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Abstract— Switched Reluctance Motors (SRMs) are widely
used for their simplicity and cost-effectiveness, for example,
in coarse laser pointing for free-space optical (FSO) com-
munication, with torque ripple being a challenge in their
implementation. This paper introduces an automated, model-
free approach to minimize torque ripple in SRMs despite man-
ufacturing variations. Using an extremum-seeking approach,
the commutation parameters are adapted online to mitigate
the position-dependent velocity ripple through gradient descent.
Simulations show that the method’s effectiveness is consistent
across different SRMs, rendering it applicable to mass produc-
tion, and experimental results verify that torque ripple is almost
entirely eliminated in several hours. The developed approach
enables accurate SRM control with minimal expert knowledge,
functioning as a crucial step toward their deployment in
constellation projects for FSO communication.

I. INTRODUCTION

Due to their mechanical simplicity and cost-effective pro-
duction, Switched Reluctance Motors (SRMs) are favored
as actuators in various applications, including coarse laser
pointing for free-space optical (FSO) communication, en-
countering torque ripple as a significant challenge upon
implementation, see Figure 1. SRMs require an electronic
commutation scheme for current distribution [1], [2], [3], as
depicted schematically in Figure 2.

Torque ripple, a position-dependent fluctuation of the
rotor torque, is primarily caused by a mismatch between
the modeled Torque-Current-Angle (TCA) relationship and
the actual system, resulting in imperfect commutation. The
TCA relationship of an SRM can be measured using a
dedicated set-up [4] or identified from position sensor data
and currents [5]. The former requires expensive equipment,
and while the latter overcomes this problem, it still requires
expert knowledge for successful deployment.

Indeed, manual calibration of each SRM’s commutation
scheme is cost-prohibitive in mass production, e.g., for
constellation projects requiring thousands of FSO communi-
cation terminals. Therefore, in [6], an approach is developed
to design a single, robust commutation function capable
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of controlling a variety of SRMs with slight differences.
Considering the variance of the modeled TCA over different
SRMs or rotor teeth, the average torque ripple over all
SRMs or teeth is reduced. Still, as individual manufacturing
defects are left unmodeled, some torque ripple inevitably
remains with such a universal commutation scheme. Ideally,
each SRM would ship with a unique commutation scheme
compensating for individual manufacturing defects.

Simultaneously, extremum-seeking control (ESC) has
gained increased attention for its ability to optimize con-
troller parameters online without relying on an accurate
system dynamics model [7]. This online scheme adjusts
parameters during operation to minimize a cost function [8].
Both local variants of ESC, incorporating arbitrary contin-
uous optimization methods with a derivative estimator [9],
and global variants [10], are well-documented.

The identification approach presented in [5] yields accu-
rate SRM models without extra sensors. Still, it requires
expert knowledge for successful deployment, and thus, it
does not necessarily scale to a mass-production setting. On
the other hand, [6] aims to tackle this problem of scale
by clever design of a universal commutation function that
achieves low average torque ripple on a range of SRMs, but
individual manufacturing variations are uncompensated.

Although recent advances have improved SRM’s appli-
cability to mass production, machine-specific tuning re-
mains sub-optimal. This paper aims to develop a fully
automated and model-free method for commutation design
using extremum-seeking control. The developed algorithm
scales universally across SRMs, adapting the commutation
function to specific manufacturing defects using data. In
short, the contributions of this paper are:

Cl: An automated, model-free approach to commutation
design is presented.

C2: Simulations validate the effectiveness of the method.

C3: Experimental results show that the approach signifi-
cantly reduces torque ripple on a real setup.

This paper is structured as follows. Section II describes the

problem, followed by the approach in Section III and imple-

mentation in Section IV. Subsequently, Sections V and VI

provide simulation and experimental results, respectively.

Finally, Section VII concludes the paper.

II. PROBLEM FORMULATION

We formalize the problem of online commutation design
for Switched Reluctance Motors. First, we describe SRM
dynamics. Next, the control of SRMs through commutation
functions is addressed. Subsequently, the need for online



Fig. 1: Schematic overview of an SRM, where magnetized
stators attract rotor teeth to generate torque. Incorrect current
switching leads to torque ripple.
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Fig. 2: Block scheme of commutation for an SRM. When
commutation function f is designed such that gf ~ 1, the
system is linearized, achieving T ~ T™*.

optimization of commutation functions is addressed, and
finally, the problem is formalized.

A. Switched Reluctance Motor dynamics

Switched Reluctance Motors (SRMs) exhibit a nonlinear
relationship between torque, current, and rotor angle; see
Figure 1. Neglecting magnetic saturation, an SRM m with
ny teeth and n. produces a torque [2]

T(t) = gm(o(t))u(t), (D
at time ¢t € R, where g,,(¢) : R — R"¢ is determined
by the phase inductance, which varies periodically with
the mechanical rotor angle ¢, having a spatial period of
i—”. The torque and inductances are unmeasured. Moreover,
u(t) = [i3(t),...,i2 (t)]7 is a vector of squared coil
currents. The following section explains how a desired torque
T* is realized, using a model g,, ~ g,.

B. Controlling SRMs via commutation functions

To achieve a desired torque 7" in SRMs, we invert the
nonlinear TCA relationship (1) with a commutation function
u="{,,(¢, T*) as follows. First, f,, is structured as

- the)r* T >
_f'r;((b) T* <0,
where £ (¢),f,(¢) : R — R" are functions that are

designed to satisfy
Em(@)Eh(0) =1, gm(d)f,(0) = —1, (3)

such that when £} or £, is multiplied with a desired torque
T, the resulting currents lead to T" ~ T, see (1). For ease of
explanation, but without loss of generality, this paper restricts
the focus to commutation functions in the forward direction,
ie., £,(¢) = £ (¢). Moreover, since f produces squared
currents, it must be ensured that

fm(¢) = 0. “4)
Multiple functions f,,,(¢) satisfy these requirements due to
the vector nature of g, and f,,,. By applying the control law

u(t) = £, (o(t)T7 (1), )

the squared currents for each coil to achieve the desired
torque T are determined, as visualized in Figure 2. Com-
bined with (1), the resulting torque is:

T(6(1)) = b (G T (), ©

with b (¢(t)) = gm (¢(2)) £ (6(2))-

Here, b(¢) denotes the torque ratio 7/T*. Ideally, if the
model is perfect, i.e., 8,(¢) = gmn(®), and f,, meets the
requirements in (3), the realized torque matches the desired
torque for all rotor positions ¢. However, if g,,(¢) #
gm(9), torque ripple occurs, degrading the tracking per-
formance [11]. The next section explains why this poses a
challenge in FSO communication.

C. Commutation challenges in satellite communication

Future communication networks may involve thousands of
satellites with optical communication terminals, each featur-
ing a unique coarse-pointing actuator due to manufacturing
variations. Consequently, each SRM m has a unique TCA
relationship g,,. When a single commutation function f,,
is designed based on some average model g,, such that
Eavefave = 1, but all SRMs feature slightly different dynamics
gm, torque ripple occurs, see (6). At the same time, in mass
production, it is extremely costly to obtain good models
Em = g, of all individual SRMs.

Moreover, even if individual models g,,, are available, the
SRM dynamics g,, in orbit might differ significantly from
its dynamics in the factory. The reason for this is twofold:
(7) during launch, extreme forces cause slip in mechanical
components, slightly altering the location of the coils, and
(i), ambient temperatures during operation vary from those
in the factory, range from -30 °C to 60 °C, affecting mag-
netic properties and tooth geometry. The following section
addresses these issues in the problem definition.

D. Problem definition

The problem considered in this paper is to develop a
model-free, data-driven commutation design framework for
a class M of SRMs, with a high degree of automation, such
that it can be cost-effectively applied to individual SRMs
m € M, potentially even allowing for easy recalibration in
space. Specifically, the approach must yield a commutation
function f,,,(¢) such that g,,f,,(¢) ~ 1, without relying
on an accurate model g,,. Instead, only measurements of
the rotor positions ¢ and the applied squared currents u are
available. The following section explains how this is achieved
using extremum-seeking control.

III. AUTOMATED MODEL-FREE COMMUTATION

This section addresses the automated design of commuta-
tion functions, starting with an overview of the method.

A. Extremum-seeking control scheme

Extremum-seeking control is a data-driven approach to the
online optimization of controller parameters; see Figure 3.
This iterative method relies on closed-loop experiments with
parameters 6, € R™ to obtain data ¢ € RYN. A cost function
J(¢) is evaluated to assess the quality of parameters 0.
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Fig. 3: Diagram of the online optimization of commutation
function parameters 6 to minimize the cost 7.

Subsequently, the extremum-seeking controller decides on
the next parameters 6,1 to apply experimentally. The
choice of these parameters is based on either an estimation of
the cost function gradient or an update towards a lower cost
function. We emphasize that this approach is online, i.e., the
experiments immediately follow each other without offline
processing. Next, we detail the cost function design.

B. Design of the cost function

The cost function J(¢(0)) must reflect the desire to
eliminate torque ripple, see (6); however, this torque cannot
be measured. Instead, we make the following assumption to
derive the degree of torque ripple from measurements of ¢.

Assumption 1. The mechanical system G(s) := ¢(s)/T(s)
satisfies lim,_,o sG(s) = K, with K € R.

Under this assumption of damping, which is satisfied for
many systems that experience viscous friction, a constant
velocity w = d/dt ¢(¢) in Figure 2 implies a constant
torque 7'(¢). When T*(t) is constant over time, then ripples
in the velocity are caused by either (i) external torque
disturbances or (i) imperfect commutation. The following
section explains how these two sources of velocity ripples
are distinguished.

1) Averaging over rotor teeth: A Kkey requirement in
extremum-seeking control is that the cost J(¢(0)) is a
function of the controller parameters 6, i.e., the same 6
always results in the same cost. External disturbances that
affect ¢ challenge this requirement since these cause identical
experiments to lead to different position signals ¢. To
mitigate the effect of these disturbances on the cost function,
we rely on the following assumption.

Assumption 2. External disturbances that affect ¢(t) are
not spatially periodic with the period % of a rotor tooth.

Hence, there is a distinction between commutation faults,
which are spatially periodic with i—f and external distur-
bances. The effect of external disturbances is mitigated by
averaging the rotor velocity over the rotor teeth, as follows.

First, in the discrete-time domain, the rotor velocity is
estimated from the rotor position as

aq — o
o), ™

where ¢ is the forward-shift operator such that
qop(t) =¢(t+1), 7 € N is the sample number and
a € RT is the cutoff frequency of the lowpass filter. Next,
to average out these rotor velocities over the teeth, a tooth
of width i—’: is divided into n; bins. The velocity samples

w(r) =

w(7) are grouped in these bins B; as sets
2m
B; = i —1 , @8
{om - 2l @

where ¢ := mod (¢, 27 /n). The average for each bin is

wz-:u%Zw, ©)

l| weB;
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where |B;| denotes the number of samples w(7) in set B;.
This grid of averaged velocities enables a cost function that
penalizes the commutation-induced velocity ripple.

2) Definition of the cost function: The cost function must
reflect the desire to minimize the velocity ripple. At the same
time, the commutation parameters also affect the magnitude
of the velocity, given a constant 7"*. Although the velocity
magnitude is secondary, it must be considered in the cost
function for two reasons. First, at high velocities, the velocity
ripple naturally decreases because of the rotor inertia, and it
becomes harder to distinguish this ripple in the data. Second,
friction may halt the rotor at low velocities. Therefore, the
cost function consists of (i), a soft constraint to penalize
deviations from some desired velocity wgy, and (i), the
root-mean-squared deviation of the velocity, relating to the
velocity ripple. The former is defined by

Ju(0) = (T — wa)?, (10)
and the velocity ripple is penalized using
1 &
(0) = | — w; —W)2, 11
Tr(0) = ||+ ;(w @) (11)
where & denotes the mean
1 &
o= Wi, 12
b= ;w (12)
such that the total cost function is
J(0) =T-(0) + BT (0). (13)

Here, 8 > 0 is a parameter to be tuned; see Section I'V-B.

C. Parametrization of the commutation functions

f(¢, 0) should feature a minimal number of parameters for
fast convergence. Moreover, requirements (4) and (3) must be
satisfied for any 6. To satisfy these criteria, we parametrize
f using torque sharing functions [1] as follows.

Consider the requirement g(¢)f(¢) =~ 1. Even though
g(¢) is unknown, it is known to be approximately sinusoidal
with period % Therefore, we parametrize g in terms of 6
with a Fourier basis, and subsequently parametrize f in terms
of g(¢, ). First, parametrize the elements of g as

QC(¢7 6) = 98+1 sin ((b - 95+2) s
np
+ ) Oepaiasin (i (¢ — Osy2) — Osi2i),  (14)
=2

with s := 2n(c — 1), ced{l,...,n.},
such that each even element of 0 relates to the amplitude of
a sinusoid, and each odd element corresponds to its phase
shift. The phase 6o of the first harmonic is included in the
sum to ensure that the phases of higher harmonics align with
those of the first when the corresponding 69, is zero.



Subsequently, f is parametrized as
fe (9, T7,0) =frspc (¢ — 0542, T)
-sat (1/g.(4,0).,9)T",
where f. denotes the ¢ element of f and sat(x,Zmax)
saturates x to a Maximum Zp,,, as

15)

(16)
and ¢ is a positive constant. In addition, the function

frsr(¢, T%) : R x R — R™ is defined to allocate a torque
across different coils. It adheres to the following conditions:

e 1 ifT*>0
ZfTSF,c((baT*) = { . * N
p— -1 ifT* <0,

see [1] for details. It is important to note that when ¢ is such
that g.(¢) = 0, the function frgp (¢, T*) is zero by design.
This ensures that (15) is well-defined for all values of ¢.

To summarize, (15) parametrizes the commutation func-
tion in terms of O, indirectly through g(¢,8). This
parametrization ensures that (4) is satisfied for any 6. In
addition, requirement (3) is satisfied if the number of Fourier
coefficients ny, is sufficiently large, and the parameters @ are
in accordance with the true dynamics g,,.

sat (T, Tmax) = sgn(z) min {|z|, Tmax } ,

A7)

D. Parameter update

We update the parameters 6 to minimize 7 (w(6)) accord-
ing to the scheme in Figure 3 as follows. We first estimate
the gradient and then update parameters towards the negative
gradient for convergence to a local minimum.

1) Gradient estimation: To estimate the gradient of the
cost function, we perturb each parameter 6; ; in separate
experiments j, in immediate succession. Given a parameter
vector By, & € R™ > (0 defines a perturbation vector that is
small with respect to 6. Next, ng pairs of experiments j are

conducted using 6 = 0;]- and @ = 0;j, with

0F =0r;+A;;6, 0,,=0r;—Aj0, (18)
where Aj; is a unit matrix that has only zero entries
except for the j™ element on the diagonal, which is unity.

Subsequently, the gradient is estimated as

Vj(ek) = aaje(ek) PR aég(ek) 9
k,1 k,ng (19)
o7 (0r) _ T, —T(6))
Oy, 20, ’

where 0y, ; denotes the j™ element of vector 6, ;.

2) Updating towards the minimum: With the gradient es-
timate (19) computed, the commutation function parameters
are updated towards the estimated minimum as

Oki1 =0, — VT (0k), (20)
with v € R a step-size. The choice of this parameter is

addressed in the next section. The developed approach is
summarized in Algorithm 1.

IV. IMPLEMENTATION

This section describes the design considerations in choos-
ing parameters of Algorithm 1, experimental considerations,
and computational aspects.

A. Parameter tuning

First consider the extremum-seeking parameters ~ and
6. The step size -y should be sufficiently large for fast
convergence. However, when v is chosen too large, the
optimization scheme diverges; see [8] for details. On the
other hand, the perturbation vector § for gradient estimation
relates to the accuracy of the gradient estimate. Its value
relates to the smoothness of the cost landscape: when ¢ is
too large compared to the smoothness of 7 (0), the gradient
estimates are inaccurate. When & is chosen too small, the
accuracy of the gradient estimate is limited by external
disturbances that remain after averaging with (9).

Moreover, the number of bins n;, depends on the smooth-
ness of the velocity ripple. When n; is chosen too small,
there may be insufficient data in each bin for adequate aver-
aging. On the other hand, when it is too large, the averaged
velocities w; may insufficiently reflect sharp transitions in
the velocity ripple. We recommend choosing the experiment
length N as small as possible for convergence speed but
sufficiently large such that each bin B; contains sufficient
data to average external disturbances.

B. Experimental considerations

The most important experimental tuning parameters are
the desired torque 7™ and the desired velocity wg, which
relate to each other. Indeed, the ratio between w and T
is given by the damping d of the sytem, and T relates to
T* through T = g(¢)f(¢, 0)T*. Therefore, d ~ d must be
estimated, for example, using experimental data for different
values of 7. This estimate determines the desired torque
T* = dwg, such that wy can be chosen sufficiently large for
the rotor not to be forced to a standstill by friction, and not
so high that the rotor inertia obfuscates the velocity ripple
from the data. Given wgy, we recommend setting 3 as small as
possible to primarily target the velocity ripple in (13). If the
average velocity drifts too far from wy, S must be increased.

A second consideration is that when 6, is updated to 01,
w(t) experiences a transient, before returning to its steady-
state velocity ripple which is periodic with the rotor teeth.
This transient is unrelated to torque ripple, and thus, the first
N, samples of w(7) of each experiment are discarded. More-
over, the choice of cutoff frequency o must be sufficiently
large not to smoothen out the commutation-induced torque
ripple in (7) and small enough to mitigate amplified sensor
noise from differentiation of the position measurement.

Finally, when a commutation function for backward move-
ments is also desired, the experiments need only be extended
to include a backward movement, i.e., flipping the sign of
T*, approximately doubling the experimental time. All other
aspects of the approach remain unchanged, including the
number of parameters 6.

C. Computational aspects

The following measures minimize the computational time
between experiments to reduce the total experimental time
of Algorithm 1.



Algorithm 1 Online optimization of commutation functions

Require: Step size ~, perturbation vector ¢, initial 6.
1: Initialize k < 0, start experiment with 6 < 6.
2: while k < kpax do
3: for j € {1,...,n9} do

4: for . € {+,—} do

5: Set 0 « 0}, see (18).

6: Wait N samples and compute J (w(67)).
7: end for

8: end for

9:

Compute gradient V.7 (6;) with (19).
10: Compute 051 with (20).

11: Set k < k+ 1.

12: end while

1) During the experiments, evaluate (7) every time step

and immediately sort the samples into the bins in (8).

2) Similarly, update the summations in (9), (12) and (13)
at every time step.

The next section demonstrates the effectiveness of the ap-
proach in a simulation.

V. SIMULATION RESULTS

This section presents a simulation study to demonstrate
that the developed approach effectively minimizes the torque
ripple of SRMs, even without model knowledge.

A. Simulation setup

A series of M = 100 SRMs is considered, each featuring
ng = 131 identical teeth and n. = 3 coils. The following
equation describes the true TCA relationship of the SRMs:

g (6,0m) =, (0)0,, mefl,....M}, (D)
where the variation across the SRMs follows from
07n ~ N(eo’ 20)7 (22)

with @ € R, and the structure v, comprises of radial
basis functions, see Figure 4. This simulation study considers
the true systems g,, to be unknown. Moreover, the linear
dynamics are governed by
G(s) = o(s) _ 273.97 ,
T(s) s(s+8.9014)
and measurements of ¢ are corrupted by i.i.d. additive
white noise with variance 7-1071° rad. Three approaches
are compared. First, a single commutation function £y, is
designed using (15) based on the average model g,ys (¢, 6°).
Second, the method of [6] is applied to develop a single
commutation function fiy that exhibits robustness through
gradual switching of currents. Finally, we follow the ap-
proach of this paper. A single low-order model g, (%, 6,) =~
&(¢,0°) with a Fourier structure and nj, = 5 harmonics is
applied to all SRMs, but Algorithm 1 is applied to update the
parameters ), online, such that each SRM ends with its own,
unique commutation function f,, (¢, @10 ,,). The parameters
of Algorithm 1 are chosen as v = 0.2, wg = 0.3 rad/s,
F, =1kHz and § = 1,,,, ®[0.1,7/180]", with ® the
Kronecker product. The Ny samples corresponding to the

(23)
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Fig. 4: The TCA relationships (g, (¢)) for 100 simulated
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Fig. 5: Torque ripple in SRMs: Conventional f.,,, (—) incurs
significant ripple due to model mismatch. f;p,s (—) reduces
this, but not entirely. Our £y, ,,, (—) further minimizes torque
ripple by tailoring to each SRM m online.

first five teeth of each iteration are discarded to account for
transients. Finally, n;, = 201 bins are used to average the
velocity across sixteen rotor teeth.

B. Results and analysis

Algorithm 1 significantly reduces torque ripple in 100
SRM simulations over km,x = 100 iterations, see Fig-
ure 5. This reduction is primarily attributed to implementing
custom-tailored commutation functions for each SRM, de-
signed to adapt to their specific dynamics, an approach not
feasible with traditional, labor-intensive methods. Each SRM
simulation represents a total real-time span of three hours,
yet accelerated computing allows faster completion.

The average root-mean-squared deviation bryvsp Of b,
in (6) is 0.073 when using using f.,,. The robust commu-
tation functions of [6] lead to brmsp = 0.062 (-14%) and
Algorithm 1 further reduces this to 0.040 (-44%), showing
a considerable reduction in torque ripple. Moreover, the
robustness of the approach is confirmed: the same algorithm
parameters, applied to 100 significantly different SRMs, lead
to convergence of the cost function on each SRM without
manual intervention across SRMs.

Figure 5 also suggests room for further improvement. The
current limitation stems from f(¢,0) being parameterized
with only five harmonics, see (15). This means the model
structure is not sufficiently rich to achieve g,,(¢)f(¢,0) =
1 at angles ¢ where the current transitions between coils.
Augmenting the number of harmonics would further improve
the performance, albeit with an increase in convergence time.
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Fig. 6: Experimental results. (a) Algorithm 1 reduces the cost significantly, (b) gradually updating the commutation function
from f(g) (A, —) to £(0200) (A, —). Consequently, (c) the average velocity ripple per tooth is removed almost entirely.

VI. EXPERIMENTAL RESULTS

This section shows that the developed method for au-
tomated commutation design effectively eliminates torque
ripple in an experimental study.

A. Experimental setup

The experiment uses a single-axis coarse-pointing assem-
bly from TNO [4], equipped with an SRM with n; = 131
teeth and n., = 3 coils. The initial commutation scheme is
defined by (15), where each g. simply consists of a single
sinusoid. These sinusoids are rudimentarily shifted in phase
to achieve a movement given a constant 7. Algorithm 1
is applied with 7% = 15 mNm, v = 2.5, Fs = 10 kHz,
§ =1,,,,®[0.1,0.01]7, and g parametrized using (14) with
np;, = 3 harmonics, for a duration of k., = 200 iterations.
We define soft constraints with a damping constant estimated
at d = 0.03 by measuring the average angular velocity for
multiple values of 7. Finally, we use 5 = 0.05 and average
the velocity using n, = 201 bins over 61 teeth, with the
transient samples Ny spanning the first ten teeth. The total
experimental time is twelve hours for 200 iterations.

B. Results and analysis

Figure 6 presents the results. The developed algorithm
reduces the cost function by an order of magnitude after
approximately 100 iterations, eliminating the velocity ripple
almost entirely. The resulting commutation function is shifted
in phase compared to the initial function, and it assigns more
currents to some coils than others, which is consistent with
independent results [S] on the same setup.

From Figure 6a, it becomes clear that most of the perfor-
mance gain is achieved in the first 50 iterations, i.e., three
hours of experimental time. We stress that the algorithm
requires no expert intervention during this time. The same
software can be executed on various SRMs to achieve similar
results despite individual manufacturing variations.

VII. CONCLUSION

The developed algorithm enables accurate control of
Switched Reluctance Motors, even in the face of unmod-
eled manufacturing variations. Experiments and simulations
demonstrate a significant reduction of torque ripple, which is
crucial for high-precision applications such as FSO satellite

communication, where CPAs require micro-radian pointing
accuracy across a 360-degree range. The model-free nature of
the algorithm renders it particularly well-suited for the mass
production of SRMs. Hence, accurate tracking is possible
with minimal development time, and commutation functions
can be readjusted automatically when needed. Future re-
search is aimed at considering magnetic saturation, such that
the torque ripple is reduced even for large velocities.
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