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A Multilayer Perception Trained Method in Speed
Control of a Linear Switched Reluctance Motor

Siamak Masoudi

Abstract—Switched reluctance motors are nonlinear systems
with some uncertainties and unmodeled dynamics. Propulsion
force and speed in these motors have inherently high fluctuations
complicating their applications. The conventional controllers could
not offer a precise performance for nonlinear systems because
they require analytical calculations of the partial derivatives. Ac-
cordingly, in this article, a multilayer perception is presented to
overcome this problem and control a linear motor. Training al-
gorithms require a complete dataset of the system output, which
complicates their implementation. To solve this problem, a Kalman
filter is used to estimate uncertain parameters. Thus, the proposed
control system does not require a complete dataset of the system.
It can process data and predict the next values in a short time
without complete observations. The proposed control strategy is
implemented to a linear switched reluctance motor and the results
are compared with two other conventional methods via simulation
and experimental tests. The results confirm the ability and accuracy
of the proposed method.

Index Terms—.

1. INTRODUCTION

WITCHED reluctance motors (SRMs) are attractive elec-
S trical machines with many advantages such as single ex-
citation, simple construction, low cost, and wide speed range
performance. In applications, such as electric trains and elevators
where motion is in a direct path, linear-type motors can be
very useful by eliminating mechanical converters. This is very
effective in simplicity of construction and cost of the system.
Due to the special construction, propulsion force or torque in
SRMs inherently has a noticeable ripple, which limits their
applications. SRMs are completely nonlinear systems making
it more difficult to model their dynamic behavior. In addition,
they suffer from some uncertainties that should be updated in
the performance process. The results of finite element analysis
(FEA) can be helpful in the motor dynamic behavior [1]. In some
studies, the inductance profile of an SRM has been indicated by
an equation. A practical method to determine the real-time char-
acteristics of SRMs has been presented in [2], which is efficient
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in the real-time emulation and the performance evaluation of the
motors.

The conventional proportional—integral derivative (PID) con-
troller offers many features, such as fast control, shorter set-
tling time, and low-cost application, but it has less stability.
To overcome this, a fractional-order PI speed controller for an
SRM has been proposed in [3]. Another modified PI control
strategy with self-tuning has been presented in [4]. When using
a PI controller, the parameters and other uncertainties, such
as external disturbances and the input constraints, affect the
transient performance of the drive system. To overcome this,
an improved PI speed controller capable of preserving almost
the nominal transient performance has been indicated in [5]. To
overcome the parameter uncertainty and external disturbances,
a reduced-order PI controller has been addressed in [6]. Differ-
ent studies have presented algorithms to obtain gains of a PI
controller. Classical PI speed controller has been employed in a
double-sided LSRM in [7].

A new control strategy has been presented in [8], which is
based on the developed flux modulation principle. In sensorless
SRM drives, parameter uncertainty, voltage drop on power de-
vices, and resistance changes affect the accuracy of the control
system. A new inductance calculation method has been proposed
in [9] to overcome the uncertainty of the parameter. A nonlinear
state observer for control of SRM drives over medium- and high-
speed ranges has been proposed in [10], which has acceptable
robustness against flux linkage distortions. In an SRM with some
parameter uncertainties and changes in operation conditions,
controller constants must be tuned instantly to achieve a high
level of performance. An adaptive control system is one in
which the controller parameters are adjusted automatically to
compensate for altering process conditions. We have presented
an adaptive control method in combination with a fuzzy system
in [11] and with a sliding mode method in [12] for an LSRM. In
[13], a classical PI control has been improved using an adaptive
method and a self-tuning strategy. To control a nonlinear system
with some uncertainties, a simple adaptive PI control method
has been proposed in [14]. The controller has been utilized as
a speed controller for an electric vehicle to track the desired
command speed. Adaptive control strategy has been applied to
overcome the uncertainty of parameters in position control of
an SRM in [15]. To update the control parameters of a linear
SRM, an adaptive method along with a genetic algorithm have
been used in [16]. A comprehensive analysis of torque ripple
and power factor for three-phase SRM fed by sinusoidal current
excitation has been presented in [17] and [18].


https://orcid.org/0000-0002-5207-0444
https://orcid.org/0000-0001-9775-8456
mailto:s.masoudi@tabrizu.ac.ir
mailto:hasan.mehrjerdi@qu.edu.qa
https://doi.org/10.1109/TPEL.2021.3125606

4476

The Kalman filter (KF) is a data fusion algorithm that predicts
the next state vector of parameters based on previous information
of the system and the current measurements. An overview of
a KF applied to control ac motors has been provided in [19].
In [20], a KF has been used with a neural controller to obtain
an accurate induction motor model, which is robust to external
disturbances and parameter variations. An adaptive KF with
offline parameter and observer design optimization has been
proposed in [21] to obtain the accurate motor model including
magnetic saturation, iron losses, and skin effect influences.

The use of KF in SRM control has been shown in [22]. The
method needs no sensors to determine the speed and position of
the rotor. Another research dealt with sensorless position control
of an 8/6 SRM with uncertainties in load torque [23] that an
extended KF has been applied along with a second-order sliding
mode observer. A general sensorless control strategy for a linear
SRM has been introduced in [24]. The method describes how
to find out the position of the translator using two cascading
discrete KFs to estimate the speed and position.

In this article, an adaptive PI controller along with an extended
KF has been used to control the speed of an LSRM. The proposed
control system can adapt to uncertainties of parameters while
not requiring complete information about the system outputs. In
Section II, the proposed LSRM and its dynamic curves have been
introduced and a general control system has been demonstrated,
which includes a speed regulator. Details of the multilayer per-
ception (MLP) trained method and the extended KF have been
discussed in Section I1I. The simulation and experimental results
have been shown in Section IV. Finally, Section V concludes this
article.

II. PROTOTYPE LSRM
A. Motor Structure

A four-phase double-sided linear SRM (LSRM) has been
studied in this article. In the motor, two phases are fed simulta-
neously resulting in a high density of the propulsion force with
significantly fewer ripples. These features have made the motor
acceptable for many applications, such as electric trains. The
proposed LSRM and its characteristics are shown in Fig. 1.

B. Dynamic Equations

For any phase of the LSRM, the voltage equation is written

as
dr
v = Rik+7:, A = Ly (i, ) ig (1)
dr di
= Li (ix,2) S + grevpein @)

where v, i, and 1, denote the voltage, current, and linkage flux,
respectively, whereas R and Ly indicate the winding resistance
and inductance of any phase, respectively. In addition, v, =
dx/dt is linear speed and g, = dLy,/dx . The force generated
by each phase can be extracted through the phase current and
translator position using the FEA resulted in curves shown in
Fig. 1. Based on FEA, the inductances at various currents with
respect to various translator positions are shown in Fig. 1(c).

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 37, NO. 4, APRIL 2022

stator

Translator

stator
@

i=8A —— i=10A -=--~ i=12A e i=14A |

Force (N)

10 20 30 40 50
position (mm)

(b)

alignesd (x=26 mm)
1

I
=Y
2

unalignesd

Inductance (H)
<
=3
N

o
(=3
3

40 50

30
position (mm)

©

Fig. 1. (a) Proposed linear motor structure. (b) Phase force. (c) Inductance.

The inductances are about identical up to the rated current, but
at higher currents due to saturation, its value decreases at the
aligned position. The total propulsion force is the sum of forces
of four phases

Fo=F, +IyW+ F.+ Fy. 3)
While the force of phase k is expressed as

. aI/Vc (Zka m) 1 .2 aLk? (.’17)
Pl ==—0%"—30 = @
where W, (i, ) indicates the electromagnetic energy. The total
propulsion force F can be written as follows:

Pz dzx
F.= M—+C—+F 5
72 + g + Fr, (5)
where M, C, and Fy, represent the total mass of the moving part,
friction coefficient, and external load force, respectively.

C. Control System

The block diagram of the proposed control system is shown
in Fig. 2. The control system contains a speed controller with
a current regulator, which could adjust the propulsion force
directly. The reference force produced by the speed controller is
divided between four phases using force distribution functions
(FDFs). In this way, the reference forces of phases are obtained.
According to the reference force and position of the translator,
using FEA mentioned in Fig. 1, the reference currents are
extracted.
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Fig. 2. LSRM and its control system.

III. ESTIMATOR
A. Kalman Filter (KF)

KF is an optimal method to predict the parameters of the
system which could not be measured directly. It is used to obtain
the best estimate of states based on previous knowledge of the
system and measurement of states. Assume that the value of a
parameter is written as

zjiv1 = G, 5 25 + w (6)

where z; indicates the state vector at iteration j, G’ denotes the
state transition matrix from iteration j to j4-1, and uy is a vector
indicating the noise assumed to be zero-mean Gaussian with
covariance matrix defined as

E {un)u” (j)} = {Q(jo) llff:;j] @)

The measurements of the system can be written as
yj = Hj; .zj+q; (®)

where y; is a vector indicating the measurements of vector z at
iteration j, matrix H maps the state vector into the measurement
vector, and ¢; indicates the associated measurement error that
is assumed to be negligible. The state vector z; is predicted and
updated as follows:

2 =Gjrj 3 ©)
Pji = Gj+1,j ijng—; j—1 + Q_j—1~ (10)

For accurate prediction, the state vector, the Kalman gain K,
and the covariance matrix P; should be updated as

Kj =Py HJT [Hij_HJT +RJ’]71 (11)
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P = (I-K;H;) P;. (13)

Optimal KF estimation for the state vector z; can be reached if
Zj = 0, Uy, and g; are normal random parameters. To update the
Kalman parameter K in (11), it is necessary that P(0) # 0. The
KFis appropriate for linear systems while most practical systems
are nonlinear. For state estimation in a nonlinear system, a
modified algorithm called extended Kalman filter (EKF) should
be proposed.

B. Extended Kalman Filter

In this section, an EKF is presented, which is useful in the fil-
tering problem in systems with nonlinear states and observations
dynamics. Assuming that the system has no external inputs, and
according to the nonlinear dynamics, we can write

Zj+1 = gj (Zj) + u; (14)
yi =h; () +q (15)
where
Zj GRn, g; (ZJ) : R =R
Yj € RT, hj (Zj) :R"—=R"
g eR"
uj e R™. (16)

In the equations, g;(z;) and h;(z;) denote the time-dependent
nonlinear transition function and nonlinear observation vector
function, respectively. The system described by (14) and (15)
should be linearized by

0g; (z;

Gyt = 793(2 ), (17
Oh; (z;

Hjp, ;= %lz:? (18)

After obtaining G and H, the nonlinear system is linearized
around the current state estimate using the first term in the Taylor
series

19)
(20)

95 (25) = G (2,%;) + Gjy1, (2, 25)
hj(zj) = H (2,27) + Hj1, 5 (2,2) -

These equations are used to approximate the states (15) and
(16). After the approximation, we can write

Zjv1 = Gy, 5. 25 +uj +dj 21)
y; = H; .z +q;. (22)
Parameters d; and §j; are introduced as
dj = G(2,%2)) — Gjp1, - 25 (23)
gi=vy; —{h(2%) - H;z (24)
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Now, it is possible to predict the state vector of the system
described in (14) and (15) as follows:

i =9 (31) (25)

Pj = Gj7j_1 Pj_lG,Jl»jj71 — {h (2,2;) — Hj 2?;} . (26)

The estimated parameters are updated by the following equa-
tions:

_ _ -1
K; = P; H[H;P; H] + R;] (27)
ZAj = A; + Kj Yj — hj (2;) (28)
P = (I-K;H;) P;. (29)

C. Training Multilayer Perceptions (MLPs)

An MLP is a class of feedforward artificial neural networks,
which uses a supervised learning technique for training. Its
multiple layers and nonlinear activation distinguish MLP from
a linear perception. It consists of some layers of nodes that
represent artificial neural units. Each node calculates a weighted
sum of inputs, with all nodes connected by links in the neighbor
layer. If the EKF is applied, the states estimated by the filter
are the network weights and the output of the MLP is the
measurement utilized by the filter. In an estimation algorithm,
optimization of the weights can be very effective in minimizing
the prediction error. Assuming an MLP with m weights and n
output nodes, the neural network can be written as follows:

(30)
95 = h(zj, u;) (31

where u; and ¢; denote the input vector and the output vector,
respectively. In addition, z; is the state vector and h indicates
the nonlinear output function. According to (11)—-(13) and (27)—
(29), we can write

i1 =

-1
K; = P; H] [H;P;H] + Rj] (32)
Ziv1 =25+ Kj[y; — 9] (33)
P; = P; — K;H; P; + Q, (34)

where P € R™*™ and K € R™*™ are the matrices indicating
the prediction error covariance and Kalman gain in the jth itera-
tion, respectively. Q € R™*™, R € R™*",and H € R ™ are
matrices that denote the noise covariance, error of measurement
covariance, and partial derivative of each output of the neural
network, respectively. Furthermore, 1 is the learning rate, while
m indicates the total number of weights. The derivative of the
ath output of the neural network with respect to the Sth weight
is written as
Haﬂ:[gi/“] ,a=1,....n, B =1,..., m.
Blzi=21.
(35)

Fig. 3 illustrates an MLP with ng inputs, nj;, nodes in the
hidden layer, and one output node.

We can write the output of the system as

1

T lteda (36)

Oq a=1,....n,
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no

ba = 2\) wg mo = +1 (37)
B=0
Nh
= 247w ug= +1 (38)
=0
U=q. (39)
Then, matrix H can be written as
a7 oy 07 o7
H:a—Z: (yl) %’1) (yQ) @ (40)
0zyy 0213 8zlnh

where the components are as follows:

oy zgll)e"g1 N
= 0,
az%) (1-— 6*51)2
o _ _zye™
D~ (1 _ )2 !
azll ( € )
oy _#je™
o - 512 no
8Zlng (1—6 1)
0y _ _zge™
= XO
82%) (1- e—‘52‘)2
oy zgé)e_‘;?
M~ (1_e)2
075, ( e7%2)
oy zg)e"$2 N
Oz (L—e2)? "
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Finally, we can express H for the proposed MLP as follows:
H = [y(61)zo... 7(61) Zny v (62) o ... 7 (6n,)

T U U7 - -« U, ] (42)
where
(2) —s
27 e %
5 )= 2o 0 — 1 ... n (43)
) =

IV. PROPOSED CONTROL STRATEGY FOR THE LSRM

The proposed strategy shown in Fig. 2 controls the speed,
force, and phase current of the LSRM simultaneously. The
output of the speed control unit inters to the force control unit
which creates phase forces by FDFs and position data. The
article shows that a high-speed controller without time delay has
a favorable effect on the overall output of the system. Therefore,
the use of the proposed method to control the motor speed makes
it possible to suddenly change and rapidly increase the phase
current ad phase force. In this way, the force drop during the
commutation of the phases is partially compensated and the
ripple is reduced.

A. Speed Controller

To achieve a smooth and efficient motion, the command linear
speed vy * is created by a jerk minimization profile discussed in
[7]. Dynamic equations of the LSRM can be written as follows:

= . (44)
It indicates the speed as the time derivative of position. An-
other equation is obtained using (3) as
C+ky
M
where k,, is a constant factor and Iy, = k, ‘fj—f =k, v. We can
write the dynamic equations in matrix form as follows:

5[ -2 ] 2]+ §]5- w0

1
—F, 45
v+ 7 (45)

4479

Reference
speed +

actual speed

(a)
Initial state
estimate

Prijr

Z ijier
Prediction based on
system model o
2
]
£
Pt =
Z i1 4
Z
Compare prediction
and measurement

Py
Z

Output
Optimal state estimate
(b)

(a) MLP used for speed control. (b) EKF and MLP combination.

Fig. 4.

The MLP illustrated in Fig. 3 is used to implement the
proposed control method as displayed in Fig. 4. The MLP
algorithm has two inputs including position error and speed error
of the LSRM. The errors are obtained by comparing the actual
values with the corresponding command values. Furthermore,
the network contains a hidden layer with ten nodes and one
neuron at the output layer. The process in the proposed MLP
is estimated by EKF as shown in Fig. 4. The MLP shown in
Fig. 3 is formed with the translator position and speed errors as
inputs. Hidden layer calculations are done based on the equations
mentioned in Section III. The output of the MLP is obtained by
(45), which is the input of the force control unit.

B. Force Controller

The LSRM phases must be turned ON and OFF accurately
so that the command propulsion force is provided. Using the
proposed control strategy, two phases can be turned ON simul-
taneously. This enhances the propulsion force density [25]. The
command force obtained from the speed controller enters the
force control block. Multiplying the input by the FDFs presented
in [7], the command phase forces are determined where the
command currents can be obtained once the position is known.

C. Current Controller

Due to the effect of the current on the propulsion force
generation, it is very important to minimize the current errors.
This can be done using an appropriate current controller. The
output of the force control block includes reference currents of
four phases which must be provided to eventually produce the
desired force. Comparing the reference and actual current values,
the error is given to a conventional PI controller. In this article,
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TABLE I
PARAMETERS OF THE PROPOSED LSRM

Air gap length (mm) g 2
Stator pole width (mm) Wp 21
Stator slot width (mm) Wes 31
Stator pole height (mm) hy, 30
Translator pole width (mm) Wip 13
Translator pole height (mm) hy 26
Winding turns 200
Rated current (A) Trated 10
Rated voltage V) Vyated 150
Coefficient of friction C 20 N/m/s
Weight of translator (1) M 7kg
Phase resistance R 25Q
64
~ \ —e— /s
g, oV —8— 2 /s ||
I —¥*— 3 m/s
5 K" —#— 4 m/s
B2 —k— 5 m/s ||
& convergence
0 13

0 5 10 15 20 25
number of iteration

Fig. 5. Change in speed error in the training iteration.

2.2 kHz and 1.5 were selected for the bandwidth and damping
ratio of the controller based on the trial and error method.

V. SIMULATION EVALUATIONS

In this section, the performance of the LSRM using the
proposed control strategy is presented. For a more complete
study, the results obtained by the controller are compared by
the findings obtained by two other controllers: a conventional
PI controller and an adaptive fuzzy (AF) control system pre-
sented in [11]. Modeling of the LSRM has been done in MAT-
LAB/Simulink software based on data extracted from FEA.
Parameters of the motor are shown in Table I.

In the proposed control strategy, where an EKF was used for
training, the iteration is finished when the error between the
predicted and measured speed values fall below less than 0.1%.
Fig. 5 indicates the speed error in percentage in the training
iteration. The convergence of the speed error occurs at training
21-25.

Initially, the performance of the system has been studied at
different speeds with its results illustrated in Fig. 6. In all studies,
the acceleration is set to 1 m/s>. Speed profiles are shown in
Fig. 6(a), whereas the corresponding force profiles are indicated
in Fig. 6(b). The total propulsion force and four phases force at
speed 3 m/s are shown in Fig. 6(c). The current in the output
of the source along with two phase currents is illustrated in
Fig. 6(d).

To explore the performance of the controller under load
conditions, a nominal load is applied to the motor at t = 3 s.
The obtained results are shown in Fig. 7. As the load is applied,
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Fig. 6. Proposed control strategy—no load condition. (a) Various speeds. (b)
Propulsion force at different speeds. (c) Phase forces and total force at 3 m/s.
(d) Source current and phase current at 3 m/s.

the speed drops slightly while the propulsion force increases to
maintain the previous speed. The speed error between the refer-
ence and actual values is shown in Fig. 7(b). In the illustrations,
the ripple of speed at steady state (rs), overshoot of speed at
load application (os), settling time of the speed (zs), and ripple
of force (7f) are specified in Fig. 7.

A comparison of speed ripple and speed overshoot for three
control strategies has been demonstrated in Fig. 8. These results
have been extracted at speed of 1 m/s with the nominal load.
The simulation results for other speeds can be seen in Fig. 9.
The results confirm that the proposed controller outperformed
the other strategies.

The MLP weights are the states that the EKF estimates,
whereas the output of the MLP is the measurement command
force utilized by the EKF. This is shown in Fig. 4 as yi. With
the optimal weights, the error between the measurement and
prediction values would be minimized. The error at speed 1 m/s
for three iterations is shown in Fig. 10. It can be seen that after
25 iterations, the error is acceptable. These results confirm the
ability of the EKF in the estimation of the MLP weights.

Due to the parameter uncertainty in an SRM, the conventional
PI controller leads to less accurate results. This can be seen
both in the average value and in the ripple. The adaptive fuzzy
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control method presented in [11] shows better results than the
PI method. The accuracy of this method can be increased by
adding more membership functions. However, this makes the
system more complex and slow, which leads to some errors.
The proposed method can adapt to unmodeled dynamics and
parameter uncertainties without the need of having a complete
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dataset. These lead to better results compared to the other two
methods.

The proposed LSRM has a large air gap of 2 mm and does
not have any saturation problem. Therefore, according to Fig. 1,
the inductances are identical in all different currents up to the
rated current 10 A. However, to reveal the level of saturation,
the motor performance has been investigated when the current
is above the rated value. The motor is started to reach the desired
speed of 5 m/s. At t = 5 s, the nominal load is applied to the
motor, whereas, att="7.5 s, the load is doubled. Fig. 11 shows the
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Fig. 11. Proposed control strategy with and without saturation.
Fig. 12.  Schematic diagram of the prototype system.

input current of the power converter with and without saturation
consideration.

VI. EXPERIMENTAL EVALUATIONS

The prototype is manufactured and an experimental setup
shown in Fig. 12 is built to test the proposed system. The output
of the converter is controlled by an ARM Cortex-M4 microcon-
troller STM32f407 with 72 MHz processing frequency. Phase
currents are measured by Hall sensors. Also, displacement and
speed signals are obtained by a magnetic sensor strip with 10 um
resolution runs alongside the stator and a capture channel of the
timer inside the microcontroller, respectively. All signals were
stored in the external memory of the microcontroller every 10 ms
and are called from it. Thus, instantaneous parameters sampling
data synchronized with each control loop time (1 ms) cannot be
shown in experimental results. Therefore, the experimental data
stored in memory are transferred to the software to draw curves.

The control method was implemented in the software and ap-
plied to the LSRM. In addition, two other strategies, an adaptive
fuzzy control method described in our previous work [11] and a
conventional PI method, were applied and the obtained results
were compared. The measured speeds of the motor along with
the corresponding propulsion forces are depicted in Fig. 13.
These curves are related to the proposed strategy while its
comparison with the other methods is given in Table II. Currents
obtained in the three mentioned speeds are also shown in Fig. 13.
Zoomed in speed and force curves at speed 1 m/s for the proposed
method are shown in Fig. 14.

Figs. 13 and 14 prove that the proposed control method has an
acceptable ability in the LSRM control. Moreover, a comparison
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Fig. 13.  Experimental results. (a) Speed. (b) Forces. (c) Currents.
TABLE II
EXPERIMENTAL RESULTS COMPARISON
Controller parameters
Speed (m/s) 1s (%) f (%) os (%) ts (s)
1 1.4 1.5 0.12 0.23
Proposed 1, 1 ¢ 16 0.20 0.27
controller
3 1.9 2.0 0.22 0.31
1 2.2 2.0 0.20 041
Adaptive |77 5 e 0.26 0.43
fuzzy
3 3.1 2.4 0.28 0.44
1 5 2.9 0.28 0.68
PI 2 5.8 32 0.32 0.68
3 6.2 3.9 0.38 0.70

of the results obtained by two other control strategies in Table 11
confirms that the proposed method is superior to the other
methods.
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Fig. 14.  Experimental results at 1 m/s. (a) Force ripple. (b) Speed ripple.

VII. CONCLUSION

SRMs are inherently nonlinear systems and their control is
more difficult than the other electrical machines. The conven-
tional control methods often have problems in these cases. In
this article, an adaptive PID controller is used to regulate the
speed of a linear SRM. To simplify the analytical calculations
of partial derivatives, an MLP is added to the conventional
controller, which requires a complete dataset of the system
output. To overcome the problem, an EKF is used to estimate
uncertain parameters. Eventually, the proposed control strategy
can process data and predict the next values in a limited time
without the complete observations. The proposed method and
two other strategies have been applied to a linear motor and
their performance has been compared by the simulation and
experimental tests.
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