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Over the last decade, industrial applications and promising research domains
including robotics and automotive engineering have adopted the rotary
switched reluctance actuator (SRA). SRA's fault tolerance, simple, strong
structure, and high-frequency operation make it popular. However, the SRA's
nonlinear magnetic flux flow and saturation operation negate its benefits.
Several control systems have been developed; however, they often need
extensive mechanism models and advanced control theory, making them
impracticable. This paper proposes a modified proportional integral derivative
(PID) controller to evaluate the control performance, which comprises of PID
controller with an anti-windup, a linearizer unit, and switching mechanism to
activate the SRA phases. The linearizer unit aids to compensate for the non-
linear current-displacement relationship. The anti-windup element helps to
halt the integral action during the starting motion. At the fully aligned
position, 60°, the modified PID reduced positioning steady-state error by 4.3
times at 76.9%, overshoot by 48.8%, and settling time by 25.3%. Both the
modified PID and conventional PID showed zero steady-state error at

intermediate position, 70°, however the modified PID controller depicted an
improved percentage overshoot by 54.5% and settling time by 74.5%. The
results show that the modified PID outperforms conventional PID in transient
response, steady-state error, overshoot, and settling time.
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1. INTRODUCTION

Switched reluctance actuators (SRAs) are electromagnetic machines that convert electrical energy to
magnetic field and generate electromagnetic force to drive a mechanical part (rotational or linear motion).
Electromagnetic actuation in optical electromechanical systems (MOEMS) can provide large, long-range
forces for industrial applications like magnetic matrix array of micro-switches for optical network and
magnetostrictive scanner for automobile obstacle detection [1]-[4]. The permanent magnet (PM) in
electromagnetic actuators makes bi-stability easy, and the pulse of excitation current maintains actuation
positions through magnetic field interactions. Microelectromechanical systems (MEMS) use electromagnetic
actuators for nanometer-precision positioning stages and medical laser scanners. However, electromagnetic
actuators' complex design requires PMs, which is their biggest drawback. High-speed PM excitation dissipates
power and reduces actuator efficiency [1], in which the SRA able to improve this shortcoming.
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The rotary SRA is an electromagnetic actuator, but its simple, robust structure allows it to operate at
higher temperatures without expensive PMs. The double stator SRA, multilayer SRA, and segmental rotor SRA
are advanced rotary SRA design structures that increase torque and eliminate torque ripple. Reverting to the
basic design of rotary SRA, the actuator has three main components: the rotor, stator, and coil windings,
whereby a typical rotary SRA consist of 6/4 stator and rotor poles. These number of poles affects rotary SRA
acoustics. More stator and rotor poles reduce noise, vibration, radial force and higher stator-rotor pole ratios
improve actuation torque [5]. When a sequential excitation scheme is initiated, the rotor rotates to align with
the excited stator poles to form the magnetic flux path with the least reluctance. Because air resists magnetic
flux in the rotary SRA, lowering output torque, the air gap should be as small as possible. The air gap must be
large enough to allow smooth rotation without rotor-stator contact. Because the SRA lacks rotor winding, the
windings are formed externally and inserted into the stator, simplifying construction. The SRA has high power
factor and efficiency in high-speed modes. This makes SRA suitable for hybrid electrical vehicle (HEV)
applications [6], which could revolutionise the industry. HEVs are greener and cheaper to maintain than gas-
powered cars. Rotary SRA is also suitable for wind power systems due to its simple, robust, low-cost structure,
and lack of speed multiplication system. The rotary SRA can also be used to replace PM stepper motors in
robotic joints and manipulators [7].

Despite its benefits, the rotary SRA has some drawbacks in its application. Due to magnetic flux
linkage and magnetic saturation, rotary SRA is intricately non-linear [8]-[13]. The non-linear rotary SRA
makes analytical modelling difficult. Control schemes require magnetization curve measurements or finite
element predictions, complicating the controller design. These factors make real-time rotary SRA motion
control difficult and inaccurate. At present, there are numerous control methods proposed and established for
motion control of linear SRA. However, for rotary SRA it is limited. Most of these early works used
model-based control, which improves performance but depends on system modelling accuracy and quality
[14]-]18]. Classical control uses the proportional integral derivative (PID) because of its simple design and
high applicability for industrial operations. Due to the linear controllers, unfortunately the PID control method
performs poorly with non-linear type mechanisms. Model-free controllers such as intelligent and hybrid
[19]-[23] were also used in past researches, whereby the control architecture is simpler than with model-based
controllers because the controller decision making can accommodate system uncertainties and variations.
Nevertheless, knowledge of control theory and a time-consuming design process are both prerequisites for
working with these controllers. As a result, the methodology of a simple and practical control strategy
[24], [25] for a rotary SRA will be discussed in this paper. By including a linearize unit and anti-windup, this
control strategy modifies the structure of a PID as the fundamental controller.

2. METHOD

This section discusses the dimensions and construction parameters of the rotary SRA, followed by a
detailed SRA experimental setup. The experimental excitation sequence which consists of three (3) phases are
discussed in detail with the SRA's working range between 0° to 75°. To evaluate the control performance of
the SRA, the procedure to design the modified PID control scheme is elaborated. The modified PID control
scheme comprises of a PID controller with an anti-windup, a linearizer unit, and switching mechanism to
activate the SRA phases.

2.1. Switched reluctance actuator prototype and experimental setup

In this paper, the SRA prototype uses a modified PID control to validate its practical control scheme.
The SRA continuous motion ranges from 0° to 360°. The rotary SRA design uses Malaysian-available materials
and no rare PMs. The material used for the stator and rotor are S45C medium-carbon steel. Figure 1 shows the
SRA rotor and stator dimensions. Figure 2 and Table 1 show the optimised design parameters using finite
element method (FEM) analysis. The initial stator-rotor air gap is 0.2 mm, however the SRA prototype air gaps
vary from 0.22 to 0.23 mm due to fabrication tolerances. To prevent electricity from reaching the stator, each
stator tooth is insulated with 0.1 mm DuPont NOMEX paper type 410 as shown in Figure 3. The stator tooth
is wrapped 60 times with 0.1 mm copper wire. The coil windings are insulated to prevent electricity flow
between phases and pack tightly into the stator teeth.

The fully assembled SRA setup consists of several components other than the stator, rotor, and coil
windings. Figure 4 depicts the aluminum-base SRA experimental setup. The experimental setup includes a host
PC, micro-box DSP unit, 3 high current amplifiers (Kikusui PBZ60-6.7 and Accel TS250), and the fully
assembled SRA setup. The SRA stator is mounted on an acrylic-aluminum holder to prevent electrical
conductivity. High-precision ball bearings with housing keep the stator and rotor in line. A scancon rotary
incremental encoder with 0.1° resolution is located on one end of the shaft, and a protractor and pointer are
located on the other. To precisely measure rotor displacement, a duratool USB microscope is placed in front
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of the protractor. Bolts, nuts, and screws made of plastic or steel coated with black oxide reduce electrical
conductivity and secure all components.

Coil
Windings
Front View Side View 3D View Cross-Sectional View

Figure 1. Dimensions of SRA in different views

Figure 2. SRA design parameters

Table 1. SRA design parameters

Parameters Value
Stator-to-rotor poles ratio, S:R 6:4
Air gap 0.23 mm
Winding turns 60
Arc angle, s/ Bg 29°/40°

Insulated /
Coil
Windings

Host PC
Digital Signal
Processing Unit

Switched
Reluctance Actuator
Setup

Figure 4. SRA experimental setup
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2.2. Rotary switched reluctance actuator excitation phase

All experiments will be carried out in the SRA's working range of 0° to 75° and will employ one of
the three phases. Due to air gap non-uniformity and fabrication constraints, phase ABC excitation can only
rotate the rotor from 0° to 75°, rather than 0° to 90°, as shown in Figure 5(a) for the counter-clockwise
(counter-CW) rotation and Figure 5(b) for the clockwise (CW) rotation. When no current is applied and the
SRA is demagnetized, the rotor can only achieve a fixed position manually due to gravity's pull. Furthermore,
0° is the position at which the rotor is fully aligned with the previous phase (phase C) before activating the first
phase (phase A). Manual positioning of the rotor to starting position 0° is accomplished in the SRA setup using
a digital microscope, protractor, and pointer, as shown in Figure 6. After each experiment, a customised
waveform of positive and negative step signals is applied to each phase of the SRA system to discharging the
accumulated magnetic flux within the core as shown in Figure 7. The discharging process is carried out
primarily to ensure that the rotor can be manually repositioned to 0°. This procedure also serves as an extra
precautionary measure to ensure that the SRA is not saturated.

Phase C Excited (75°)  Phase B Excited (60°) Phase A Excited (45°)
(b)

Figure 5. SRA actual positions through sequential phase excitation: (a) counter-CW rotation and
(b) CW rotation

Digital Microscope

Figure 6. Setup to position the rotor at 0°
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Figure 7. Customized waveforms for discharge of magnetic flux in SRA

2.3. Design procedure of modified proportional integral derivative control scheme

Figure 8 shows the proposed modified PID controller, which comprises of PID controller with an
anti-windup, a linearizer unit, and simple switching mechanism to activate the SRA phases shown in Table 2.
This control scheme activates phases based on the rotary displacement, error, and reference values. Table 2
shows the CW and anticlockwise (ACW) rotary displacement, and excitation phases. In an uncompensated
system, the SRA oscillates and loses accuracy during point-to-point motion. The uncompensated system cannot
consistently maintain and achieve a settling displacement because the SRA constantly excites two phases
sequentially to reach the reference position. Hence to solve this, the PID controller is implemented as the
fundamental controller. The PID controller was design using Ziegler-Nichols tuning method at a sampling rate
of 1 kHz. Ziegler-Nichols tuning method heuristically determines Kp, K|, and Kp values. By setting K, and Kp
values to 0, the Kp value is increased from O until the SRA displayed sustained oscillations as shown in
Figure 9. This Kp value is known as the ultimate gain, Ky, which is 2.7. The Ky value must be the smallest
value of Kp for the control loop to achieve sustained oscillation. The oscillation period or ultimate period, Py
is also obtained which is 0.184 s. The calculations as shown in Table 3 is completed using the acquired Ky and
Pu values. The final calculations for Kp, K;, and Kp values are completed and the initial PID gain values using
Ziegler-Nichols method are shown in Table 4.

However, because the SRA is a highly nonlinear system, the structure of the modified PID controller
must include a linearizer unit. The linearizer unit compensates for the SRA system's non-linear
current-displacement relationship. To achieve better positioning results, this component acts as a lookup table
for the current value for each phase. The construction of the linearizer unit begins with determining the rotary
displacement of the SRA using open-loop responses. Current values ranging from 0.5 to 2 A, with intervals of
0.1 A, are sequentially applied to SRA phases to generate reciprocating motion between 45° and 75°. This
method makes it simple to obtain the displacement characteristics of all three phases. Because lower current
values do not provide enough energy for the SRA to achieve a stable response, the excitation current begins at
0.5 A. The current is limited to 2 A because higher values may cause the winding coils to overheat and burn.
Each current value will correspond to their respective steady-state displacement using the displacement
responses in the reciprocating motion. In this manner, a collection of current values ranging from 0.5 to 2 A
against their respective displacement is obtained in a graph for each phase. For each graph, an equation defining
the relationship is obtained. Each equation will serve as the linearizer unit, compensating for the non-linear
characteristics of SRA for each individual phase.

Using a conventional PID controller, there is the issue where the control signal becomes saturated due
to error accumulation of the integral term. This is problematic as such situation forces the linearizer to lose its
function because the maximum output current will always be selected and supplied to the SRA regardless of
the actual error of the system. Considering the ease of implementation, a conditionally freeze integrator is
added to the compensated closed-loop system in order to avoid the saturation of PID signal due to the integral
term. In (1) governs the anti-windup element's integral input. The value of up;, is the maximum PID signal
value at 2 A current which is 20.225°. The linearizer look-up table easily determines the highest value of the
three linearizer units at 2 A since the SRA is a single-feedback closed-loop system. When two conditions are
met, the anti-windup element freezes the integral value: i) the modulus sum of proportional, integral, and
derivative control signals exceeds the maximum value and ii) the product of error and integral control signal
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exceeds or equals zero; otherwise, the integral term functions normally. The conditional integrator is chosen
because the rule can be modified to fit the SRA system. The integral term is halted when the rotary response
starts because the PID signal is saturated by the proportional term and only acts when approaching the
steady-state phase. This effectively reduces overshoot while also significantly reducing error and settling time
as the steady-state phase approaches. The modified PID controller in Table 4 is fine-tuned to achieve the best
possible performance for the SRA system. The Kp, K|, and Kp values are optimised through experimental work
using the initial PID gain values from the Ziegler-Nichols method. Table 5 shows final PID gain values.

0, lup + u; + up|l>us and e-u; 20

Au; = { ,
L e, otherwise

)

Where u, is proportional control signal; u; is integral control signal; Au; is change rate of u;; u, is derivative
control signal; up;, is maximum value of PID signal at 2 A; and e is error
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Figure 8. Block diagram of modified PID controller

Table 2. Excitation phases for CW and ACW rotation

Rotary displacement  CW phase  ACW phase
0°-30° A C
30°-60° B A
60°-90° C B
90°-120° A C
120°-150° B A
150°-180° C B
180°-210° A C
210°-240° B A
240°-270° C B
270°-300° A C
300°-330° B A
330°-360° C B
of T T =
i A i
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Figure 9. Step response at ultimate gain, Ky=2.7
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Table 3. Controller parameters using Ziegler-Nichols method

Kp T To
P controller 0.5xK,=1.35 o0 0
P,
PI controller 0.45xK=1.22 % =0.15 0
PID controller 0.6xK,=1.62 O.SXPU=O.092 0.125%xP,=0.02

Table 4. Initial PID gain values

PID gain Value
Ke (°) 0.6 Ku=1.62
Kp
K| (0571) —=17.6
T;
Kb (DS) KpxTp=0.03

Table 5. Final PID gain values for the modified PID controller

PID gain Value
Ke (°) 2.02
K, (°s?) 22
Kb (°s) 0.07

3. RESULTS AND DISCUSSION

In this section, the construction of the linearizer unit for each phase is discussed, including the
curve-fitting the current-displacement relationship to obtain the linearizer equation for phase A, B, and C. The
modified PID controller performance will be discussed and evaluated using two references, i.e. i) fully aligned
and ii) intermediate reference positions. The results will be compared using the conventional PID controller to
verify the benefits of the modified PID controller for the SRA application. For the fully aligned reference
position, the SRA is evaluated at references positions 60° and 75°. While for the intermediate reference
position, the control performances were evaluated at 55° and 70°.

3.1. Linerizer unit construction

The linearize unit provides a non-linear current-displacement relationship for the SRA system and
serves as a lookup table to provide the suitable current excitation for accurate positioning in a closed-loop
system. Sequential excitation of phase A-B-C and vice versa initiates a reciprocating motion in the range of
45° to 75°. Each phase is excited with the same current values, ranging from 0.5 to 2 A for activation period
of 1.5 s, starting at time, T=1 s. Figure 10 shows the example of the reciprocating motion for current values
2 A. The reciprocating motion not only provided a displacement value for each current value, but it also
demonstrated that phase A and C excitation are unable to achieve the expected displacement of 30° and 90°,
respectively. When phase A is excited, the rotor only moves about 45°, whereas phase C produces a 75°
displacement. This problem is caused by hardware fabrication tolerance and air gap non-uniformity. However,
phase B did not exhibit this problem because its rotary response is very close to the expected displacement of
60°. As a result, the stator and rotor fully aligned positions for phases A and C are 45° and 75°, respectively.

The relationship between varying current values and displacement is obtained in graphs according to
each phase using the displacement responses in the reciprocating motion shown in Figure 11. The displacement
for each current value is determined by selecting the reciprocating response that is closest to the average value
among the five repetitions. Because phase A and C are only involved in either CW or counter-CW rotation,
they each have one graph shown in Figures 11(a) and (d), respectively. Phase B, on the other hand, has two
displacement-current graphs that rotate CW and ACW, as shown in Figures 11(b) and (c). The graphs show
that the displacement versus current revealed a nearly identical relationship between them. In general, every
0.1 A increase in current from 0 to 1 A results in a significant increase in displacement. However, from 1 to 2
A, the same 0.1 A increase in current results in a smaller increase in displacement. Except for CW phase B,
which showed slight displacement spikes at 0.6 and 1.1 A, all three phases exhibited a relationship similar to
that of an exponential graph. A notable feature is that as the current values near the maximum at 2 A, the
displacement decreases slightly and remains constant across all phases.

Figure 11 shows that curve fitting analysis is required to obtain an equation defining the
displacement-current relationship for each phase. The Boltzmann model function is used to fit the
displacement-current graph. Because the displacement changes little when the current approaches 2 A, the
Boltzmann function is appropriate for expressing the displacement-current relationship. Furthermore, when the
current approached 2 A, the displacement showed a minor decrement. However, U-shaped curves cannot be used
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in the curve fitting equation because they would produce two different current values with the same displacement.
If such equations are used in the linearizer unit, this will result in conflicting values in the lookup table.

The equation representing the graphs in Figure 11 are shown in (2)—(5), will be used in the linearizer unit
in designing the modified PID. However, (2)-(5) express the displacement value in terms of the current value,
whereas the compensated closed-loop system requires the current value to be expressed in terms of the
displacement value. As a result, the equations for the corresponding phases are inversed, as illustrated in (6)-(9).
Using (6), the linearizer for phase A is constructed as shown in Figure 12(a). In the case of phase B, the linearizer
graph shown in Figure 12(b) is constructed by combining (7) for positive displacement and (8) for negative
displacement. This is because phase B is involved in both CW and ACW rotation. The linerizer for phase C is the
mirrored version of phase A shown in Figures 12(c) with respect to the y-axis to reflect the negative displacement
side. In Figure 12, the linearizers express current values in terms of displacement; for example, a current value of
0.26 A must be excited in order for phase A of the SRA system to achieve 5°.
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YA—16-964’ (1 +ex (x;.:fzgg )) (2)
_ _ 27.822
YB (cw)—15.081 (_1+ex (x;.;).lo:l)) (3)
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Figure 10. Reciprocating motion using 2 A current

3.2. Performance evaluation: fully aligned vs intermediate positions

The modified PID controller was evaluated at two reference positions: fully aligned and intermediate
positions. Both were compared to the conventional PID controller to demonstrate its efficacy. Table 6 lists the
conventional and modified PID controller parameters that was tuned. The SRA fully aligned positions involved
in experimental references are 60° and 75°, respectively. At 60° and 75°, the rotor is fully aligned with phase C
and phase A stators. Because torque is at its lowest when the rotor reaches the fully aligned position, these
positions pose the greatest challenge in rotary SRA position control. Positioning errors are common because
increasing the current using the corresponding phases produces no motion. Figure 13 shows the performances for
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reference 60° and 75° positioning. Figure 13(a) shows that modified PID had less displacement response
overshoot and oscillations than the PID. Modified PID reached a steady-state position of 59.9° with a 0.1° average
error for a reference position of 60°. PID controller errors were 0.5°. The PID controller displacement exceeded
80.5° by 34.3%. The modified PID had 17.6% overshoot and 0.460 s settling time, better than the PID controller.
Modified PID had an improved steady-state error by 4.3 times at reference 60°, 76.9%. The modified PID
controller reduced overshoot and settling time by 2 and 1.3 times, improving 48.8% and 25.3%. For the reference
position 75°, the modified PID controller eliminates oscillations shown in Figure 13(b). Additionally, modified
PID had zero steady-state error, while PID had 0.5°. The PID controller displacement overshoot by 18% to 88.5°.
However, modified PID reached 80.2° with a 6.9% overshoot. In contrast, the modified PID improved
steady-state error and overshoot by 100% and 61.9%. The modified PID settled in 0.207 s versus the PID
controller's 0.574 s. 2.8 times faster settling and 63.9% better with the modified PID controller. Tables 7 and 8
shows the transient parameters for reference 60° and 75°.

In compared to the fully aligned positon, the intermediate alignment at 55° and 70° is the position where
rotor and stator is not aligned, whereby 55° is in between phases A and B, while 70° is in between B and C. From
Figure 14, the intermediate positions depict a zero steady-state error. The linearizer unit significantly helps to
improved displacement curve, overshoot, and settling time. Figure 14(a) shows that the modified PID controller
outperformed the PID controller at 55° reference position. The PID controller had 38.6% overshoot, while
modified PID achieve a 16.1% overshoot. The overshoot decreased by 2.4-fold and improved by 58.4%. The
modified PID settled in 0.402 s, while the PID took 0.605 s to reach the setpoint, which shows that the modified
PID improves by 33.5%. Figure 14(b) shows that the PID controller overshoot and oscillated at reference 75°
before correcting to 70°. The modified PID responded smoothly to the reference input. It can be depicted that the
modified PID outperformed PID with a 12% overshoot versus 26.3%. The overshoot decreased by 2.2-fold. The
modified PID reduced settling time by 3.9 times, from 0.889 s to 0.227 s, in which 74.5% improvement.
Tables 9 and 10 shows the transient parameters for reference 55° and 70°.
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Figure 11. Relationship of displacement against current for (a) phase A, (b) phase B (CW), (c) phase B
(counter-CW), and (d) phase C
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Table 6. Controller parameters for conventional PID and modified PID controllers

PID gain Modified PID Conventional PID
Ke (°) 2.02 0.3
K (°s™) 22 3.28
Kp (°s) 0.07 0.01
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Figure 13. Comparative positioning result for modified PID and PID at fully align positions at (a) reference
60° and (b) reference 75°

Table 7. Transient parameters for modified PID and PID controller for 10 repeatability at reference 60°

Reference 60°

Parameters Modified PID PID Improvement (times/%)
Steady-state Average 1.20x10t 5.20x10* 4.3/76.9
error (°) Standard deviation 4.22x10? 4.22x10
Overshoot (%) Average 1.76x10* 3.43x10! 2.0/48.8
Standard deviation 2.18x10* 3.95x101
Settling time (s)  Average 4.60x10* 6.16x10* 1.3/25.3
Standard deviation 3.41x10- 2.97x10?
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Table 8. Transient parameters for modified PID and PID controller for 10 repeatability at reference 75°
Reference 75°

Parameters Modified PID PID Improvement (times/%)
Steady-state Average 0.00 4.50x10-1 -/100
error (°) Standard deviation 0.00 5.27x10-1
Overshoot (%) Average 6.87x100 1.80x101 2.6/61.9
Standard deviation 3.09x10-1 1.99x10-1
Settling time (s) Average 2.07x10-1 5.74x10-1 2.8/63.9
Standard deviation 1.58x10-3 4.78x10-3
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Figure 14. Comparative positioning result for modified PID and PID at intermediate positions at (a) reference
55° and (b) reference 70°

Table 9. Transient parameters for modified PID and PID controller for 10 repeatability at reference 55°
Reference 55°

Parameters Modified PID PID Improvement (times/%)
Steady-state error (°) Average 0.00 0.00 0.0/0.0
Standard deviation 0.00 0.00
Overshoot (%) Average 1.61x10! 3.86x10! 2.4/58.4
Standard deviation 3.57x10* 6.62x10!
Settling time (s) Average 4.02x101 6.05x10! 1.5/33.5
Standard deviation 8.09x10° 9.70x10°®

Table 10. Transient parameters for modified PID and PID controller for 10 repeatability at reference 70°
Reference 70°

Parameters Modified PID PID Improvement (times/%)
Steady-state error (°) Average 0.00 0.00 0.0/0.0
Standard deviation 0.00 0.00
Overshoot (%) Average 1.20x10! 2.63x10! 2.2/54.5
Standard deviation 8.74x10! 4.49%10*
Settling time (s) Average 2.27x10 8.89x10! 3.9/74.5
Standard deviation 4.70x10° 1.05x107

Based on the analysis, the modified PID controller performs better compared to the PID controller with
the aid of a linearizer unit. Figure 15 shows both controllers' phase excitation at fully aligned position, 60° and
intermediate position, 70°. When fully aligned positions were achieved, the PID controller demonstrated a
significant reduction in steady-state error. This is because the torque decreases when approaching these
positions, also known as dead zones, because the minimal torque refuses any further movement even when the
corresponding aligned phase is excited. Figure 15(a) demonstrated that the excitation current of phase B by the
PID controller easily reached saturation at 2 A, resulting in more overshoot and oscillations. The linearizer unit
solves this problem by defining the current-displacement relationship to ensure appropriate excitation current
based on the system's open-loop characteristics, which (modified PID's phase B current) is significantly lower
than that of the PID controller, as shown in Figure 15(b). As a result, as the rotor approaches its fully aligned
position, the positioning error can be reduced by applying more current. As shown in Figure 15(b), the modified
PID registered lower current values for phases B and C, indicating a response closely tracing the reference input
with less overshoot and settling time.
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Aside from the linearizer unit, the anti-windup element had a significant impact on the displacement
response. Although the conventional PID controller has anti-windup, its performance is inferior to that of the
modified PID. When combined with the linearizer unit in the modified PID controller, the anti-windup element
performs admirably. Figure 16 depicts the PID signal before entering the linearizer unit for two controllers, a
modified PID controller with and without an anti-windup element for reference positions 60° and 70°,
respectively. The absence of a linearizer unit in the conventional PID scheme is a significant disadvantage because
there are no elements to define the non-linear SRA current-displacement relationship. Even if an anti-windup
element were included, it would serve little to no purpose, as demonstrated by all previous positioning results.
However, the role of anti-windup in the modified PID controller is notable, as shown in Figure 16(a) at fully
aligned position, 60°, where the PID signal without anti-windup showed saturation beyond the limit until the
experiment was terminated. The proportional and derivative terms in the PID signal with anti-windup, on the
other hand, caused saturation at the start of motion. The integral action is currently frozen. Once the PID signal
has reached its saturation point, the integral term only acts to reduce the steady-state error. Similarly, in
Figure 16(b) at the intermediate position of 70°, the anti-windup element effectively reduces overshoot and
improves settling time by freezing the integral action during the starting motion. In order to deliver optimal
performance, the modified PID scheme requires both the linearizer unit and the anti-windup element.
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Figure 15. Effect of linearizer: comparative excitation current for different phases at (a) reference 60°
(fully aligned position) and (b) reference 70° (intermediate position)
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Figure 16. Effect of anti-windup at (a) reference 60° (fully aligned position) and (b) reference 70°
(intermediate position)

4. CONCLUSION

In summary, the proposed modified PID controller with linearizer unit and anti-windup element
outperformed the conventional PID controller in all analysis. The conventional PID controller does not perform
well in the nonlinear rotary SRA system; however, by incorporating a linearizer unit and anti-windup into the
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control scheme, significant improvements were achieved. The importance of both elements is emphasised in
order to achieve better positioning results and serve as an important finding for future work. For the rotary
SRA, excessive current excitation in the conventional PID controller resulted in significant overshoot and
steady-state error. The modified PID controller, on the other hand, can provide the system with appropriate
current values based on the linearizer unit to achieve lower error even when the rotor approaches fully aligned
positions. When approaching these dead zones, torque decreases because the minimal torque refuses to move
even when the aligned phase is excited. Furthermore, the modified PID controller with anti-windup prevented
the PID signal from saturating. The anti-windup element helps to halt the integral action during the starting
motion, reducing overshoot, and improving settling time. As a conclusion, at the fully aligned position 60°, the
modified PID controller reduced positioning steady-state error by 4.3 times, maximum overshoot by 48.8%,
and settling time by 25.3%. Both the modified PID and conventional PID controllers demonstrated zero
steady-state error at the intermediate position of 70°, however the modified PID controller drastically improved
the percentage overshoot by 54.5% and settling time by 75%.
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