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1. INTRODUCTION

Permanent magnet synchronous motors (PMSM) has been use either in low or mid power
applications such as adjustable speed drives, computer peripheral equipment, robotics and electric vehicles
lately. Permanent magnet synchronous motor has the features density of high power, free maintenances and
high efficiency which has been used in widely application in the various electric drives [1]. In 1998, Pillay &
Krishnan presented that PM motor drives and classified them into two categories which are permanent
magnet synchronous motor drives (PMSM) and brushless dc motor (BDCM) drives [2]. The PMSM has a
sinusoidal back emf and to produce the constant torque, it need sinusoidal stator currents while the BDCM
has a trapezoidal back emf and to produce the constant torque, it need rectangular stator currents. The PMSM
has features similar to a wound rotor synchronous machine except the permanent magnet of PMSM will
produce excitation instead of field winding for servo applications and tend to not have any damper windings.
The PM motor family divided into two categories which are internal rotor and external rotor. Both designs
are used in critical applications like wind power generators and elevator winches.

There are two methods to achieve zero steady state error: switching and integration. To eliminate
steady state error, a Proportional- Integral (PI) controller should be employed [3]. By using PI controller
exact dq axis reactance parameters can be obtained. Moreover, to step change of command speed, parameter
variations and load disturbances is very sensitive. Since it is slightly simple to implement, Proportional-
Integral-Differential (PID) controller become most widely used for PMSM. So, a real time self automated
intelligent hardware implementation of PID controller as well as FOC is desired [4].
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The PM motors can be used in Vector Control (VC) or so called Field Oriented Control applications
[5]. In order to drive a PMSM smoothly, an Electronic Control Unit (ECU) shall be designed such that the
stator current space vector. So, FOC can achieve this goal. In FOC, motor stator currents & voltages are
manipulated in the direct-quadrature (d-q) reference frame of the
rotor.

The artificial neural networks (ANN) are best suited for solving the problems that are nonlinear in
nature. In ANN we can use parallel processing methods to solve some real-world problems where it is
difficult to define a conventional algorithms. The ability of ANN to learn large classes of nonlinear functions
is well known [7]-[8]. It can be trained to emulate the unknown nonlinear plant dynamics by presenting a
suitable set of input/output patterns generated by the plant [6]. Once system dynamics have been identified
using an ANN, many conventional control techniques can be applied to achieve the desired objective.

In this paper, a model of ANN closed-loop PMSM control system that is controlled by SVPWM are
develops and presents an analysis of ANN speed controller for speed performance in FOC PMSM drive. The
effectiveness of the proposed method is verified by develop simulation model in MATLAB-simulink.

2. RESEARCH METHOD
2.1. Permanent Magnet Synchronous Motor Dynamic Modeling

PMSM is essentially a three phase AC motor with sinusoidal back EMF driven by a DC source,
which is converted to three-phase alternating currents supplying to the three stator windings of PMSM. The
mathematic model of PMSM idq synchronous rotating reference frame can be obtained from synchronous
machine model. Due to the constant field produced by permanent magnets, the field variation is zero. It is
also assumed that saturation and losses of core are negligible, the induced emf is sinusoidal and there is no
damper winding on rotor. Using these assumptions, the voltage equations can write as follow:

] d. d.
Vd = Rsld + La —1d — Lgwe —1 1
d d ddtd qa)dtq ()

: d. d.
Vq = Rs|q+ Lq—lq— Lawe—1d + @eAprm 2)
dt dt
The produced torque of the machine can be presented as follow:
3 . ..
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While, the maximum speed can be identified from the relationship:
d
Te=TL+ wam'l'\]aa)m (4)

The update frequency of the control loops must be high enough and the SVPWM should be properly
configured to ensure sinusoidal currents applied to the stator windings.

2.2. Field Oriented Controller (FOC) Description

Field oriented control (FOC) also known as decoupling or vector control, came into the field of ac
drives research in the late 1960s and was developed prominently in the 1980s to meet the challenges of
oscillating flux and torque response in inverter fed induction and synchronous motor drive. The inexplicable
dynamic behavior of large current transients and the resulting failure of inverters was a curse and barrier to
the entry of inverter fed ac drives into the market.

FOC is a process for handling motor control resulting in energy-efficient operation and fast dynamic
response at all speeds. It commutates motor by calculating the voltage and current vector based on motor
current feedback. It maintains high efficiency in a wide operating range and allows precise dynamic control
of speed and torque. The FOC control the stator currents represented by a space vector. It transforms the
three-phase stator currents (a, b, ¢) into the two-phase system variants (a, ) . A two time invariant coordinate
system (d-q) is obtained from the system variants. For this system, d (direct) part is making the motor flux
while q part (quadrature) is generate the toque. In FOC, motor stator currents and voltages are manipulated in
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directquadrature (d-q) reference frame of the rotor, a way must be mathematically transformed using the Park
and Clarke transformations before they can be used to output SVPWM. Which means that the stator current
feedback transformed from the three-phase static reference frame of the stator windings to the two axis
rotating d-q references frame of the rotor.

2.3. Permanent Magnet Synchronous Motor Drive System
Figure 1 is the diagram of velocity/current control loop using FOC technology based on proposed
ANN speed controller and PID speed controller.
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Figure 1. PMSM drive system with PID controller

This paper proposed an ANN control method of FOC based on SVPWM to reduce the overshoot,
steady state error and rise time. The ANN speed control is added to the speed controller to produce the speed
reference. The block diagram of the proposed ANN speed controller of FOC for PMSM drive system is
shown in Figure 2.
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Figure 2. PMSM drive system with ANN controller

2.3. Proposed ANN Speed Controller Structure

To design the neural network control some information about the plant is required. Basically, the
numbers of input and output neuron at each layer are equal to the number of input and output signals of the
system respectively. Further the number of hidden layers and the total neurons is depended on the complexity
of the system and the required training accuracy [9]. To implement search efficiency optimal control of
PMSM drive, a multilayer perceptron neural network control is developed. Based on the type of the task to be
performed, the structure of the proposed ANN speed controller is shown in Figure 3[10].
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Figure 3. PMSM drive system with ANN controller

The controller consists of input layer, hidden layer and output layer. Based on number of the neuron
in the layers, the ANN is defined as a 1-3-1 network structure. The first neuron of the output layer is used as
a torque reference signal (a%=my). The connections weight parameter between j" and i neuron at m" layer is
given by W™;j, while bias parameter of this layer at i™ neuron is given by b™;. Transfer function of the network
at i"™ neuron in m™ layer is defined by:

Smfl

nm = Z wlal" + b (5)
i=1

The output function of neuron at m™ layer is given by:

a"=f"(n") (6)

where: f is activation function of the neuron.

In this design the activation function of the output layer is unity and for the hidden layer is a tangent
hyperbolic function given by:

fm(nim)=%—1 (7)
I+e "

Updating of the connection weight and bias parameters are given by:

wit(k +1) = wi (k) -« aF(:) ®)
OW;;

m _RhM _ oF (k) 9

b™(k +1) =b" (k) a—abim €)

After the neural network architecture is modelled, the next stage defines the learning model to
update network parameters. By this learning capability, it makes the ANN suitable to be implemented for the
system with motor parameters which are difficult to define and vary against with environment. The training
process minimizes the error output of the network through an optimization method. Generally, in learning
mode of the neural network controller a sufficient training data input-output mapping data of a plant is
required. Since the motor parameters of the PMSM drive vary with temperature and magnetic saturation, the
online learning Back propagation algorithm is developed. Based on first order optimization scheme, updating
of the network parameters are determined. The performance index sum of square error is given by:

F (k)= > Te (k) (10)

& (k) =t (k) —a(k) (11)
where: tj is target signal
a; output signal on last layer.
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The gradient descent of the performance index against to the connection weight is given by:

oF _ oF onj"

- (12)
owjj'  oni" owj]
The sensitivity parameter of the network is defined as:
s = oF (13)
! m
on;
oM oF oa (14)
' oa™ on
Gradient the transfer function again to the connection weight parameter is given by:
on'" -
L =g (15)
OWj;
From substitution Equation (13) and (15) into (8) the updating connection parameter is given by:
-1 i -1
Wi (k+D)=w"" (k) —as (g™ (k) (16)
With the same technique the updating bias parameter is given by:
1 —i
b" (k+ 1D =b"" (k) - as" (k) (17)

3. RESULTS AND ANALYSIS

The simulation result of the PMSM drive system is presented to verify the feasibility of the
proposed ANN speed controller under various operating speed conditions. In this section the dynamic model
of a three-phase PMSM, space vector PWM and neural network control model have been developed. The
simulation is developed using Borland C++, and then embedded as S-function in Simulink-Matlab. The
parameters for the motor are given in Table 1.

The simulation is observed during start up response which is by using constant references speed 100
rad/s with no load condition as shown in Figure 4. With the same reference speed, the simulations of both
PID and ANN speed controllers are run simultaneously.

Table 1. Parameters of PMSM

Variables Parameter Value
P Poles 4
J Moment of Inertia 0.0008 [kgm?]
Ld,Lq d-q axis Inductance 0.0085 [H]
Rs Armature Resistance 2.875[Q]
Apm Flux 0.175 [Wb]
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Figure 4. Start up response for ANN and PID speed controller

From the results, it show that by using ANN speed controller produced a better start-up performance
compare to the PID speed controller where the overshoot is totally removed and the settling time more faster
than PID speed controller in achieving desired output speed . Second testing is observed during stepping-up
and stepping-down response application. For stepping- up response, the speed reference is varying from
60rad/sec to 120rad/sec is shown in Figure 5.
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Figure 5. Stepping-up response for ANN and PID speed controller

For stepping-down response, the speed reference is varying from 120rad/sec to 40rad/sec is shown in Figure
6.
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Figure 6. Stepping-up response for ANN and PID speed controller
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The last testing, the simulation is verify by using triangular speed reference for both PID and ANN speed
controllers as shown in Figure 7.
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Figure 7. Output speed when using triangular speed reference

Both system PID and ANN speed controller is also tested on the effect of nominal load disturbance.
Figure 9 shows the load disturbance applied and Figure 8 shows the speed tracking response for both
systems. The system is tested with value of 5 Nm load at 1.0s with 80rad/sec speed reference.
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Figure 8. Load disturbance for PID and ANN speed controller
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Figure 9. Output speed when load disturbance is applied

Refer to the Figure 8, at the initial both systems are running with no load. From Figure 9, it is
obvious that the ANN controller drop the speed from 80rad/sec to 79rad/sec with great settling time. While,
PID controller drop the speed from 80rad/sec to 71.3rad/sec with largest settling time. So, it show that that the
proposed ANN speed controller produce significant improvement control performance compare to the PID
controller such as reduce overshoot, settling time and rise time speed response.

4. CONCLUSION

This paper has presented the modeling and simulation of the field oriented control for PMSM drive
using online neural network controller. In order to investigate effectiveness of the proposed controller, some
reference speed model was tested. The simulation study is realized in MATLAB program. The results of the
proposed and conventional PID controller are plotted in the same speed graph with intention to make details
comparison based on visual observation on steady state error, rise time and overshoot speed responses. It can
be conclude that the speed performance of the PMSM can be improved by applying the online ANN
controller scheme.
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