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NEURAL NETWORK TECHNIQUE FOR DIRECT TORQUE CONTROL
OF INDUCTION MOTOR USED IN ELECTRICALLY DRIVEN
MARINE PROPELLER

Bambang Purwahyudi1’2, Soebagio1, Mochamad Ashari’

1D(—:Apartment of Electrical Engineering, Sepuluh Nopember Institute of Technology (ITS), Surabaya,
2Departmen’t of Electrical Engineering, University of Bhayangkara, Surabaya (INDONESIA)
bmb_pur@yahoo.com

ABSTRACT

In the electric propulsion system, induction motor is used to drive the marine propeller. The control of
induction motor is very complex and totally difference compared with in industries. This control is affected by ocean
surface waves, ocean current, wind, weather and also ship motions such as yaw, pitch and rolls. In this paper, a
neural network (NN) controller is designed to control the speed of direct torque controlled induction motor. NN is a
machine like human brain with basic properties of learning capability and generalization. This network requires a lot
of training to understand the characteristic of nonlinear dynamic system mapping. NN controller is trained using the
input and output data of Pl controller under normal and disturbance conditions. To examine the robustness of NN
controller, the induction motor is used for electric propulsion system. In this system, load torque applied to the
induction motor depends on rotor speed of propeller and also speed of induction motor depends on torque output
of propeller. Simulation results of the designed NN controller show that the induction motor rapidly achieves the
speed reference, without overshoot and small steady state error. And also, load disturbance is rapidly rejected.

Key words: Induction Motor, Direct Torque Control, Neural Network, electric propulsion system.
1. INTRODUCTION

Recently, electrical energy is applied to many transportation systems particularly in marine transportation
system. One of them is electric propulsion system. In this system, electric motor is used to drive the marine
propeller to produce the ship propulsion. The electric motor is the most commonly used in propulsion system to
convert an electrical power to mechanical power because it can be directly connected to the electric network. In the
propulsion system, electric motor is directly coupled with the ship propeller [1-5]. The most popular electric motors
is the squirrel cage induction motor because it has many advantages such as simple in construction, reliable,
inexpensive, high efficiency and free maintenance. However, induction motor is difficult to maintain a constant
speed whenever the load is changed. There are several methods to solve such kind of problem. One of the popular
methods to solve the problem is field oriented control (FOC) or vector control method. In FOC method, the
magnetic flux and torque are easily controlled by the excitation and load current. By this way, the induction motor
can be operated as a separately dc motor [6-7]. However, the FOC method has the complexity control system
because it requires current controller, coordinate transformation and current regulator. Recently, the new control
method well known as direct torque control (DTC) is introduced with different method to control the magnetic flux
and torque of the induction motor. In this method, the magnetic flux and torque are directly controlled by using a
voltage vector of the inverter [7-11].

In the real practice, variable speed of induction motor drive is equipped with a speed controller. Most
popular of the speed controller use conventional Pl controller because of their simple structure and offers a
satisfactory performance for wide range operation. However, conventional Pl controller cannot provide the desired
control performance whenever plant parameter is changed or due the nonlinear operation. The nonlinearities or
changing plant parameters are occurred whenever a variable speed drive system is fed by an induction motor [12-
14]. Many strategies have been proposed by many researchers to solve the drawback of the PI controller by using
artificial intelligence (Al) methods such as fuzzy logic, neural network and genetic algorithm. In addition, Al
methods are very promising for the identification and control nonlinear dynamic system without requirement to
acknowledge the internal system behavior [14-18].

This paper presents the usage of Al methods particularly neural network in the speed control of induction
motor. To examine the robustness of this method, the induction motor is used for electric propulsion system
because its complexity for the speed and torque through a MATLAB/Simulink. Load torque of electric propulsion
system depend on rotor speed and pitch angle of the propeller and also speed of induction motor depend on torque
output of the propeller.

2. PROPOSED NEURAL NETWORK SPEED CONTROL OF INDUCTION MOTOR

2.1. DTC Method Strategy

The block diagram of speed control of induction motor based on DTC method is presented in Figure 1. The
DTC method is introduced by Takahashi and Noguchi [10]. The DTC of induction motor is based on the directly
determination of command sequence applied to the switches of voltage source inverter fed induction motor. The
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command stator flux (ws) and electromagnetic torque (T.) magnitude are compared with the respective estimated
value. Resulted errors of T, and ws respectively are processed in hysteresis controllers. Two output hysteresis
controllers (S,,S7) and stator flux position (&) in space vector are used to determine one of eight switching
combinations in voltage source inverter, two zero voltage vectors and six voltage vectors shown in Figure 2. This
determination is used to maintain torque and flux error inside the hysteresis band.

N I l"‘VDc'l
* eura N
o, e 7. AT,
—'»@—» Network —e>®;> Torque and | St s
ok Controller A Stator Flux RN
vt Ay Hysteresis Sy Switching | Sb INVERTER
S Controllers Table g,
>

/. fo|
, L
Torgue and [€

- Stator Flux
o | Estimator |V

Yy Propeller
I ] e AN

EE': P
INDUCTION
MOTOR
[«
Fig. 1. Block diagram of DTC with speed control

Ve

Fig. 2. Inverter output voltage vectors and stator flux sectors

The basic principle of DTC method can be described from electromagnetic torque equation in the stationary
reference frame as given by equation (1).

T, = |, |sin 6, (1

P M
2 (oL, L,)

N\w

Equation (1) shows that the electromagnetic torque (T.) depends on the stator flux (i), rotor flux vectors
(w) and their relative position (8:). The rotor flux changes slowly if it is compared to the stator flux because the
rotor time constant of induction motor (o) is very large. During a short transient, the rotor flux almost unchanged.
Thus, rapid change of electromagnetic torque can be produced by rotating the stator flux in the required direction,
which is determined by the torque command. Whereas, the stator flux can be obtained from Equation (2) and if the
stator resistance (Rs) is neglected, the stator flux can be expressed in Equation (3).

@)

7 = |7 -r1) @)
0
7. = [(7)a
0

The voltage vector is still constant during one period of sampling Ts. The stator flux of induction motor can
be expressed in Equation (4).

v,k =y, (k=D+VT, ()
or
Ay, =VT ®)

Baku, Azerbaijan | 359
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Equation (5) shows that the stator flux can be increased or decreased by applying suitable stator voltage
vector. Stator flux error consists of the radial and tangential of components shown in Figure 3. The radial
component (ys) states the torque action and tangential component (ws) states the flux action. If the position of
stator flux is known, both flux and torque can be controlled by selecting the suitable inverter voltage vectors. The
inverter voltage vectors are selected by using DTC algorithms based on the torque and flux hysteresis controller
status and stator flux position sector which is denoted by S; (i = 1,2,3,...6). The switching combinations of switch
device of inverter can be obtained from the output of switching table. Table 1 and Table 2 show the logic control of
the flux and torque hysteresis controllers and switching table of inverter, respectively.

A4
7
AV DV
a Ay,
He » l//s l//Sf;
v d

Fig. 3. Components of the stator flux error when applying the voltage vector V,

Table 1. Logic control of flux and torque hysteresis controllers

Conditions of Flux Sy
[wsl < |ys™| - 1Ay 1
[ysl > |ws"| + [Aysl 0

Conditions of s
Torque T
|Te| < |Te*| - |ATe| 1
[Te| = |Te"|
|Te| > |Te*| + |ATe| -1

Table 2. Switching table of voltage source inverter

Stator Flux Sectors

S| ST 5, T8 [ 85 1 8. | S5 | S
T Vo | Vs | Va | Vs | Vo | Vs
1 V7 Vo V7 Vo V7 VO

-1 Vs Ve V4 Vs V3 Va

2.2. Neural Network Controller Design

A neural network (NN) is a machine like human brain with properties of learning capability and
generalization. It requires a lot of training to understand the model of plant. The basic property of this network is
capability to learn the characteristic of nonlinear dynamic system mappings. The neural network consists of three
layers, an input layer, one or more hidden layers and an output layer. Neurons of hidden and output layers have an
activation functions. The knowledge of NN can be achieved through a learning algorithm process [11,14-17].

Learning term of NN is a regulation process of weights connection between nodes by particular method to
obtained desired weights. Learning process must be performed to guarantee the error between the desired output
(target) and the output of the network according to an error goal. If connection weights are not able to produce
desired output, weights will be regulated by particular method through continuous training. By this way, weights will
have a new and better composition. By this new weight composition, the differences between neural network
output and desired output will be small. Hence, the output of neural network will be equal with the desired output.
After neural network is trained, the neural network is ready to be validated and used. Validating process is said
success if neural network can receive input and obtain output according to output target.

The structure of NN controller selected in this paper is shown in Figure 4. The NN controller consists of two
neurons in the input layer, ten neurons in the hidden layer and a neuron in the output layer. Two inputs and one
output of the controller are the speed error e(k), the previous speed error e(k-1) and electromagnetic torque
reference T.*, respectively. The activation functions of the hidden and output neurons are logarithmic sigmoid and
linear, respectively. The learning of NN controller is done using the Levenberg-Marquardt back-propagation
algorithm.
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Output
Layer

Hidden Layer

Fig. 4. Neural network controller structure

The learning process of NN controller is shown in Figure 5. The data training is taken from the input and
output values of the Pl controller by simulating it under normal and disturbance conditions. The previous speed
error e(k-1) is obtained by delaying the speed error e(k). The electromagnetic torque from PI controller and the
electromagnetic torque from NN controller are compared to obtain desired error goal.

etk)

T, (k)

P1 Controller

e(k) A
y Neural
Delay Network
Controller

T (k)

e(k-1)
L Back-propagation

algorithm

Fig. 5. Learning process of NN controller

2.3. Load Torque Model of Electric Propulsion

The electric energy generated by the power plant is utilized to propel the marine vehicle. It must be utilized
to rotate a shaft connected between induction motor and propeller. The rotation force is required to turn the shaft is
simply torque. Typically for induction motor, power and available torque are provided by the torque of propeller [1-
3]. In the electric propulsion system, load torque has a specific characteristic. Load torque obtained by the propeller

depends on its rotor speed and pitch angle. The torque of propeller (Tp) can be modeled as given by Equation (6)
[19,20].

T, =a,0, +a,0; (6)

where, a4 and oy are the aerodynamic torque coefficients and wp is the rotor speed of propeller. The value
of aerodynamic torque coefficients depend on the propeller pitch angle. Figure 6 shows the load characteristics for
an induction motor with load curves for a full pitch propeller.

3. SIMULATION RESULTS AND DISCUSSIONS

Some simulation results are shown to clarify the effectiveness of the proposed control scheme and
compared with conventional PI controller using MATLAB/Simulink. A block diagram of simulation model system is
shown in Figure 7. Load torque applied to the induction motor is taken from electric propulsion system which
depended on rotation speed and pitch angle of the propeller. The induction motor used for the simulations have the
following parameters: rated voltage of 380 V, 4 poles, 50 Hz, nominal rotor speed of 150.8 rad/s, nominal stator flux
of 1.74 Wb, stator resistance of 1.7 Q, rotor resistance of 1.34 Q, stator inductance 459.2 mH, rotor inductance of
457 mH, mutual inductance of 442.5 mH, inertia moment of 0.025 Kg.mz, and friction coefficient of 1e™ Kg.mZ/s.
The simulation strategies are done in the operating conditions of normal and load disturbance.

1.2

1

0.8

0.6
0.4

Shaft-Torque (p.u.)

0.2

(o)

I I
0 0.2 0.4 0.6 0.8 1
Shaft-Speed (p.u.)

Fig. 6. Speed-torque characteristic of full pitch propeller
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Fig. 7. Block diagram of simulation model system.

Comparison of speed response between conventional Pl and NN controllers for speed reference of 50 rad/s
are shown in Figure 8. Figure 8 shows that PI controller provide settling time of 0.07 s, no overshoot, steady state
error of 0.001 rad/s, whereas NN controller provide settling time of 0.042 s, steady state error of 0.002 rad/s and no
overshoot. From their simulation results see that NN controller give the good improvement of performance system
compared to Pl controller. Figure 9 shows the load torque applied to the system for both controllers. From figure 9
see that the load torques for both controllers depend on the speed of the propeller.
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Fig. 9. Load torques for normal condition

Comparison of electromagnetic torque response between Pl and NN controllers are shown in Figure 10. In
this figure, NN controller needs the greater electromagnetic torque than PI controller. This electromagnetic torque is
used by NN controller to rapidly achieve the speed reference.
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Fig. 10. Electromagnetic torque responses for normal condition

For disturbance conditions, the load of induction motor suddenly changes 0.2 N.m and -0.2 NNm att=0.16 s
and t = 0.26 s. And also returns again at t = 0.20 s and t = 0.30 s as shown in Figure 11. Influence of load changing
on the speed and electromagnetic torque of induction motor are shown in Figure 12 and Figure 13. Load changing
causes the increasing and decreasing of induction motor speed and electromagnetic torque. Simulation results
show that the increasing and decreasing of induction motor speed for Pl controller are 0.057 rad/s from 50.001 to
50.058 rad/s and -0.057 rad/s from 50.001 to 49.944 rad/s. The increasing and decreasing of electromagnetic
torque for NN controller are 0.002 rad/s from 49.997 to 49.999 rad/s and -0.002 rad/s from 49.997 to 49.995 rad/s.
Hence, NN controller provides best disturbance rejection than PI controller.
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Fig. 11. Load torque for disturbance condition
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Fig. 13. Electromagnetic torque for disturbance condition
4. CONCLUSION

Speed control of direct torque controlled induction motor drives for electrically driven marine propeller has
been presented. Neural network technique is used as speed controller of induction motor drives. It doesn’t require
the accuracy of induction motor and drive model, but only requires the input and output mapping of PI controller
under normal and disturbance conditions for learning process of the neural network. Load torque applied to the
induction motor uses the electric propulsion system which depends on the rotor speed of the induction motor
directly connected to the propeller. Simulation results show that the designed neural network controller is better
than conventional Pl controller. It provides a good dynamic performance of induction motor with a rapid settling
time, no overshoot, small steady state error and rejection of load disturbance.
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