be used for further computer
simulation studies using this model. The presented
modelling technique approach can possibly be used for
other specific custom designed SRM as well.
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