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Abstract. The step movement of the switched reluctance planar motor (SRPM) has high oscillation, due to the
nonlinear magnetic circuit behavior and high force ripples. Therefore, traditional linear controllers are insufficient
in SRPM control, thus a closed-loop motor position control system based on Neural-PID controller is designed to
obtain the optimum characteristics of operation for these motors.
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1 Introduction

The planar motor also named Surface Motor (SFM) uses electromagnetic force to achieve a high precision
movement without friction [1]. The two-dimensional movement of the planar motor is accurate and fast and used in
many laboratory and industrial applications. These motors offer certain benefits over the rotating motor due to the
absence of the rotary-to-linear transformation mechanisms in their XY movements [2]. Consequently, the direct-drive
surface motors can be expected that they will replace using the traditional XY movement that achieves two-
dimensional movement by using a rotary machine with mechanical transformation or using two linear motors fixed
one on the other [3]. The surface motor is the switched reluctance planar motor (SRPM) that consists of the mover
(armature) part and the platen (stator) part [4]. It is a robust, low-cost, and simple motor. With the requirements of the
simple converter and control, the SRPM is gaining much attention in the drive applications in the industry [5]. Due to
the nonlinear magnetic circuit and high force ripples, the step position of SRPM has high oscillations and overshoots
during the step movement, and it is difficult to reduce the oscillations and achieve the precision position without using
a good control method.

Many control strategies were applied for SRPM to realize position control. In [5], the adaptive control based on
the pole-placement method was designed and implemented with parameter setting online for SRPM. The performance
of this controller has good position control over the PID controller in static, dynamic, and robustness to disturbances.
In [6], improved the SRPM with an optimized structural design to reduce the electromagnetic force ripple. The results
prove the optimized SRPM has a higher drive force and the optimization design of the SRPM is effective in reducing
the ripple of the electromagnetic force. In [7], designed a DSP-based sliding mode controller of the SRPM for accurate
locating applications. The position errors for X and Y directions are 0.016 and 0.029 mm, respectively. In [8], a
predictive position control (PPC) of the PSRMs for XY movement systems is given. By reducing the cost function
based on the PPC, the optimal control sequence is derived. The methods above have been applied to SRPMs drive,
but there is no oscillation elimination for the position response of the SRPM.

In this paper, the Neural-PID controller is proposed and designed for the SRPM drive circuit to reduce the position
oscillation.

2 The Modeling of SRPM

The modular of the switched reluctance planar motor consists of six phases of switched reluctance motor (SRM),
three for the movement in X-direction (X;,X,,X;3) and three for movement in Y-direction (Y;,Y,, Ys) [2]. The
mathematical model of the SRPM for one phase in the X-direction that is given in [9], [10] can be implemented using
Matlab/Simulink as is shown in Fig 1. Subsystem 1 and subsystem 2 of Fig 1 are shown in Figs 2 and 3, respectively.
All other phases of SRPM can be implemented in the same way.
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Fig 1. Implemented Simulink model of one phase of SRPM in the X-direction.
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Fig 2. Subsystemlof Fig.1.

3 The SRPM Controller

The switched reluctance planar motor is a non-linear system. Therefore, it is not easy to obtain a good result for

Fig 3. Subsystem?2 of Fig.1

SRPM using the traditional linear control methods. Thus, the performance of the traditional PID controller has been
insufficient due to the nonlinear structure of the surface motor. In this work, the performance and accuracy
requirements of the SRPM position control system are done by integrating a neural network with a PID controller.
The complete controller type position control-based surface motor drive system is proposed as shown in Fig 4. Where,
X, IS the off-position of the mover in (m), X,¢ is the reference position of the motor in (m), X is the actual (mover)
position in (m), and e(t) is the error between the reference and actual positions.
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Fig 4. The configuration of SRPM with the proposed controller.




In this work, the controller contains two-controller blocks, the position-Xs controller (voltage control) and
position-1rer controller (hysteresis control). These controllers are supplied to a switching circuit as shown in Fig 5. A
Neural Network (NN) controller is used to tune the parameters of PID controllers of hysteresis and voltage control.
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Fig 5. Position- Xoft and position-lrer controllers with switching circuit.

3.1 Position- Irercontroller (Hysteresis Control)

In this control method, the current is adjusted between two current levels equal to lrer =Ai, where, Ai is the
hysteresis band (chopping width) and I is the reference current. The reference position X is compared with the
mover position X to give the position error. The position error signal is handled by the PID position controller to
produce the reference current as shown in Fig 6. The errors estimate by comparing the reference current with the
actuator current and it is used to limit the switching voltage that is supplied to the switching circuit as shown in Fig
5.
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Fig 6. Implemented Simulink model of position-I,..; controller.

The switching logic of the current chopping controller is summarized as [11]:
if (lref - 1) > Ai then Vin = Vg,

if (lef — 1) <-Ai then Vin = -V

else e=0

Ai is chosen to be 0.1 and V¢ is 90 Volt.

where, i, and Vin are the phase current (actuator current), and the switching voltage, respectively.
The parameters of the PID controller are tuned online by the NN. In this paper two input neurons (error (e),

velocity (u)), five hidden neurons, and three output neurons (the change in parameters gains of PID controller) have
been chosen as shown in Fig 7.
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The mathematical equation that describes the neural network can be calculated by the following equations [12]:
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where, y}‘, vk, Wi, Wej, b}‘, bk, k, K are the output of hidden layers, the output of NN, the weights between the

hidden and the input neurons, the weights between the output neuron and the hidden neurons, the bias of hidden layers,
the bias of output layers, the present training set and k=1:K, and the total no. of the training sets, respectively.

In this work, the backpropagation training algorithm was used to train the weights of NN. The weights are altered
in the backward direction by the delta rules equations of the backpropagation algorithm as follow:
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where 1, e,,qx, 0, 0y are the learning ratio which is chosen to be 0.5, the maximum error, the delta rule of the
output neurons, and the delta rule of the hidden neurons, respectively.

The flow chart of the algorithm architecture of the backpropagation learning program is shown in Fig 8. The
input data (x;) is represented as a vector with rows equal to (K) and its columns equal to the number of input neurons.
The desired output data (d) is expressed as a column vector with K rows.
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Fig 8. Flow chart of the backpropagation training.

The neural network parameters are:

1-The weights of the hidden layers:
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2-The weights of the output layers:

—1.7848 -1.9092 -0.1539 -1.2367
Woj =1—2.0520 —-0.8829 0.0322 —0.6682
—1.8352 -1.5920 -0.0895 -—1.5324

3.2. Position- Xofrcontroller (voltage control)

—1.6983
—1.3627
—1.8329

o

This control occurs by applying a voltage on phases of SRPM from the turn-on position (Xon) period to a turn-
off position (Xofr) period. After that, the applied voltage is reversed completely until a certain demagnetizing position
(Xq), which allows the return of the magnetic flux towards zero. The mover position at which the stator current
becomes zero is called the demagnetizing position (Xg). The correct decision of the period-off position and the value
of current determine the performance of SRM. In this controller, the Neural-PID controller is used to select the
appropriate off-position of the motor as is shown in Fig 9. The output of this controller is supplied to a switching
circuit as shown in Fig 5. The NN is used to tune the parameters of the PID controller. In this controller, the structure

and learning algorithms of NN are the same that is used in position-1,¢¢ controller.
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Fig 9. Implemented Simulink model of position-X ¢ controller.

The neural network parameters are:

1-The weights of hidden layers:
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2-The weights of output layers:
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3.3 Switching Circuit

The movement of the SFM is achieved by energizing and de-energizing the phase windings. The selection of
conduction positions plays important role in the force ripple and the power of SRPM. However, it is hard to pick the
proper conduction position [11]. In this work, the switching circuit is used to compare the mover position (X) for each
phase with the turn-on position, turn-off position, and demagnetizing position to give the appropriate voltage supply
for SRM as shown in Fig 10. Currently, the performance of SRPM is done by keeping the on position constant and
changing the off position of SRPM. Xqn and Xq values are chosen to be 0 mm and 3 mm, respectively.

Fig 10. Switching circuit of the SRPM.

4 Simulation Results

The modeling with the control circuits of the SRPM was implemented using Matlab/Simulink software. The
parameters of one phase of the surface motor are given in Table 1. The results of one phase in X-direction of the
SRPM are adopted and the remaining phases of the motor will give the same results. Each phase of SRPM can step
4mm in X or Y direction. It can note that the high overshoots and oscillations in step response of SRPM are removed
when utilizing the Neural-PID controller as shown in Fig 11. While Fig 12 shows the ability of the motor to work at
different load conditions when using the Neural-PID controller. The thrust force is generated in one phase of SRPM
in the X-direction is shown in Fig 13. This figure shows that the thurst force decrease until reach zero when the motor
step movement is completed, which equals 4 mm also it shows that X ¢ will not exceed 3 mm. The position-inductance
characteristic is shown in Fig 14. This figure proves the inductance starts at a minimum value and reaches a maximum
value when the motor movement is completed. Figs 15 and 16 show the XY movement of SRPM when the motor is
traveled through a rectangular and triangle target, respectively. These figures show the validity of the surface motor
to achieve accurate tracing to the desired positions.

Table 1. The parameters of the SRPM.

Parameters values
Pole width 6 mm
Pole pitch 12 mm
Phase separation 10 mm
Winding length 30 mm
Wind width 25 mm
Air gap width 0.5 mm
Phase resistance 25Q
Aligned inductance 19.2 mH
Unaligned inductance 11.5mH

The mass of moving platform (m) 1.8Kg
Friction constant (b) 0.08N*s*m~1
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5 Conclusions

The modeling of SRPM and the Neural-PID controller has been designed and tested using Matlab/Simulink
software. The simulation results show that the control performance of the SRPM with the Neural-PID controller is



better than the PID controller. The SRPM performance with Neural-PID controller has no oscillation, no overshoot,
short rise time, strong robustness to load variation, and smooth and precise final position. The simulation results prove
the proposed Neural-PID controller is effective for the SRPM to compare with the traditional PID controller. The main
results from this work are concentrated on position regulation with neural technique. Therefore, it would be interesting
to focus on velocity control using traditional controller (PID), fuzzy and neural strategies.
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