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Abstract

High performance control and analysis of switched reluctance machines (SRMs) require accurate modeling of their magnetic 

characteristics. However, the doubly salient structure and deep magnetic saturation make it very complicated to accurately model SRMs. 

This paper presents a high fidelity model development for SRMs. The model is developed based on the experimental measurement 

of flux-linkage and torque characteristics. The introduced measurement noises / errors are investigated carefully. Then several post-

processes are achieved to reduce these noises. The measurement accuracy is verified by three methods: finite element method (FEM), 

search coil comparison, and LCR meter. The measured data are employed after proper rearrangement to build a dynamic MATLAB 

simulation model for the tested 8/6 machine. The model accuracy and dependability is achieved experimentally.
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1 Introduction
Switched reluctance machines (SRMs) have many inter-
esting features of rugged and simple structure, low cost, 
less maintenance, high efficiency, high reliability, and 
high speed capability. They are powerful alternatives to 
be applied in electric vehicles, aircraft, ships, and home 
appliances [1-6]. However, SRMs possess a high nonlin-
earity in their magnetic characteristics. The nonlinearity 
returns to their double saliency and deep magnetic satura-
tion. This in turn results in poor modeling of SRMs [7-10].

Proper control of SRM requires accurate machine model. 
The magnetic characteristics of SRM are of great value 
as they are the back-bone of machine model. The magnetic 
equivalent circuit (MEC), finite element method (FEM), 
and experimental measurements are basically the most 
effective solutions that are employed to estimate the mag-
netic characteristics of SRMs [9-13]. MEC has a compli-
cated calculation procedures and processes. Moreover, the 
adopted assumptions and approximations affect enor-
mously its calculation accuracy [11]. FEM is a common 
accepted tool for characteristics calculation, machine 
design, and performance analysis of complicated structures 

like SRMs [11-13]. However, FEM requires the detailed 
design data of machine structure and material properties. 
Moreover, the magnetic steel data is not easy to find, it may 
not be open to public [11]. Furthermore, tolerances intro-
duced by the manufacturing process make it difficult to 
have the exact data of machine design. Even though the 
introduced tolerances are small, they may cause a signifi-
cant error between FEM and real / measured results [9]. 
On the contrary, the experimental measurement methods 
don't require any of machine data. Moreover, the intro-
duced physical effects and imperfections during manu-
facturing process are contained in measured data [13]. 
Hence, for best modeling accuracy, the experimental mea-
surement methods are adopted in this paper.

Generally, the experimental measurements can be 
categorized into direct and indirect methods [11-13]. 
The direct methods utilize magnetic sensors to directly 
measure pole flux [13], or they may measure the pole 
flux directly after proper processing of induced volt-
age over search-coil that is mounted on stator pole [14]. 
The direct methods are rarely used because they aren't 
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providing a satisfactory accuracy that is because of the 
leakage flux [9, 13]. On the contrary, the indirect meth-
ods calculate flux indirectly by measurement and pro-
cessing of phase voltage and current [11]. They can pro-
vide simple structure, low cost, and better accuracy [9]. 
Therefore, indirect techniques are adopted in this paper.

In [15], the flux linkage characteristics are calculated 
based on discharging of a previously charged capacitor 
over the motor phase windings. The phase voltage and 
current waveforms during discharging process are mea-
sured and processed to estimate the flux linkage indirectly. 
In [16], a DSP based instrumentation system is used to 
remove offset error. It is also used for the online estimation 
of phase resistance. In [9], the initial pole flux is consid-
ered. A high frequency pulse injection is used to cancel it. 
But, the increased core losses may affect measurement 
accuracy. In [17], a pure AC source is used for flux cal-
culation. The source harmonics and high core losses may 
have a significant effect on measurement accuracy. In [18], 
the measured torque data are used for flux calculation. 
This method isn't suitable for small torque machines 
because of the offset torque of friction and mechanical 
misalignment. In [19, 20], a fast method for flux measure-
ment is introduced that requires neither rotor clamping 
device nor position sensor. But, the measurement accuracy 
can be affected by rotor misalignment. It also needs cur-
rent sensors and semiconductor devices. It isn't suitable 
for machines with that are highly saturated or have a high 
mutual-inductance. Therefore, this paper adopts the rotor 
clamping devices for flux measurement. On the other hand, 
the static torque characteristics can be measured directly 
using force / torque sensors [13], or it can be estimated 
from the obtained flux linkage characteristics [8, 11].

Once precise flux and torque characteristics are obtained, 
they can be employed to accomplish a highly trusted model 
of SRM [21-26]. The most common approaches for SRM 
modeling are analytical methods [9, 21, 22], intelligent algo-
rithms [8, 23, 24], and lookup table method [13, 25, 26]. 
The analytical methods are not an easy task because the 
flux and torque are a function of both rotor position and cur-
rent [21]. It is essential to fit the flux / torque data against cur-
rent / rotor position. Then, the obtained fitting coefficients will 
require an additional fitting against rotor position / current. 
Moreover, one or more analytical expressions are required to 
achieve acceptable accuracy [9]. Intelligent algorithms can 
hardly obtain a satisfactory accuracy. They require experi-
ence and may not be suitable for real-time processing as they 
may need very powerful microcontrollers [23]. For lookup 

table techniques, the model of flux / torque characteristics is 
commonly established based on interpolation and extrapola-
tion for the measured data. However, the size of stored data 
affects the accuracy. The bigger the data size, the better the 
accuracy [25, 26]. But, this requires more memory to store 
the data. The memory is not a big problem anymore thanks 
to the huge progress in microcontrollers' design [27].

This paper presents an accurate model development 
for SRM. It experimentally measures the flux linkage and 
torque characteristics. The measured data are employed 
after proper rearrangement for model development. 
The measurement accuracy is verified by three differ-
ent methods. The model is experimentally verified with a 
series of results under different operating points.

The rest of this paper is as follows:
• Section 2 presents the measurement method theoret-

ically and explains the platform experimentally.
• The measured results are obtained in Section 3
• While Section 4 analysis the noise / error in mea-

surements and gives the adopted post-processes to 
reduce them.

• Section 5 verifies the measurement accuracy using 
three different methods.

• Section 6 contains the scrupulous evaluation. It also 
explains the model development procedure for SRM. 

• Finally, Section 7 is a conclusion.

2 Measuring method and platform
The phase voltage (V) and current (i) are used to measure 
phase flux linkage (λ) indirectly. At a known and desired 
rotor position (θ), V and i are measured and recorded 
after application of a pulsed DC voltage to one phase wind-
ing. The calculation process of flux-linkage (λ) is achieved 
as given in Eq. (1) or its discrete form using the improved 
Euler formula as illustrated by Eq. (2) [13].

λ θ λi V Ri dt,( ) = −( ) ⋅ + ( )∫ 0  (1)

λ λn V k Ri k ts
k

n
( ) = ( ) − ( )[ ]⋅ + ( )

=
∑
1

0  (2)

where R is the phase resistance. As SRM has no perma-
nent-magnets, the initial flux λ(0) is zero. n represents the 
adopted number of samples. ts is the sampling period.

On the other hand, for torque measurement, while lock-
ing the rotor at a specific known position (θ), the phase cur-
rent and torque signals are measured and recorded directly. 
In order to generate the complete flux / torque data, the above 
measurement procedure should be repeated several times 
according to the desired resolution of rotor positions.
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The wiring and schematic diagram of the measure-
ment platform is illustrated in Fig. 1. The experimental 
implementation of the platform is given in Fig. 2. A brief 
description of hardware components is as follows:

1. SRM: it is a 5 hp, 1500 r/min, 8/6 poles, 4 phases 
machine.

2. DRBK Torque transducer: it has a 0.5 % accuracy, 
100 Nm full scale, 1 kHz sampling frequency.

3. DSP: it is a Texas instruments TMS320F28379D 
board.

4. Asymmetric IGBT bridge converter: it is the most 
common and used converter for SRM drives.

5. PC: it is used for the purpose of data collection and 
monitoring using LABVIEW software

6. Other circuits such as IGBT gate-driver, current and 
voltage transducers are also used.

3 Measurement results
Only one phase can be used for measurement because 
SRM has an identical geometrical structure. For 8/6 SRM, 
60° mechanical degrees represents a full electrical period 
(180° electrical) [13]. Because of the symmetrical struc-
ture of stator and rotor poles, only half electric period or 
30° mechanical degrees are adopted for measurement. 

The remaining half part of machine characteristics can be 
estimated by proper mirroring. The measurement process 
starts at the unaligned position (θ = 0°) and ends at the 
aligned position (θ = 30°).

3.1 The measured results of flux-linkage
The tested 8/6 SRM is equipped with one-turn search coil 
on each stator pole. This search coil is used as a direct 
method of flux measurement for the purpose of verifi-
cation. The flux linkage can be obtained by direct inte-
gration of induced voltage (e) on search coil. The mea-
surement results of flux linkage involve both indirect and 
direct methods compared to each other.

Fig. 3 (a) gives the experimentally obtained results 
for phase voltage and phase current at aligned position. 
Once, V and i are obtained, they are processed according 
to Eq. (2) to estimate phase flux linkage. The measured 
flux curve at this aligned position is given in Fig. 3 (b). 
The induced voltages (V-i.R, e) are measured and recorded 
as shown in Fig. 3 (c).

Fig. 3 shows the obtained flux curve at one position. 
The complete flux characteristics are obtained by repeat-
ing of the measurement procedure at different rotor posi-
tions. The complete flux characteristics are illustrated 
in Fig. 4. The maximum adopted current is 20 A with posi-
tioning step of 1°.

3.2 The measured results of inductance
Once the flux curves are obtained, Eq. (3) can be used for 
inductance calculation [11, 28]. The estimated inductance 
pattern is shown in Fig. 5. The inductance is plotted against 
rotor position with several current levels. As noted, the 
inductance saturation level changes with the current level.

L i i di, ,θ λ θ( ) = ( )  (3)

3.3 The measured results of static torque
The electromagnetic torque of the SRM is measured 
directly using a DRBK torque sensor / transducer. Due to 
the limited sampling frequency (1 kHz) of the DRBK 
torque transducer, the measurement accuracy may be 
affected. Better accuracy can be achieved if it is pos-
sible to measure a big / reasonable number of samples. 
As the transducer can measure only 1000 sample per 
second and it isn't possible to increase its sampling fre-
quency, the main focus is to increase the measurement 
time. This will ensure enough number of measured sam-
ples that reflect satisfactory measurement accuracy. The 

Fig. 1 The wiring diagram for the measurement platform

Fig. 2 The experimental test-bench
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measurement time can be extended with an addition of 
external inductance that is connected in series with motor 
winding. This inductance will increase the time constant 

(inductance / resistance). Hence, the phase current will 
increase slowly giving more time to record more torque 
data / samples. Fig. 6 (a), (b) shows the measured torque 
signal along with phase current at position of 20.5° and 
28° respectively.

In order to generate the full data of torque characteris-
tics as shown in Fig. 7, the above measuring torque pro-
cedure should be repeated several times regarding the 
required position resolution. As observed, the measured 
torque data in Fig. 7 (a) include a notable noise. It requires 
proper filtering. Therefore, a smoothing filter within 
LABVIEW software is used. The measurement sampling 
frequency is 10 kHz which is 10 times more than the sam-
pling frequency of torque transducer (1 kHz). Hence, the 
filter is designed to smooth measured data over a band of 
6 samples. The filtered data are given in Fig. 7 (b).

(a)

(b)

(c)

Fig. 3 The measured waveforms at the aligned position of 30°. 
(a) The voltage and current waveforms, (b) The flux-linkage 

waveforms, (c) The induced voltages waveforms (e, V-Ri)

Fig. 4 The measured flux curves at resolution of 1°.

Fig. 5 The measured inductances with current resolution of 1 A.

(a)

(b)

Fig. 6 The measured current and torque waveforms at (a) 20.5°, (b) 28°
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4 Error analysis and minimization
There are several errors / noises that are introduced during 
measurement process such as signal errors, parameter 
errors, and calculation errors. These errors can affect mea-
surement accuracy and therefore need to be well post-pro-
cessed in order to reduce / cancel them.

4.1 Signal errors
The signal errors include sensor-offsets and nonlinear-
ities, electronics noises, and the quantization errors. 
Therefore, the voltage and current transducers are 
inspected precisely in order to compensate the signal 
error. A high accuracy and linearity current transducer 
(LAH50-P) and OPAMP voltage transducer based circuit 
are used in the measurements. The quantization errors 
are reduced through the differential connection of DAQ. 
In this connection, the analog to digital converter (ADC) 
of the DAQ can achieve 14-bit resolution that can ensure 
minimized quantization errors.

4.2 Parameter errors
The rotor position and phase resistance are the main 
sources of parameter errors. These parameter errors hap-
pen as the measured values differ from their actual values. 

The variation of phase resistance is reduced by two ways. 
First, DC measurement of phase resistance is achieved 
for several times. Then, the actual resistance is taken as the 
average value. Second, the voltage and current pulses 
are applied for a very short time and very low frequency 
(< 1 Hz). Hence, minimum effect on measurement is guar-
anteed as the temperature of motor coils will not rise rap-
idly [7, 10].

As the rotor of SRM is mechanically fixed, the source 
of rotor position error is the encoder itself. Therefore, 
in order to reduce rotor position error, a small angular 
step encoder is employed. The encoder has 1024 PPR. 
It is capable of output 4096 positions per revolution with 
an angular step of 360 / 4096 = 0.088°. Hence, the position 
error (0.088°) is tiny and can be ignored.

4.3 Calculation errors
The numeric integration of phase voltage and current 
for flux calculation is the main source of calculation errors. 
These errors depend on the integration method and the 
sampling frequency. If a too low sampling frequency is 
used, the voltage and current waveforms will be distorted. 
Hence, the truncation errors of the numerical calculations 
will increase. On the contrary, if a too high sampling fre-
quency is adopted, the rounding error will increase because 
of the huge number of computations. In this paper, the sam-
pling frequency is 15 kHz to reduce errors.

5 Verification of measurement data
The measured flux and torque data are verified by three 
methods:

1. Finite element method (FEM), 
2. Comparison with search coil results, 
3. And finally inductance-capacitance-resistance 

(LCR) meter as follows in Subsections 5.1-5.3.

5.1 Finite element method
The FEM is adopted to calculate the pole flux linkage and 
the electromagnetic torque characteristics. For model sim-
plification, the following assumptions are made [12]:

• Zero magnetic vector potential for the outer surface 
of stator, 

• Isotropic rotor and stator materials, 
• Constant air-gap length with concentric stator and 

rotor poles, 
• Z-directed current density and magnetic vector 

potentials, 
• Neglected core and hysteresis losses, 
• Neglected end-winding and skin effects. 

(a)

(b)

Fig. 7 The measured torque curves at 0.4:0.4:19 A. 
(a) The non-filtered data, (b) The filtered data
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The basic structural dimensions of SRM are listed 
in Table 1.

Fig. 8 shows the FEM obtained flux characteristics 
in comparison with the measured flux data while the 
obtained inductance curves are illustrated in Fig. 9. Fig. 10 
gives the torque characteristics. As noted for all these mea-
sured characteristics, a good agreement between FEM cal-
culated and measured data is found. Noting that, the FEM 
accuracy and reliability depends mainly on dimensional 
parameters of machine and its material characteristics.

5.2 Search coil comparison
The installed search coil on stator poles is used as a direct 
method for flux measurement. After the flux is measured 

using search coil, a comparison of flux curves is given 
in Fig. 11. As seen, a very good agreement is found. 
Furthermore, this agreement is more obvious with mea-
sured flux curves in Fig. 3 (b). However, the obtained flux 
results with the direct method are a maximum of 2 % less 
than their corresponding results with the indirect method. 
This is mainly due to leakage flux.

5.3 LCR Meter
The LCR meter uses an AC source for inductance measure-
ment. The phase inductance is a function of phase voltage 
and current as illustrated in Eq. (4) [26]. At a certain rotor 
position, the voltage and current data is obtained by direct 
measurement then the inductance is calculated according 
to Eq. (4). The supply frequency ( f ) is known as 50 Hz. 
The measurement procedure should be repeated several times 
at different rotor positions in order to produce the inductance 
curve as illustrated in Fig. 12. As noted, fine agreement is 
observed that can confirm the measuring accuracy.

L i
f

V i R,θ
π

( ) = ( ) −
1

2

2 2  (4)

6 Model development and detailed evaluation
For the detailed evaluation of measurement results, a sim-
ulation model for the experimentally tested 8/6 SRM 

Table 1 The design data of 8/6 SRM in mm

Geometry Parameter Value

Shaft diameter 36

Bore diameter 96.7

Stator outside diameter 179.5

Air gap length 0.4

Height of stator / rotor pole 29.3 / 18.1

Stator / rotor pole arc angle 20.45° / 21.5°

Core length 151

Phase resistance 0.642 Ω

Turns per pole 88

Fig. 8 The measured and FEM-calculated flux-linkage characteristics.

Fig. 9 The measured and FEM inductances.

Fig. 10 The measured and FEM torque characteristics at 2:1:19 A

Fig. 11 Measured flux-linkage characteristics.
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is achieved using MATLAB Simulink environment. 
Considering the mutual inductances between phase A and 
phases B, C and D to be MAB, MAC and MAD respectively, 
the flux for phase A becomes as given in Eq. (5).

λ θa a a AB b AC c AD di V Ri dt M i M i M i,( ) = −( ) + + +∫  (5)

For more demonstration, FEA and flux lines for the 
tested 8/6 SRM is given in Fig. 13. Only phase A is excited 
while the other three phases (B, C, D) have zero cur-
rent. The FEM calculated mutual inductances are given 
in Fig. 14 (a)-(c). It is very clear that the mutual inductances 
are very small compared to self-inductance that is included 
in Fig. 5. Therefore, the mutual inductances are ignored.

Modeling and simulation of one phase of SRM is shown 
in Fig. 15. The inputs are the rotor position (θ) and the 
phase voltage (V). The outputs are phase current (i) and 
phase torque (T). The model utilizes the measurement data 
of flux and torque after proper rearrangement in form of 

lookup tables [24]. The torque data can be rearranged eas-
ily as the torque is measured as a function of current and 
position T (i, θ). The hard task appears with the flux data 

Fig. 12 The LCR and measured inductances at 4 A

Fig. 13 FEM analysis and flux lines at 15°.

(b)

(a)

(c)

Fig. 14 The FEM calculated Mutual inductances between phases. 
(a) A and B, (b) A and C, (c) A and D

Fig. 15 Simulation of one phase of SRM
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λ (i, θ) as model calculates current as a function of flux 
and position i (λ, θ). Hence, the measured flux data λ (i, θ) 
should be processed and rearranged to produce required 
current data i (λ, θ). This can be achieved by interpolation 
and extrapolation of flux data against current for different 
rotor positions. Due to the enormous measured samples of 
flux, the interpolation and extrapolation of current i (λ, θ) 
can ensure a sufficient accuracy.

After the model is built precisely, a series of simula-
tion results are compared with their corresponding experi-
mentally obtained ones in order to verify the measurement 
accuracy and model reliability.

Fig. 16 (a), (b) illustrates the experimentally measured and 
the simulated current waveforms at low speed of 458 r / min 
respectively. The phases' currents are regulated using 
a hysteresis current control with hysteresis band of 0.3 A. 
The current chopping mode is obvious as motor operates at 
low speed. As noted, a very well agreement can be seen.

The DRBK torque transducer has a limited sampling 
frequency of 1 kHz. It is not fast enough to record all the 
dynamic changes in torque signal. It almost measures the 
average torque. Therefore, the torque is calculated analyt-
ically as a function of rotor position and current T (i, θ). 
The analytical expression of phase torque is achieved 
by a proposed third order polynomial as given by Eq. (6). 

The four obtained coefficients (a3(θ), a2(θ), a1(θ), a0(θ)) are 
functions of rotor position as illustrated by Fig. 17 (a)-(d) 
respectively. These coefficients can be easily fitted using 
a seventh order polynomial or their data can be stored 
directly in DSP memory as it is not too much data. The fit-
ting accuracy is illustrated by Fig. 18. As noted a very good 
agreement between measured and fitted torque data is seen

T i a i a i a i a,θ θ θ θ θ( ) = ( ) + ( ) + ( ) + ( )
3

3

2

2

1 0
 (6)

The total electromagnetic torque is the summation of 
the phases' torque. This torque is calculated inside the 
DSP with sampling frequency of 10 kHz that is sufficient 

(a)

(b)

Fig. 16 The current waveforms at 458 r/min, θon = 3°, θoff = 19°. 
(a) The measured waveforms, (b) The simulated waveforms

(a)

(b)

(c)

(d)

Fig. 17 The calculated coefficients for torque data. 
(a) a3(θ), (b) a2(θ), (c) a1(θ), (d) a0(θ)
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enough to record the torque signal properly. Then, the dig-
ital analog converters (DAC) of the DSP are used to output 
calculated torque signal. Good agreement is seen for the 
calculated torque waveforms compared to simulated one 
as shown in Fig. 19 (a), (b).

On the other hand, the experimentally measured and the 
simulated current waveforms at higher speed of 817 r / min 
are given in Fig. 20 (a), (b) respectively. A single pulse 
mode for current control is adopted as motor operates at 
higher speed. A very well agreement is observed. In addi-
tion, good agreement is also noticed for torque waveforms 
as shown in Fig. 21 (a), (b).

Fig. 18 The fitted and measured torque data

(a)

(b)

Fig. 19 The torque waveforms at 458 r/min, θon = 3°, θoff = 19°. 
(a) The measured waveforms, (b) The simulated waveforms

(a)

(b)

Fig. 20 The current waveforms at 817 r/min, θon = 3°, θoff = 19°. 
(a) The measured waveforms, (b) The simulated waveforms

(a)

(b)

Fig. 21 The torque waveforms at 817 r/min, θon = 3°, θoff = 19°. 
(a) The measured waveforms, (b) The simulated waveforms
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