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Abstract- Switched reluctance motors (SRM) have been seen as a
potential candidate for automotive, aerospace as well as
domestic applications and High-Rotor pole SRM (HR-SRM)
present a significant advancement in this area. This machine
configuration offers most of the the benefits offered by
conventional SRMs and has shown significant benefits in
efficiency and torque quality. However, HR-SRM has a
narrower inductance profile with a lower saliency ratio as
compared to a conventional SRM with an identical stator. This
can make it inherently challenging to directly adopt
mathematical models and sensorless control approaches
currently in use. This paper presents a time-efficient analytical
model for the characterization of a 6/10 SRM using an
inductance model utilizing truncated Fourier series as well as
multi-order polynomial curve-fitting algorithm. The inductance
model is extended to accurately predict back-EMF and
electromagnetic torque response towards obtaining a
comprehensive model for every operating point of the machine
during dynamic operation. The effectiveness of the proposed
concept has analyzed for a prototype machine and verified using
Finite Element Analysis (FEA).

Keywords— Switched relucatance machine, analytical model,
finite element methods, electric motors.

L INTRODUCTION

A Switched Reluctance Machine (SRM) has simple
construction with low manufacturing cost and maintenance.
Moreover, it has a very wide speed range and is capable of
operating in harsh environments, such as high temperatures
and severe vibration because of the absence of permanent
magnets or windings in the rotor [1]-[5]. In spite of these
benefits, conventional SRMs have faced challenges in terms
of high acoustic noise and torque ripple [6]-[12]. Further, the
double saliency structure renders its inductance, back-EMF
and torque profiles highly nonlinear, which significantly
increases the complexity of modeling and driving the
machine [13]-[14]. With the primary purpose of reducing the
torque ripple, improving average torque and efficiency of the
SRM, an SRM with higher number of rotor poles than the
number of stator poles has been introduced in [15]. The 6/10
configuration has been compared the 6/4 machine in [15] and
6/8 SRM [16]. Compared to the conventional configurations,
the high rotor pole model has been shown to have an
improvement of 28.6% in continuous current ratings, 25%
and 20% in peak and average torque.

In order to implement a high-efficiency SRM drive system
for high-performance applications such as vehicle propulsion
systems or servo drives, an accurate and efficient analytical
model of the machine is required for real-time control, fault
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diagnostics, survivable operation and sensorlss control. The
main purpose of modeling inductance/flux linkage to
characterize performance of the SR machine is to reduce the
data reliance whenever a machine representation is needed.
Methods to model inductance of an SRM have been well-
established using two main approaches introduced in [17] and
[18]. Authors in [17] presented a generalized model that
covers most SRMs. Material properties and geometry-based
equations are utilized in this modeling technique in order to
replace the FEA simulation or hardware measurement and
this methodology requires the mechanical and geometrical
information from the machine manufacturer. In [18], a high-
performance modeling technique has been proposed for
conventional 8/6 SR machine, which uses a data acquisition
process to initialize the model either by FEA simulation or
hardware measurement.

Since inductance is dependant on the phase current and rotor
position, different analytical tools are required in modeling
these two independent variables. In general, the most
effective way of modeling the inductance of SRM with
respect to rotor position is utilizing truncated Fourier series,
which is used in both the SRM model for specific stator/rotor
configuration [18] and the generalized machine model for all
types of SRMs [17]. The inductance of SRM with respect to
different phase current values and rotor positions can be
expressed as the following [18]:

Lo, i)=iL”(i)cos(n(Nr9+(pk ) (1)

n=0

Where n and N, corresponds to the number of components of
the Fourier series and number of rotor poles.

The introduction of L,(i) is done mainly to obtain the
relationship between the inductance and phase current. In
[18], this function is solved using multiple order polynomial
curve-fitting routines. By sampling dozens of points of
inductance for different values of current at a specific critical
positions of the 8/6 SRM, inductance curves as a functions of
the phase current and position can be obtained. These curves
are used to identify L,(i).

This paper presents a mathematical model for an SRM using
a truncated Foureier series approach. Four key rotor positions
are identified that are used to formulate coefficients of the
mathematical model of the SRM. Once calibrated, this model
can be used to develop a dynamic behavioral model at any
rotor position and for any value of current.
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1L MODELING FUNDAMENTALS FOR A 6/10 HR-SRM

A.  Model Identification

The most effective approach for modeling the inductance of
an SRM with respect to rotor position is by utilizing truncated
Fourier series. However, the number of terms of this Fourier
series is be determined by the number of desired sampling
positions. In a conventional 8/6 SRM, such positions are
selected based on the geometric feature of itself; while in the
high rotor pole 6/10 design, one cannot obtain the same
number of sampling positions. As shown in Fig. 1, when
Phase A of the 6/10 SR machine is in fully aligned position,
the electrical angle of Phase B and Phase C are 60° and 300°.
On the other hand, when Phase A is in fully unaligned
position, the electrical angle of Phase B and Phase C are 120°
and 240°, respectively. This configuration leads to four
sampling positions, starting with alignment of a phase with a
rotor pole pair as well as aligning this phase with the bisector
of two rotor pole pairs.

Fig. 1(b). Sampling position for 6/10
SRM aligned position.

Fig. 1(a). Sampling position for 6/10
SRM aligned position.

Four specific positions of the 6/10 SR machine are
considered during the data acquisition process, which
includes the fully aligned position, 60° electrical angle
position, 120° electrical angle position and fully unaligned
position. One could acquire two positions for the
measurement by aligning one of the phases to a rotor pole
pair or to a bisector between two rotor pole pairs; therefore,
the locked shaft needs to be adjusted from the fully
aligned/unaligned position for one phase to the opposite

Due to the geometric construction of the 6/10 SRM, one
cannot obtain the fully unaligned position of the machine
without any precise position control technique at standstill;
therefore, a rotary indexer is needed to obtain the fully
unaligned position as well as to prevent the shaft/rotor from
moving during the measurement. The indexer should be
capable of handling the maximum operating electromagnetic
torque of the machine.

With these four sampling positions, the number of terms of
the Fourier series has been set to four. The expression of the
inductance of 6/10 SRM can be expressed as:

L(0,i) = L (i) + L (i) cos(106 + ¢, )
+L (i) cos(200 +2¢ ) @)

+ L (i)cos(306 +3¢,)

where ¢, i, ¢, denote the rotor position, phase current and
phase shift respectively. Functions L (i) to L,(i) can be
expressed by the inductance at the four sampling positions as
shown in the (3), where L (i), L, (i), L (i) and L, (i) refer to
the inductance in the fully aligned position, 120° electrical
angle position, 60° electrical angle position and fully
unaligned position, respectively. The inductance curves can
be obtained by curve fitting routines of the multiple order

k
polynomial function, La(i):Zani” , L), L(i) and L (i)

n=0

k k k
are expressed in same way as Zbﬁi" , ZCni” , Zdni” , as
n=0 n=0

n=0
shown in Fig. 2. It should be noted that both L (i) to L, (i)
and L (i) to L (i) are functions of the phase current;
however, only L (i) to L (i) have physical significance.

Accordingly, the inductance expressions can be used to
determine the back-emf of the machine as shown in (4).
Similarly, the developed torque can be computed using the
co-energy principle.

position of this phase during the whole measurement 1 2 2 1)\L,3 L, (@)
procedure. In addition, the number of points as well as the 112 2 -2 2| LG | LG
step size of the inductance with respect to different phase o2 0 o a2l ) il 0) 3)
current values can be determined based on the current range ¢ l 2 l
of the machine. 1 -2 2 -1)\L,®) L (i)
(0.1
qap dL(8,i)
de
—wi d[L,(i)+ L,(i)cos(N,0)+ L,(i)cos(2N,0) + L, (i) cos(3N,6)]
de
:a)i{—Nr[éLa(i)sin(NrH)+§Lb(i)sin(Nﬁ)—%LC(i)sin(NrH)—%Lu(i)sin(Nﬁ)] @)

~2N, [%La(i) sin(ZNﬁ)—%Lb(i)sin(ZNﬁ)—éLL, (i)sin(2N.6) +%LM (i)sin(2N.6)]

-3N, [%La @0 sin(SNﬁ)—%Lb (i)sin(3N.6) +§Lv (i)sin(3N.6) —éLu (i)sin3N.6)]}
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Fig. 2. Inductance as a function of current for different rotor positions.

Inductance of an SRM has a three-dimensional relationship
with phase current and rotor position, as shown in Fig. 3.
Therefore, the co-energy of SRM can also be considered as a
function of these two variables, which can be denoted as,
W’r(q,i), and can be expressed as:

W, i):jL(e, Didi ©)

The airgap electromagnetic torque can be calculated using:

W' .
LA ©
20
- W} (6,1)

Y

ajL(e, iidi
0

20

aj [L,())+ L, (i)cos(N,0) + L,(i)cos(2N,8)+ L,(i)cos(3N,0)]idi

By substituting the inductance equation into the
electromagnetic torque equation, one could calculate the

electromagnetic torque for one phase as in (11), the L (i),
L. (i), L (i) and L, (i) represent the integral function of

inductance (a) common divisor i has be extracted), which
could be written as:

k
1
= . ,
(D=2 a ™
501
e b q
W=D b ®)
S
L(0)= g 9
(=2 i ©
k
- . 0
D=2 ui (10)

B.  Inductance Measurement of 5hp HR-SRM Prototype

The most common hardware measurement technique for
SR machine is the direct DC test method [19]. In the
mentioned method, a voltage pulse is applied on one of the
phases of the SRM with its locked rotor is in an identified
position until the phase current hits the threshold value.
Afterwards, the inductance can be calculated directly from
the inspected phase current as well as the magnitude and
period of the voltage pulse. Fig. 4 shows the equivalent
circuit of the inductance measurement with hardware, where
L, R, V, and i, denote inductance, resistance of the phase

winding, the source voltage and the phase current,
respectively. Fig. 5 shows the hardware setup. The phase
current can the phase inductance can be expressed as in (12)
and (13).

(11)

a0

=— NP’ [% L. (i)sin(N.6) +%L‘b (i)sin(N.6) —%L‘c (i)sin(N.6) —%L’u (i)sin(N 6)]

- 2N,i2[§ r, (i)sin(2Nr9)—%L'b (i)sin(2N.6) —éL’(, (i)sin(2N.6) +%L‘u (i)sin(2N.6)]

—3N,i2[%L°a(i) sin(3N,6) —%L’b (i)sin3N.,0) +§L‘C(i) sin(3N,6) —%L’u (i)sin3N, 0)]
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Fig. 3. Inductance profile at different phase currents
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The inductance value with respect to the expected value of
the phase current can be obtained by measuring the
magnitude as well as the period of the voltage pulse. Only a
single leading-edge measurement is needed for a specific
rotor position, as shown in Fig. 6, which shows current
waveform at 30A and a 60A current.

DC Voltage

Fig. 4. Equivalent circuit of hardware measurement of inductance at
standstill.
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Fig. 6. Inductance measurement for 30A and 60A of phase current

11I. INDUCTANCE MODEL VALIDATION

The proposed analytical model of the 6/10 SRM can be
incorporated into the dynamic simulation model of the
machine drive system, since it does not require additional
simulation software environment. This allows a time-efficient
model with a considerately high precision that can be
extended to any other SRM with the same stator/rotor
configuration. A 5 hp 6/10 SRM prototype was used as the
target machine for validating the developed model. A co-
simulation model was devleoped, where the power electronic
components and PI controller blocks in
MATLAB/SIMULINK were used to control an FEA model
of the target 6/10 SR machine built in MagNet® by Mentor.
Another method based on inductance and torque look-up
table to analyze the dynamic performance was also carried
out. The strengths and weaknesses of the three methods for
dynamic simualtion of the 6/10 SRM is shown in table 1. As
shown in Fig. 5 (a)-(c), the model validation results show a
good match with the actual results. Furthermore, the results
from the dynamic co-simulation of the drive system agrees
with the results obtained using the developed model, as
shown in Fig. 5 (d)-(e).

TABLE I
COMPRISON OF THE DIFFERENT SOLUTIONS FOR DYNAMIC SIMULATION
Evaluation . Co- . Look-up Table Prop()?ed
Criteria Simualtion Based Model Analytical
Model Model
Resourc; High Low Low
Consumption
COS%;C;; " High Low High
ED):;;ZZIE; High High Low
Elapsed
Simulation High Low Moderate
Time
Storage Space i
> igh Moderate Low
Requirement
Simulation
Results Error Low High Low
Level
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~—L In order to quantify the error of inductance model, a Mean
= 50 100 150 200 250 300 350 400  Absolute Percentage Error (MAPE) was calculated, the
Electrical Angle of Rotor Position (degree) MAPE is expressed as:
(®)
100% | 4, = F,
o MAPE = >l (14)
. . . P
Actual Back—EMF Profiles ] :
Results from Back—EMF Model
where 4, and F, are the actual value and forecast value
respectively. Fig. 6 (a) indicates the the variation of error
along different phase current level. One could infer that the
error of the model reduces significantly at higher current
level. This phenomenon can be attributed to the truncated
Fourier series used in modeling the relationship between
-20 . ", .
phase inductance and rotor position. Since the phase
-40 inductance profile of the SRM is increasingly close to a
. sinusoidal waveform when the phase current gets into the
saturation region of the machine, and the truncated Fourier
-80 series is mathematically expressed as a sinusoid-based series,
_160 i . i i i i i the modeling error with respect to rotor position would
50 100 150 200 250 300 350 400 5 : : :
Electrical Angle of Rotor Position (degres) decreasg Wlth the increasing phase current. Fig. 6 (b) shqws
the relationship between error of the model and rotor position.
© In this figure, one can easily recognize the sampling positions
of the inductance data acquisition, which is the position at 0°
(equivalent to 360° as fully aligned position), 30° (equivalent
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to 330°) , 120° (equivalent to 240° and 180° of electrical
angle (fully aligned position), since the error around these
positions are relatively lower.
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Fig. 6. Error variation of the inductance model for (a) different phase
current level and (b) different rotor position.

Iv. CONCLUSIONS AND FUTURE WORK

This work proposes an analytical model for a high-rotor
pole 6/10 SRM. The machine model is derived from an
analytical inductance model utilizing truncated Fourier series
as well as multi-order polynomial curve-fitting routines. This
approach can be used to develop a detailed behavioral model
towards the design and implementation of the SRM drive for
any operating point. This model was found to be effective in
predicting dynamic behavior of the machine using a small set
of inductance measurements obtained and stored offline. This
machine configuration does not allow the direct measurement
of inductance coefficients at specific points of interest from a
single position, which is possible for a conventional 8/6
SRM. This limitation necessitates the use of a rotary indexer
to lock the shaft/rotor during the inductance measurement to
obtain fully unaligned position of the 6/10 SRM for accurate
inductance calibration from a hardware setup.

The validation results of the model show a good match with
the actual simulation results, the maximum MAPE was nearly
3.1%.
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