
1215 ACES JOURNAL, Vol. 40, No. 12, December 2025

Analysis of Velocity-Acceleration Double Closed-Loop Control
for Double-Sided Switched Reluctance Linear Machine System

Hao Chen1,2, Sergei Brovanov3, Javokhir Toshov4, Jingfu Liu2,
Xing Wang1,2, Antonino Musolino5, Nurkhat Zhakiyev6,

Murat Shamiyev4, and Abror Obidovich Pulatov4

1Shenzhen Research Institute
China University of Mining and Technology, Shenzhen 515100, China

hchen@cumt.edu.cn, 3512@cumt.edu.cn

2School of Electrical Engineering
China University of Mining and Technology, Xuzhou 221116, China

3Novosibirsk State Technical University
Novosibirsk 630073, Russia

brovanov@corp.nstu.ru

4Tashkent State Technical University
University Street No2, 100095 Tashkent, Uzbekistan

javokhir.toshov@yandex.ru, Hello_murat@mail.ru, abrorobidovich@mail.ru

5Department of Energy, System, Territory and Construction Engineering (DESTEC)
University of Pisa, 56122 Pisa, Italy

antonino.musolino@unipi.it

6Department of Science and Innovation
Astana IT University, Astana, Kazakhstan

nurkhat.zhakiyev@astanait.edu.kz

Abstract – A model of a velocity-acceleration double
closed-loop control for a double-sided switched reluc-
tance linear machine (DSRLM) system is presented in
this paper. The velocity single closed-loop control with
PI or Fuzzy regulators is contrasted with the velocity-
acceleration double closed-loop controller. The response
time and response characteristics under six distinct con-
trol algorithms are compared, and the most appropriate
speed regulation controller is chosen.

Index Terms – Double closed-loop, linear machine,
switched reluctance, velocity regulation control.

I. INTRODUCTION
Switched reluctance machines (SRMs) show good

speed regulation performance, so they have been suc-
cessfully used in electric vehicles (EVs), aerospace, and
some high-velocity drives [1–4]. Switched reluctance
linear machines (SRLMs) evolved from rotary SRMs by
cutting the stator and the rotor in the radial direction

and stretching them into straight lines as the stator and
the mover of linear machine, respectively [5]. They
have inherited some merits from rotary SRMs, such as
simple structure, high reliability, good fault tolerance,
and flexible control methods [6–9]. Good velocity regu-
lation control makes SRLMs possible to apply on some
occasions, for instance, rail transit, lifting systems, and
direct-drive systems [8–11]. However, compared with
rotary motors, SRLMs pose more challenges in the
operation and control of linear motors. In SRLMs, the
axial end effect is an inherent phenomenon caused by the
finite length of the stator and mover, which distinguishes
linear machines from their rotary counterparts. Due to
the interruption of the magnetic circuit at the motor ends,
the magnetic flux distribution becomes asymmetric,
resulting in nonuniform phase inductance and flux link-
age along the motion direction. This effect is particularly
pronounced near the entry and exit regions of the mover,
where magnetic flux leakage increases and the effective
air-gap permeance decreases. Consequently, the elec-
tromagnetic characteristics of different phases become
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unbalanced, leading to variations in force production
capability and phase coupling characteristics. In addi-
tion, the axial end effect exacerbates electromagnetic
force ripple during phase commutation, thereby degrad-
ing force smoothness and control performance. Since
the end effect is highly position-dependent and exhibits
strong nonlinearity, it poses significant challenges to
accurate modeling and control of SRLMs, especially
under varying operating conditions or fault scenarios.
For this reason, SRLMs require a more advanced method
to regulate the speed.

A proportion integration differentiation (PID) con-
troller has been widely used in industrial production to
adjust the deviation of the system [12–14]. According
to different production processes, different control rules
must be selected properly, otherwise the PID controller
could not achieve the desired control effect. The tra-
ditional control theory has powerful control ability in
mathematically clear systems, but it is powerless for
systems that are complex or difficult to describe accu-
rately. According to this, Fuzzy mathematics has been
used to deal with these complex control problems, and
a Fuzzy controller arises [15–17]. A variety of speed
control methods for other types of machines have been
investigated [18–20]. In [18], a new method to design
a data-based PI regulator for induction machines in
closed-loop speed control has been presented. Khooban
et al. [19] proposed an optimal multi-objective Fuzzy
fractional-order PID controller for the speed control
of direct current motors in EV systems, and the good
performance of the proposed regulator is verified by
experiments and simulations. Ashouri-Zadeh et al. [20]
proposed a Fuzzy-based speed controller for the dou-
bly fed induction generator-based wind turbines, which
takes the rotor speed and wind speed as inputs. It designs
a speed regulator to control the torque of the generator
and extract the maximum power from the wind by
adjusting the rotor speed. In the PID controller, the dif-
ferential link can reduce the oscillation and increase the
stability of the closed-loop system, but it is not suitable
for adjusting signals with high frequency and big noise.
SRMs have the shortcoming of large noise so that the
differential link is generally not used in their single-
loop speed control system, and the PI regulator is always
selected. In [5], an acceleration closed-loop control with
the Fuzzy regulator is designed and successfully used in
a single-sided SRLM.

This paper investigates the velocity regulation
control of a double-sided switched reluctance linear
machine (DSRLM), shown in Fig. 1 and Table 1. A
double closed-loop control algorithm is proposed, in
which the acceleration loop is the inner loop, and the
velocity loop is the outer loop. The PI regulator and
the Fuzzy regulator are used in inner and outer loops

WmtWms Hmy
Hmt

WssWst

Hsy

Hst

g

Fig. 1. Structure of DSRLM.

Table 1: Key dimensions of DSRLM

Name Parameter Dimension
(mm)

Stator tooth width Wst 21.5
Stator slot width Wss 18.5
Stator tooth length Hst 95.0
Stator yoke thickness Hsy 23.5
Mover tooth width Wmt 23.5
Mover slot width Wms 36.5
Mover tooth length Hmt 17.5
Mover yoke thickness Hmy 25.0
Air gap thickness g 0.5
Laminated thickness L 86.0

alternately. Their regulation performances are compared
with single-loop control algorithms.

II. CONTROLLER DESIGN
A. Design of Fuzzy regulator

The design process of a Fuzzy regulator can be
divided into five steps.

(1) The first step is to determine the inputs and outputs
of the regulator. In this paper, the two-dimensional
Fuzzy regulator with double inputs and a single
output (U) is selected to adjust the velocity or accel-
eration. Two inputs are the error (E) and the error
variation (EC) of the variable.

(2) The second step is to determine the universe and
the scale factor of every variable. In this paper, the
basic universe of velocity is [−1, 1] m/s, the basic
universe of acceleration is [−2, 2.5] m/s2, and the
basic universe of current reference values is [0, 6] A
which always adds to a bias. The Fuzzy universe of
the E, EC, and U is [−6, 6].

(3) The third step is to determine the number of Fuzzy
linguistic variables and their membership functions.
In the design process of the Fuzzy regulator, what
is the most important is to determine the number
of Fuzzy linguistic variables and their membership



1217 ACES JOURNAL, Vol. 40, No. 12, December 2025

functions. When the number of Fuzzy linguistic
variables is large, the language rules would be more
specific. Then its control effect will be more flex-
ible and more accurate. However, sometimes the
number is too large to implement and draw up its
rules. Finally, under comprehensive consideration,
there are 7 Fuzzy linguistic variables in total, which
are sorted in terms of negative big (NB), negative
medium (NM), negative small (NS), zero (ZE), pos-
itive small (PS), positive medium (PM), and positive
big (PB). The frequently used membership functions
are the triangular, trapezoidal, Gaussian, bell, and
sigmoidal. The triangular membership function is
selected in this paper owing to its concise notation
and great interference immunity, which is shown in
Fig. 2.

ux

x

Fig. 2. Triangular membership function.

Table 2: Language rules of the Fuzzy regulator

EC E
NB NM NS ZE PS PM PB

NB NB NB NB NB NM NS ZE
NM NB NB NB NM NS ZE PS
NS NB NB NM NS ZE PS PM
ZE NB NM NS ZE PS PM PB
PS NB NS ZE PS PM PB PB
PM NB ZE PS PM PB PB PB
PB ZE PS PM PB PB PB PB

(4) The fourth step is to summarize the expert expe-
rience and express a series of language rules. The
language rules of the Fuzzy regulator used in this
paper are shown in Table 2. This step is the Fuzzy
inference system (FIS). Some of the language rules
of the Fuzzy regulator shown in Table 2 are intro-
duced in this part briefly. For example, if E is
NB, and EC is NB. It means that the value of the
controlled object (velocity or acceleration) is much
bigger than its reference value, and it has a trend
to continue to expand this difference. Therefore,
the output of the Fuzzy regulator should stop this
trend and greatly reduce this difference. Related to
the current acceleration reference values, they both
should be reduced greatly. So, the output of the
Fuzzy regulator is NB.

(5) The final step is defuzzification, which converts the
Fuzzy values to the non-Fuzzy values according to
a strategy. The centroid strategy is selected owing to
its rationality. In the experiments, a two-dimensional
decision table is established after the offline calcu-
lation according to the centroid strategy. Its curved
surface is shown in Fig. 3. The fuzzification and
defuzzification are expressed as

E = int(e · ke)

EC = int(e · kec)

u =U · ku+ c

, (1)

where e is the error between the controlled parame-
ter and its reference value, ec is the error variation,
u is the final output of the regulator, ke is the
coefficient scale of e, kec is the coefficient scale of
ec, ku is the coefficient scale of u, c is a bias, and
int() is a numerical function to get a numeric value
down to the nearest integer.

Fig. 3. Offline calculation results of defuzzification.

B. Design of the PI regulator
The PI regulator is a widely used linear regulator. It

implements the control of the object by the combination
of the proportion and integral values of the deviation.
The deviation is the difference between the given value
and the actual value. The proportional link mainly
affects the response speed and overshot value of the
system. Generally, with the increase of the coefficient
scale of the proportion link, the overshoot of the closed-
loop system is increased, and the response speed of
the system is accelerated. The integral link can help
eliminate the steady state error of the system. The greater
the coefficient scale of the integral link, the weaker the
integral function, the smaller the overshoot of the closed-
loop system and the lower the response speed of the
system becomes. The equation of the principle of PI
regulator can be expressed as

u = e · kp+ ki ·
∫

edt, (2)

where kp is the coefficient scale of the proportion link,
ki is the coefficient scale of the integral link, and t is the
time.
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C. Single closed-loop control
The velocity single closed-loop control with PI

regulator and Fuzzy regulator are investigated, respec-
tively, whose control diagram is presented in Fig. 4. The
velocity difference e is input in the PI/Fuzzy regulator
which outputs the corresponding current reference value
Ire f . The phase currents ia1, ia2, ib1, ib2, ic1, and ic2 are
compared with the reference current of every phase,
respectively in the hysteresis comparator. An AND logic
operation is conducted between its output and the output
of the position judgment to control the switches on the
power converter. The mover of the DSRLM runs and
feeds back the real-time velocity v to the regulator, and
position x to the position judgment link with the position
sensor.

v* +

v
-

Iref

i i
i i
i i

x

e

Fig. 4. Diagram of velocity single closed-loop control.

D. Double closed-loop control
In the velocity-acceleration double closed-loop con-

trol, the PI regulator and the Fuzzy regulator are used
in inner and outer loops alternately, whose diagram is
presented in Fig. 5.

v* +

v
-

a*

i i
i i
i i

x

e +
-a

Iref

dv/dt

Fig. 5. Diagram of velocity-acceleration double closed-
loop control.

The velocity loop is the outer loop which outputs the
acceleration reference values according to the velocity
difference. The acceleration loop is the inner loop that
outputs the current reference values according to the
acceleration difference. The following process is the
same as the velocity single closed-loop diagram. An
AND logic operation is conducted between the hystere-
sis comparator’s output and the output of the position
judgment to control the switches on the power converter.
The deviation between real-time velocity and the given
velocity is input to regulator 1, and position x to the
position judgment link with the position sensor. The

acceleration of the mover is achieved after the differen-
tial calculation of velocity, and it is fed back to regulator
2 in the inner loop.

III. SIMULATION RESULTS AND
ANALYSIS

As shown in Fig. 5, the PI regulator and the Fuzzy
regulator are used as regulator 1 and regulator 2 alter-
nately. There are four double closed-loop controllers
in total. The simulation results of four double closed-
loop controllers and two single-loop controllers are con-
ducted. Under no load and 24 V power supply, the model
of the DSRLM is established by the Fourier modeling
method proposed in [21]. Two simulation results of
0.4 m/s are shown in Fig. 6.

v 
i
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a
a

x 

v 
i

ib icia

a

a

x 

Fig. 6. Simulation results under 0.4 m/s given velocity:
(a) PI controller and (b) Fuzzy controller.

The simulation results of 0.6 m/s are shown in
Fig. 7. In these figures, v is the mover velocity. Owing
to the symmetry of double-sided currents, the currents
of only one side are given, where ia, ib, and ic are the
current values of phases A1, B1, and C1, respectively,
arf is the acceleration reference output by the regulator
1, a is the simulated mover acceleration, and x is the
mover position.

In the simulation results of Fuzzy-Fuzzy double
closed-loop velocity regulation, there is no overshoot
in the process of velocity regulation, and the arising
time and steady-state error of the controller are about
0.232 s and 0.013 m/s. In the simulation results of PI-
Fuzzy double closed-loop velocity regulation, there is
no overshoot, and its arising time and steady-state error
of the controller are about 0.300 s and 0.024 m/s. Also,
there is no overshoot in the process of velocity regulation
with the PI-PI controller. Its arising time and steady-state
error of the controller are about 0.411 s and −0.006 m/s.
The simulation results of Fuzzy-PI double closed-loop
velocity regulation show that there is no overshoot in
the process of velocity regulation with the Fuzzy-PI
controller, and its arising time and steady-state error
of the controller are about 0.268 s and 0.05 m/s. The
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Fig. 7. Simulation results under given velocity 0.6 m/s: (a) Fuzzy-Fuzzy controller, (b) PI-Fuzzy controller, (c) PI-PI
controller, (d) Fuzzy-PI controller, (e) PI controller, (f) Fuzzy controller.

simulation results of PI single closed-loop velocity reg-
ulation and Fuzzy single closed-loop velocity regulation
are shown in Figs. 7 (e) and 7 (f), respectively. With
the PI regulator, when the given velocity is 0.4 m/s, the
arising time and static state error of the controller are
about 0.063 s and 0.035 m/s, and there is an overshoot
which is about 0.035 m/s. When the given velocity is
0.6 m/s, the arising time and steady-state error of the
controller are about 0.080 s and −0.009 m/s, and there is
no overshoot. With a Fuzzy regulator, it can be seen that
there is no overshoot in the velocity regulation results.
When the given velocity is 0.4 m/s, the arising time and
static state error of the controller are about 0.056 s and
−0.006 m/s. When the given velocity is 0.6 m/s, the
arising time and static state error of the controller are
about 0.115 s and −0.005 m/s.

The control performances of the six controllers are
compared in Table 3. The overshoot, arising time, and
steady-state error are quantized at two different given
velocities. It can be seen that two single closed-loop
controllers have a shorter arising time than four double
closed-loop controllers, but the PI controller shows an
overshoot when the given velocity is 0.4 m/s. In many
applications, a small overshoot may cause huge damage
to the whole system. Therefore, although four double
closed-loop controllers have relatively longer arising
time than PI controllers, they are still thought better
for no overshoot. Among the four double closed-loop

controllers, it is apparent that the arising times of the
PI-Fuzzy controller and PI-PI controller are larger than
those of the Fuzzy-Fuzzy controller and Fuzzy-PI con-
troller. The Fuzzy-PI controller is better than the Fuzzy-
Fuzzy controller in steady state error but is worse in
arising time. Thus, further comparisons of the Fuzzy
controller, Fuzzy-Fuzzy controller, and Fuzzy-PI con-
troller should be conducted by variable-given velocity
tests. These conclusions obtained by simulations should
be verified by experiments.

IV. EXPERIMENTAL VERIFICATIONS
A. Hardware platform and coefficients of controllers

The whole velocity regulation system is shown in
Fig. 8, which includes a DSRLM prototype, an RT-
LAB digital controller, an isolator, a drive circuit, a
sampling circuit, a linear encoder, and a power converter.
In experiments with different controllers, coefficients are
different. There are two main control objects in this
paper, which are the mover velocity and its acceleration.
The basic universe of velocity is [−1, 1] m/s, the basic
universe of acceleration is [−2, 2.5] m/s2, and the basic
universe of current reference values is [0, 6] A which
always adds to a bias, thus some coefficients in the
Fuzzy regulator and PI regulator can be determined.
For example, when the Fuzzy regulator is used in the
outer loop, its output u is the acceleration reference
value. And the Fuzzy universe of the E, EC, and U
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Table 3: Velocity regulation performance comparisons
of the six controllers in simulations
Controller Given Arising Steady- Overshoot

Velocity Time State (%)
(m/s) (s) (m/s)

(m/s)
Fuzzy- 0.4 0.159 0.005 0
Fuzzy 0.6 0.232 0.005 0
PI-Fuzzy 0.4 0.188 0.002 0

0.6 0.300 0.002 0
PI-PI 0.4 0.318 −0.006 0

0.6 0.411 −0.006 0
Fuzzy-PI 0.4 0.219 0.002 0

0.6 0.268 0.001 0
PI 0.4 0.063 0.035 8.875

0.6 0.080 −0.009 0
Fuzzy 0.4 0.060 −0.006 0

0.6 0.115 −0.005 0

is [−6, 6], so the value of ku in Fig. 9 (a) is 2.25/6,
and the bias is 0.25. The purpose is to change the
universe of the output of the Fuzzy to the universe of the
acceleration. Similarly, when the Fuzzy regulator is used
in the inner loop, its output u is the current reference
value, so the value of ku in Fig. 9 (a) is 3/6, and the
bias is 3. When the PI regulator is used in the outer
loop, its output u is the acceleration reference value, so
it sets −2 as the lower limit and 2.5 as the upper limit
in the saturation in Fig. 9 (b). When the PI regulator
is used in the inner loop, its output u is the current
reference value, so it sets 0 as the lower limit and 6 as the
upper limit in the saturation in Fig. 9 (b). Then detailed
coefficients in different controllers used in experiments
are summarized in Table 4. Besides, the flux-linkage of
the DSRLM is calculated by the Fourier series modeling
method, which is the same as section III.

Fig. 8. Prototype and hardware platform.

Fig. 9. Regulator modules in Simulink: (a) Fuzzy regu-
lator and (b) PI regulator.

B. Experiments
The velocity regulation experiments with differ-

ent controllers are conducted using the shown hard-
ware platform. In these results, ar f is the acceleration
reference value output by regulator 1. The results of
the Fuzzy-Fuzzy double closed-loop controller are pre-
sented in Fig. 10 (a). It can be observed that there is
no overshoot in the velocity regulation process with this
controller. When the given velocity is 0.6 m/s, the arising
time and steady-state error of the controller are approx-
imately 0.160 s and 0.038 m/s. The results of velocity
regulation experiments with the PI-Fuzzy double closed-
loop controller are shown in Fig. 10 (b). There is no over-
shoot in the velocity regulation process. When the given
velocity is 0.6 m/s, the arising time and steady-state
error of the controller are about 0.266 s and −0.010 m/s.
Figure 10 (c) presents the results of velocity regulation
experiments with the PI-PI double closed-loop controller
at a given velocity of 0.6 m/s. There is no overshoot
in the velocity regulation process in the figure, and
the arising time and steady-state error of the controller
are approximately 0.262 s and 0.021 m/s. The results
of velocity regulation experiments with the Fuzzy-PI
double closed-loop controller are shown in Fig. 10 (d).
It can be seen that there is no overshoot in the velocity
regulation process when the given velocity is 0.6 m/s.
Its arising time and steady-state error of the controller
are about 0.250 s and 0.009 m/s. Velocity regulation
experiments with the PI single closed-loop controller are
also conducted. Their results are shown in Figs. 11 (a)
and 11 (b). When the given velocity is 0.4 m/s, the
arising time and steady-state error of the controller are
about 0.060 s and −0.049 m/s, with approximately
14.325% overshoot. When the given velocity is 0.6 m/s,
the arising time and steady-state error of the controller
are about 0.096 s and −0.016 m/s, and there is no
overshoot. The velocity regulation experiments with the
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Table 4: Detailed coefficients in different controllers
Controller PI-PI Controller PI-Fuzzy Controller Fuzzy-PI Controller Fuzzy-Fuzzy Controller
Regulator 1 in kp = 16 kp = 16 ke = 20 ke = 20
the outer loop ki = 0.05 ki = 0.05 kec = 2.6 kec = 2.6

Lower limit = −2 Lower limit = −2 ku = 2.25/6 ku = 2.25/6
Upper limit = 2.5 Upper limit = 2.5 bias = 0.25 bias = 0.25

Regulator 2 in kp = 6.5 ke = 35 kp = 6.5 ke = 35
the inner loop ki = 0.03 kec = 2.8 ki = 0.03 kec = 2.8

Lower limit = 0 ku = 3/6 Lower limit = 0 ku = 3/6
Upper limit = 6 bias = 3 Upper limit = 6 bias = 3
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Fig. 10. Experiment results of different controllers under
0.6 m/s: (a) Fuzzy-Fuzzy controller, (b) PI-Fuzzy con-
troller, (c) PI-PI controller, (d) Fuzzy-PI controller.
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Fig. 11. Experiment results of PI controller: (a) under
0.4 m/s and (b) under 0.6 m/s.

Fuzzy single closed-loop controller are shown in Fig. 12.
There is no overshoot in the velocity regulation process
when the given velocity is 0.6 m/s. Its arising time and
steady-state error of the controller are about 0.150 s and
0.010 m/s.

On the other hand, from the invariable given
velocity tests, it can be found that the single closed-
loop Fuzzy controller, the double closed-loop Fuzzy-
Fuzzy controller, and the double closed-loop Fuzzy-
PI controller have better performances among the six
controllers. To further investigate their stability and

i
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Fig. 12. Experiment results of Fuzzy controller under
0.6 m/s.

anti-disturbance ability, the given velocity is changed
from 0.4 m/s to 0.6 m/s suddenly, and the velocity
regulation processes of the three controllers are shown
in Fig. 13.

Figure 13 (a) is the given velocity step test results
of the Fuzzy controller. It is shown that the real-
time velocity follows the given velocity well, and it
responds quickly. The parameters in a single closed-loop
controller are less than those in a double closed-loop
controller, so the parameter adjustment of the Fuzzy
controller is easy. Figure 13 (b) is the variable given
the velocity test results of the Fuzzy-Fuzzy controller,
which shows that it responds slowly, and the velocity
waveform is not stable. It indicates that the Fuzzy-
Fuzzy cannot work well in variable-given velocity tests.
Figure 13 (c) is the variable given the velocity test results
of the Fuzzy-PI controller. It can be seen that the real-
time velocity follows the given velocity well with a
quick response.

C. Analysis
The control performances of the six controllers

shown in the experiments are compared in Table 4.
In the arising time column, the values of the PI con-
troller at 0.4 m/s and 0.6 m/s are 0.060 s and 0.096 s,
and those of the Fuzzy controller at 0.4 m/s and
0.6 m/s are 0.096 s and 0.150 s. They are shorter than
those of four double closed-loop controllers under the
same given velocity. That means that single closed-
loop controllers are more flexible, and they have quicker
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Table 5: Velocity regulation performance comparisons of the six controllers in experiments

Controller Given Arising Steady-State Overshoot (%) α (%)
Velocity (m/s) Time (s) Error (m/s)

Invariable Variable
Fuzzy- 0.4 0.151 0.012 0 7.77 9.9
Fuzzy 0.6 0.160 0.038 0 7.52
PI-Fuzzy 0.4 0.213 0.028 0 7.48 –

0.6 0.266 −0.010 0 8.11
PI-PI 0.4 0.260 0.022 0 3.79 –

0.6 0.262 0.021 0 3.86
Fuzzy-PI 0.4 0.192 0.001 0 3.99 4.03

0.6 0.250 0.009 0 3.94
PI 0.4 0.060 −0.049 14.325 4.56 –

0.6 0.096 −0.016 0 4.11
Fuzzy 0.4 0.096 0.005 0 3.95 4.08

0.6 0.150 0.010 0 3.93
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Fig. 13. Variable given velocity test results: (a) Fuzzy
controller, (b) Fuzzy-Fuzzy controller, (c) Fuzzy-PI con-
troller.

response speeds. However, in the PI controller, experi-
ment results appear unexpected steady-state errors and
a 14.325% overshoot at a given velocity of 0.4 m/s.
Among four double closed-loop controllers, the Fuzzy-
Fuzzy controller has the shortest arising times. In the
steady state error column, the values of the Fuzzy-
PI controller can be maintained within 0.01 m/s. It is
better than other controllers, including single closed-
loop controllers and double closed-loop controllers. The
static state errors in these experiments may be caused
by the impacts of the coefficients of these controllers.
DSRLM system is a nonlinear system. Its motion stroke
is only 380 mm, which is a limited distance so the
real-time regulation of these coefficients is difficult
to realize. In general, the coefficients of these con-
trollers are chosen to apply to a majority of situations

in the SRLM velocity regulation system. Under these
situations, these controllers can perform well without
changing these coefficients. Nevertheless, achieving the
optimal outcomes consistently is challenging, and static
state errors might emerge in certain circumstances due
to the coefficients. However, it can be observed from
Tables 3 and 5 that significant static state errors rarely
occur, indicating that the majority of the results are
acceptable.

Comparing Tables 3 and 5, both the simulated
results and the tested results of the PI controller appear
big steady-state errors at a given velocity of 0.4 m/s.
All steady-state errors of tested results are greater than
those of simulated results. In addition, the arising times
of tested results are different from those of simulated
results. These differences between tested results and
simulated results may be caused by the calculated fre-
quency of the real-time simulator, the accuracy of flux
linkage curves used in Fourier series nonlinear mod-
eling, or the effect of mutual coupling characteristics
between phase to phase.

The smaller the smoothness coefficient α , the better
the stability of the system. In Table 5, “Invariable”
shows the smoothness coefficients α of invariable given
velocity tests, and “Variable” shows the smoothness
coefficients α of the variable given velocity tests. The α

values of the Fuzzy-Fuzzy controller and PI-Fuzzy con-
troller are bigger than those of the other four controllers
in invariable given velocity tests. The α values of the
Fuzzy-PI controller keep the same level as the Fuzzy
controller. The smoothness of real-time velocity with
Fuzzy-PI controller and Fuzzy controller is great, both
in invariable given velocity tests or variable given tests.
The smoothness of real-time velocity with a Fuzzy-PI
controller is better than that with a Fuzzy controller in
variable-given velocity tests. In its process of parameter
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adjustment, we found that the Fuzzy-PI controller is
flexible and easy to adjust. Above all, in the further
velocity regulation of DSRLM, the Fuzzy-PI controller
can be chosen.

V. CONCLUSION
In a velocity regulation system of a DSRLM, the

velocity single closed-loop control employing either
the PI regulator or the Fuzzy regulator is contrasted
with the velocity-acceleration double closed-loop
control in this paper. The velocity regulation control
is executed using an RT-LAB digital controller. The
velocity regulation experiments are carried out, and
corresponding simulations are established in MATLAB.
Moreover, the modules in MATLAB/Simulink are
presented. Another contribution of this paper lies
in comparing and analyzing the performances of
different velocity regulation controllers on SRLMs
through simulations and experiments. The establishment
processes of different controllers are introduced in
detail, and their specifications are provided. Through
a succession of velocity regulation tests, the conclusion
can be drawn that the Fuzzy-PI controller possesses the
optimal velocity regulation performance in the DSRLM.
These simulated and experimental experiences can serve
as a reference for velocity regulation research on other
SRLMs. Although the proposed velocity–acceleration
double closed-loop control strategy demonstrates sat-
isfactory performance for DSRLM velocity regulation,
several aspects warrant further investigation. First, the
current controller design relies on empirically tuned
PI and Fuzzy parameters, and future work will focus
on developing adaptive or self-tuning mechanisms to
enhance robustness under varying operating conditions.
Second, the strong nonlinearities and axial end effects
inherent to SRLMs are not explicitly compensated
in the control law; incorporating end-effect-aware
models or data-driven compensation strategies is a
promising direction. In addition, performance evaluation
in this study is limited to low-speed and constant-
load conditions. Future experimental validation under
wider speed ranges, load disturbances, and parameter
uncertainties will be conducted. Finally, comparisons
with more advanced control approaches, such as model
predictive control or learning-based methods, will be
explored to further improve dynamic performance and
broaden the applicability of the proposed framework.
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