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The switched reluctance motor (SRM) has attracted attention in recent
decades, due to its robustness, low manufacturing cost, and other
performance characteristics. Thanks to the accepted and widely used
mathematical model of this motor, model-based controllers, whose main
foundation is the precise knowledge/identification of the motor parameters,
are frequently reported in the literature and required in the industry. This
article proposes a parametric identification for switching reluctance motors
under an algebraic approach. The identification is based on the unsaturated
model of the motor whose electrical parameters depend on the angular
position. This work proposes an adaptation of the classic identification
method defined in the spatial and temporal domains, due to the angular
dependence on the electrical parameters and the temporal dependence on the
mechanic parameters. In addition, the proposed identification strategy is

Switched reluctance motor simulated and experimentally validated in a DSP-based test bench. Reduced

identification times, low error rates, and non-dependence of tuning
parameters were obtained.
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1. INTRODUCTION

Advancements in signal processing and control techniques have made some previously overlooked
electric machines, like the switched reluctance motor (SRM), a viable option for high-performance
applications. Historically, direct current (DC) motors dominated motion systems, but alternating current (AC)
motors are now prevalent in robotics due to their robust structure, lower manufacturing costs, and minimal
maintenance [1]. Although SRM was less favored for decades, its simple construction, efficiency, and wide
speed range have reignited interest in recent years [2], [3]. In the automotive sector, SRM has become
particularly attractive due to the rising cost and supply constraints of rare-earth materials essential for
permanent magnet motors. This challenge makes SRM a competitive alternative for electric vehicle
production [4], [5].

Numerous motor identification strategies have been proposed, aiding in model-based controller
design and motor development [6], [7]. Both heuristic and deterministic methods allow parameter estimation,
either offline or online [8], [9]. Notably, SRM parametric identification has been reported with various
techniques, including neural networks and fuzzy logic, many of which rely on heuristic tuning [10], [11].
A significant number of approaches focus on current versus flux or angle versus inductance estimations,
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overlooking other important parameters like resistance, friction, and inertia [12]. These strategies often
require large data tables, increasing memory demands in embedded systems.

Recent studies propose online identification methods embedded in the control loop to estimate SRM
parameters [13], although their convergence is often dependent on process dynamics. There is thus a need for
identification strategies that can operate both in open and closed-loop configurations, with improvements in
convergence and error reduction [14], [15]. The algebraic identification method proposed in this work builds
on the approach detailed in [16], offering precision and fast convergence for linear and nonlinear systems,
and successfully implemented in various control loops [17], [18].

In the context of SRM, electrical parameter identification poses a unique challenge due to the
complex inductance matrix. This is particularly true for motors with fewer poles, where inductance depends
strongly on angular displacement and exhibits periodicity [19]. The proposed methodology addresses this by
combining spatial and temporal domain strategies to enhance the accuracy and speed of the identification
process. The spatial domain approach has shown success in systems where electrical or mechanical dynamics
are spatially dependent [20], offering new possibilities for better identification and control in various fields.
The contributions of this paper include:

— Full identification of SRM parameters, including both mechanical and electrical components.

— A hybrid algebraic method using spatial and temporal domains for improved accuracy and speed.

— Experimental and simulation results demonstrating reduced convergence time and low parametric error.
— A parameter-free tuning strategy that simplifies implementation.

— Compatibility for both online and offline use.

This paper is organized as follows. Section 2, method presents the identification strategy, the SRM
model, and practical implementation details. Section 3, results and discussion, analyzes the outcomes of
simulations and experimental tests. Finally, section 4, conclusion, provides the concluding remarks and
highlights the key findings.

2. METHOD
This section presents the strategy for estimating electrical and mechanical parameters in a SRM
using an algebraic approach and some practical aspects to evaluate the proposal.

2.1. ldentification strategy

Figure 1 represents the proposed identification strategy, which is divided into two phases. The first
phase involves identifying the electrical parameters, which is carried out in the spatial domain. Once the
inductance function is identified, the induced torque can be estimated, enabling the second phase, which
corresponds to estimating mechanical parameters in the temporal domain. This domain change requires
sampling the variables in each domain experimentally. Specifically, for the spatial domain, the encoder
provides the sampling clock signal. The open-loop control applies a fixed voltage to the corresponding phase,
ensuring continuous angular displacement, making position measurement essential. To detail the proposed
strategy, the SRM model is briefly presented:

: : pulses

0 @ =~

l 1 zoh|— : i,

open loop u SRM ";;F' )

control =
Bls; 7]

Speittii?rI] ::%?]bg?ic fo?) Algebraic estimation of $
electric parameters |~ mechanic parameters | b,

Figure 1. Strategy proposed for SRM identification
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2.1.1. Dynamic model of the switched reluctance motor

The structure of a SRM, shown in Figure 2, consists of salient poles on both the stator and rotor.
Opposing stator poles share a winding of the same phase, and rotor movement occurs when winding
excitation causes the poles to align, maximizing magnetic flux. The motor depicted is a 4/2 SRM
configuration, with four stator poles and two rotor poles, corresponding to two phases.

Figure 2. SRM 4/2

This SRM model is widely accepted and experimentally validated. It assumes that the stator phases
are magnetically uncoupled, with negligible mutual inductance [21]. Omitting saturation and friction, the
SRM dynamics are governed by the following (1) to (3) [22]:

6(t) = w(t) 1)
Jo(t) = %iT(t)C @)i(t) — bw(t) — T, (t) )
lX@%%zu@}ﬁﬂﬂﬂ@Kﬂ—ma) 3)

For an N-phases motor, u = [uy, u,, ...uy]" and i = [i;, i,, ...ix] T are the phase voltage and current
vectors, 6 is the rotor's angular position, t;, is the load torque, J is total inertia (rotor and load), b is the
viscous friction coefficient, while D(8) and R represent the inductance and resistance matrices:

D(8) = diag [f1(6), f2(6), ..., fn(6)] 4)
R =diag [r, 15, ..., Ty] 5)

with C(8) = dz—?). The variable f;(0) is the inductance of phase j (j = 1, ...,N), periodic with a period 21/
N,, where N.. is the rotor pole count. Using a Fourier series approximation:

£1©) = Yo = Z5es {5 sin [pNe6 = G = D]+ 8, cos [pmo - G- DT} ©

where lj;, to lj;, are inductance coefficients.

Lastly, the torque generated by the SRM t exhibits semi-periodicity, depending on rotor pole count
and phase currents, following (7):

r=§%gamuo 7

2.1.2. Electrical parameters identification

Given the structure of the inductance matrices (C and D), the dependence on angular displacement is
evident in the mathematical model described. Regardless of the asymmetries in the SRM's construction, the
behavior of the associated magnetic reluctance is repeated in each rotation.
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An angular domain representation of the electric and magnetic dynamics makes the terms periodic
over a defined angular period. Therefore, its representation in the time domain is affected by both position
and speed. This angular dependence motivates a spatial domain approach to algebraic identification. In (3),
which represents current dynamics in the temporal domain, can be transformed into the spatial domain using
the following definition [20]:

af(e) _ dedf(® _ _ df(e)
ac at a0 ae ®)

Applying this transformation to (3), we obtain:

D(8) 2+ C(0)T + R, (8) = 9,(6) 9)
where,

9,(0) =

I, 9,(0)==1 (10)

el r

1
®
Using the chain rule and reorganizing terms, this becomes:

d

=5 B(6) + R, (6) = 9,(6) (11)
with

B(6) = D(O)T (12)
Applying the Laplace transform to this equation for algebraic treatment gives:

SB(5) — B(0) + RV, (5) = V,(5) (13)
Differentiating with respect to the Laplace variable 5 to eliminate initial conditions:

_ _d _ d _ d _

B(5) + SEB(S) + Rgvl(s) = EVZ(S) (14)

Multiplying by 5§~ and returning to the spatial domain results in an integral relationship:
0 0 0
fo BA) dA — 6B — Rfo A9, (D) dA = —fo A9, (A) dA (15)

According to Loria et al. [23], it is feasible to approximate (6) using a single harmonic for motors with more
than two phases. However, the 4/2 motor used in this validation achieves an accurate approximation using the
following inductance function:

fi = ljo — lj; sin(20) — [j; cos(20) — I, sin(46) — [, cos(46) (16)

Thus, (15) for phase j becomes:

Lopji + ipj2 + Gipjs + [opja + [pjs + 1iDje = 4 (17)
where,

pjn(8) = [ () dA -8 (18)

P2(8) = — [ §;() sin(24) dA + i sin(26) (19)

pj3(8) = — [ ;() cos(24) dA + Bi; cos(26) (20)

Hybrid methodology for parameter algebraic identification in spatial/time ... (Carlos Vergara-Ramirez)



774 a ISSN: 1693-6930

p;a(8) = — [ ;() sin(41) dA + Bi; sin(46) (21)
pjs(8) = — [ ;() cos(4A) dA + Bi; cos(46) (22)
Pje(®) = — [TA8;, () d, q;(8) = — [7A9;,(D) dA (23)

This can be represented as a linear system:

P;®; =gq;, (24)
where,
Pi=[py P2 Pis Pia Djs Djel (25)
T
9} = [l]'0 ljsl ljcl ljSZ ljcz T}] (26)

The electrical parameters of each phase, including resistance and inductance function coefficients ©;, are
determined by solving the linear system in (24). The required variables include current, voltage, speed, and
position. Next, we present the strategy for identifying mechanical parameters under the same algebraic
approach.

2.1.3. Mechanical parameters identification

Based on the mechanical model of the SRM given in (1) and (2), without considering the load
torque and deriving once with respect to time to eliminate constant uncertainties, we obtain:

J® =1, —bw (27)
Applying the algebraic procedure in the frequency domain, the Laplace transform results in:

JIs?W (s) = sw(0) = @(0)] = sUr(s) — uc(0) = b[sW(s) — w(0)] (28)

Differentiating twice with respect to s, to eliminate initial conditions for speed, acceleration, and torque,
leads to:

dUL(s) d?Ux(s)
=2—1—=4s—=
ds? ds ds?

dw (s) 5 d2w(s) dw (s) d2w(s)
2 4[24 (29)

J [2W(s) +4s 2 4 s

S

Multiplying both sides by s? and applying the inverse Laplace transform results in the following integral
relation:

Jp1(t) + bpy(t) = qp(t) (30)

This can be written as a linear combination:

PO = G (31)
where,
Pn=1Ip1 vl 0= bl" (32)
with:
() =2 [} [ wA)dAdX — 4 [ Ww()dA + t2w (33)
() = =2 f; [ Aw)ddA + [L 2w dA (34)
Gm(®) = =2 [} [* MuA)dN dA + [ W 2u, (D) dA (35)
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The parameters J and b are obtained by solving (31). For this process, it is necessary to acquire the phase
currents, position, and speed, in addition to estimating the torque generated by the motor using the identified
inductance matrix D(6) and (7).

2.2. Practical aspects for algebraic identification
To solve numerically (24) and (31), we can estimate the parameters vector ® using the least squares
method, which minimizes the integral of the quadratic error:

J(©,x) = % I €2(8,)dA (36)
where the residual error is defined as (37):

€(0,x) = P(x)0 — q(x) @37)
and the estimate is:

0 = arg{ min J(,x)} (38)
with x being 6 for electrical parameters and t for mechanical ones. The analytical solution is given by (39):

0 =[[FPrOPWAA [} PT(Dq(DdA (39)

2.2.1. Parametric error index
The sensitivity index measures how the residual error changes when a specific parameter varies:

AD = /J(@, t) (M) (40)

indicating the maximum parameter variation without doubling the error. A smaller index implies better
estimation quality. Where M, = fox PT(AM)P(A)dA and M;;(i‘i) is the corresponding value to the component
of position (i, i) from M.

2.2.2. Numerical solution

Following [24], QR factorization is employed for solving (39), providing computational efficiency
for real-time applications.
—  Numerical integration

The integral of f(x):

1(x) = [, f)dA (41)
was computed via Euler’s method:

I(kA, + A) = 1(kA,) + A f (KA, (42)

with Ag = /500 for the spatial domain and A, = 100ps for the temporal domain. The next section presents
both simulation and experimental results using the proposed strategy, Figure 1.

3. RESULTS AND DISCUSSION

The mechanical and electrical parameter identification strategies were validated through both
simulation and experimental processes, using open-loop control for the SRM. Current, voltage, position, and
speed signals were acquired, and (24), (31), and (39) were applied to calculate the parameters.

3.1. Practical aspects for algebraic identification

Reference values for the inductance matrix D(0) and resistance matrix R were measured using an
RLC instrument (PM6306, FLUKE), varying the rotor’s angular position. The results of these direct
measurements are listed in the second column of Table 1.
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Using Simulink® and MATLAB®, the parametric identification process was simulated for ten
inductance function coefficients, two-phase resistances, inertia, and viscous friction coefficient. Figure 3 and
Table 1 shows the simulated results, mechanical parameter estimation began 0.2 s later, as it depends on the
inductance matrix.

Table 1. Simulation results of the proposed strategy
SRM parameter  Assigned value, ®  Estimated value, ®  Parametric error, A®

lio 8.07 x 1073 8.15x 1073 1.61x 107°
Lyo 8.09 x 1073 8.25x 1073 1.72 x 1075
15, 7.22x 1073 7.22x 1073 1.32x107°
15, -7.30x 1073 -7.39x 1073 1.49 x 1075
15, —3.79 x 1073 -3.73x 1073 1.60 x 1075
15, 3.82x 1073 3.87 x 1073 1.54 x 1075
15, 1.54 x 1073 1.53 x 1073 8.42 x 107
15, 1.58 x 1073 1.59 x 1073 6.85 x 107
15, 1.69 x 1073 1.65x 1073 1.05 x 1075
1S, 1.84 x 1073 1.82 x 1073 8.78 x 107
n 2.56 2.56 1.85x 1075
7 2.56 2.55 1.305 x 107°
] 421x1075 424 x 1075 1.41 x 107
b 2.24 x107* 2.26 X 107* 134 x 1075
x10°° i . . . . .

el J__J| 10}

= ; |

4.4
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-
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>
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Figure 3. Results of simulation for inertia, friction, r;, and 1,, parameter identification

3.2. Experimental results

A low-cost test bench was designed for signal processing, acquisition, and generation, as shown in
Figure 4. The SRM was controlled via an asymmetric half-bridge power converter [25] operating at 12.5 kHz
and modulating a DC source of up to 30 VDC. The acquisition circuit for current and voltage used the
integrated AMC1100 at a sampling rate of 10 kHz. The SRM used is a 4/2, 500 W motor HSSRM-52F-
50310, coupled to a permanent magnet synchronous motor (PMSM) AKMZ22E. The real-time signal
processing was handled by a Delfino TMS320F28377S microcontroller. The encoder resolution was set to
1000 pulses per revolution, and data were recorded on a host computer.

Data were acquired similarly to the simulation process, exciting the SRM in open loop as per
Figure 1. The results were compared with the strategy in [14], which used parameters A = 50, = 0.6, and
P, = 0.61. In Figure 5, the inertia and friction parameter identification results are shown. Table 2 presents the
results, along with their error indices, comparing them with [14].
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Figure 5. Experimental estimation of inertia, friction, r; and L{;: solid line signal from the proposed strategy,
dashed line signal from [14]

Table 2. Experimental results of the proposed strategy and [14]

SRM parameter

Estimated value, ®

Parametric error, A®  Estimated value with [14] 8,

Parametric error with [14] A®,

Lo 10.2 x 1073 5.16 X 1072 9.93 x 1073 1.23x 107!
Lyo 9.99 x 1073 471 x 1072 9.57 x 1073 1.39x 107!
51 9.14 x 1073 5.35x 1072 8.82x 1073 1.31x107¢
51 —9.28 x 1072 4.85x 1072 —8.84x 1072 1.47 x 107*
¢ —5.36x 1072 5.81x 1072 —5.50%x 1072 1.37x 107¢
< 5.92x 1073 5.28 x 1072 6.03x 1073 1.53x 107¢
5, 2.14x 1073 339 x 1072 2.29x 1073 8.24 x 1072
52 233 x1073 3.06 x 1072 2.53x 1073 9.17 x 1072
¢, 1.59 x 1073 1.41 x 1072 1.56 x 1073 414 x 1072
S 193 x 1073 1.36 x 1072 1.82x 1073 4,57 x 1072
n 2.08 1.46 x 1073 2.08 423 x 107!
T 2.20 1.62 x 1073 2.20 4,75 x 107!
Ji 4.34x 1075 2.54 x 1076 413 x 1075 6.98 x 1075
b 222 x107* 1.81x10°° 2.23x107* 1.01x 10~*

Based on the simulation results (Table 1 and Figure 3) and experimental results (Table 2 and
Figure 5), it is evident that the proposed spatial/time domain methodology effectively estimates the electrical
and mechanical parameters of the SRM. In the simulation results, a rapid convergence of the estimated
parameters to the assigned values is observed in less than 0.3 seconds. Similarly, the experimental results
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demonstrate a fast response, with minimal variation after 1 seconds, being nearly five times faster than that
reported in [14].

Regarding the parametric error indices, the simulation results show values very close to zero, with
the highest index being 1.85 x 10~5. However, in the experimental results, a considerable increase in these
indices is observed, where the maximum value obtained by the proposed method is 5.81 x 1072, This
increase could be attributed to signal noise, mechanical and electrical defects in the test-bed, discretization of
temporal and spatial domains, as well as other practical phenomena that introduce uncertainty in the
estimation. Nonetheless, even in terms of error indices, the proposed method proves superior, as these values
are at least twice as low for any parameter compared to those obtained with [14].

The obtained simulation and experimental results confirm that the strategy can be implemented in
both on-line and off-line applications, achieving fast estimations with low parametric error and no need for
tuning, in comparison to other strategies like [14]. A key challenge for future work is to reduce the
parametric error indices in experimental applications and to implement the strategy within an adaptive
control scheme that requires online parameter estimation.

4. CONCLUSION

This study introduces a comprehensive identification methodology SRM parameters, encompassing
both mechanical and electrical components. By employing a hybrid algebraic approach that combines spatial
and temporal domains, the proposed method enhances identification accuracy and convergence speed,
addressing key challenges in parameter estimation. Experimental and simulation results validate this
methodology, demonstrating significant improvements in convergence time and minimizing parametric error
compared to conventional approaches. One of the notable strengths of this method is its parameter-free
tuning strategy, which simplifies implementation and reduces the need for extensive adjustments, making it
practical and efficient for real-world applications. Additionally, its compatibility for both online and offline
use broadens its applicability, enabling seamless integration into control loops for high-performance systems.
These features collectively make this approach a valuable tool for engineers and researchers working in
identification and control systems, as it meets the rigorous demands of modern applications in precision and
responsiveness.

As a direction for future research, this methodology could be applied to online operations, such as
adaptive control strategies, to further explore its potential in dynamic and continuously changing
environments. Such applications would not only validate its robustness but also expand its utility in real-time
scenarios where precision and adaptability are critical.
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