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ABSTRACT. PI controllers have been widely used in industrial systems application, be-
cause they have a simple structure and offer a satisfactory performance for a wide range
operation. However, for varieties of plant parameters and the monlinear operating con-
dition, fized gain PI controllers cannot provide the desired control performance. In this
paper, advanced PI controller was utilized to control the speed of the induction motor in
Direct Torque Control (DTC) for electric propulsion application. The proposed method
1s developed from conventional PI controller combined with feed-forward neural networks
(FFNN). The FFNN is used to tune the gain of PI controller. The effectiveness of the
complete proposed control scheme is clarified with a variation of speed reference and load
torque applied to the motor. Load torque of induction motor depends on the speed rota-
tion and pitch of propeller. Simulation results show the FFNN tuning technique provides
better speed control performance.
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1. Introduction. Recently, there are many applications of electrical energy used for
transportation system especially in marine transportation system. One of them is electric
propulsion system. In this system, electric motor is used as prime mover to produce
the ship propulsion. The induction motor is the most commonly used in the propulsion
system to convert an electrical power to mechanical power because it can be directly
connected to the electric network. In the propulsion system, induction motor is directly
coupled with propeller of the ship [1-4]. In addition, induction motor has many advantages
such as simply in construction, reliable, flexible, inexpensive, high efficiency, fast response
and free maintenance [5]. However, induction motor is difficult to maintain a constant
speed whenever the load is changed. Actually, there are several methods to solve such
kind of problems. Field oriented control (FOC) or vector control method is one of the
popular methods to solve the problem. FOC is a field regulation method of AC motor by
changing coupled system to decoupled system. By this method, the excitation current and
load current can be controlled separately. Hence, flux and torque also can be separately
controlled similar in DC motor [5-7].
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The FOC method required current controller, coordinate transformation and current
regulator to control pulse-width-modulation in the inverter system. They make the FOC
method become the complexity [5-7]. Recently, the new control technique well known
as Direct Torque Control (DTC) was introduced with different method to control the
induction motor torque and flux [4-14]. In DTC methods, the torque and flux are directly
controlled by using a voltage vector of the inverter. To determine the voltage vector of
the inverter depends on the condition of stator flux hysteresis controller, torque hysteresis
controller and sector position of the stator flux.

In the real application, variable speed drive of the induction motor is equipped with a
speed controller. Many speed controllers have been used for control of induction motor
such as conventional PI; sliding mode controller, etc. [12]. Most popular of the speed
controller uses conventional PI controller because of their simple structures and offers a
satisfactory performance for wide range operation. However, conventional PI controller
equipped with fixed gain only cannot provide the desired control performance if plant
parameter is changed or due the nonlinear operation [13-16]. Here, the nonlinearities or
changing parameters are occurred whenever a variable speed drive system is fed by an
induction motor. Usually, conventional PI controllers use off-line tuning algorithm even
if it is very difficult to use in the continuous changing condition [14-17]. Therefore, on-
line tuning algorithms are required to provide good performance in variable speed drives
[15,16].

Many strategies have been proposed by many researchers to tune the PI controller
parameters. The most popular method frequently used in industrial application is the
Ziegler-Nichols method. In this method, a system model and the control parameters are
required to determine the parameters of the PI controller from the plant step response.
However, the step response yields a high overshoot. In addition, the control signal required
for the adequate performance of the system is too high. The other technique is frequency
response method based on specified phase and gain margins as well as crossover frequency.
They are used to improve the performance of the system. In addition, root locus and pole
assignment design techniques are proposed to transient response specifications. All these
methods are considered as model based strategies and then the efficiency of the tuning
law depends on the accuracy of the proposed model and also the assumed conditions with
respect to actual operating conditions [13-18].

From the descriptions above, the drawback of the PI controller encourages to develop
the conventional PI controller with artificial intelligence (AI) techniques [13-22]. For that
reason, utilization of feed-forward neural network (FENN) in this case attracts the atten-
tion of many researchers. The advantage of FFNN is easy in training and generalization,
simple architecture [18,25]. In this paper, the gains of the PI controller in DTC of induc-
tion motor will be tuned by an adaptive mechanism based on FFNN. By this approach,
FFNN can approximate dynamic input output mapping of linear and nonlinear system.
To examine the robustness of this method, the induction motor is used for electric propul-
sion system of the ship because of their complexity for the torque and speed. Load torque
of electric propulsion system depends on speed of propeller and also speed of induction
motor depends on torque output of propeller. This paper is organized as follows: the
mathematical model of induction motor and the basic concept of direct torque control
for induction motor drives are described in Section 2; Section 3 shows the load torque
model for electric propulsion using propeller; Section 4 shows the development of the
FFNN tuning of PI controller parameters based on changing speed of induction motor
and load torque of electric ship; the effectiveness of the complete proposed control scheme
is clarified through a MATLAB/SIMULINK simulation which is presented in Section 5;
the conclusions and references list end this paper.
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FiGure 1. Block diagram of DTC

2. Induction Motor Operation Using DTC. The dynamic model of the induction
motor is derived by transforming the three phase quantities into two phase direct and
quadrature axes quantities. The mathematical model can be described in the stationary
reference frame as follows:

alo]-Lan e ]+ 5] g
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With, w,, is, ¥, vs, Rs, R, Ls, L., M, o and 7, are rotor speed, stator current and voltage,
stator and rotor resistance, stator, rotor and mutual inductance, linkage coefficient and
rotor time constant, respectively.
Rotor speed as function of electromagnetic torque (7) and load torque (77) can be
expressed as:
J dw,
p dt
where, J, p and f are inertia moment, number of poles and friction constant, respectively.

=T, - Ty — fw, (13)
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Electromagnetic torque (7T'e) can be obtained from machine flux linkages and current
as:

3p . .
Te = 55 (¢sdlsq - wsqlsd) (14)
Electromagnetic torque can also be expressed in the stationary reference frame as:
3p M

e — 54 r s ' ee 15
ST [V el sn (15)
where, 6, is the angle between the stator and rotor flux linkage.

2.1. DTC method strategy. The block diagram of proposed speed control of induction
motor based on DTC method is presented in Figure 1. The DTC method was introduced
by Takahashi and Noguchi [5]. This control strategy is relatively new and competitive if
it is compared with the rotor flux oriented method. The DTC of induction motor drive is
based on the directly command sequence determination applied to the switching of voltage
source inverter fed induction motor. The command stator lux and torque magnitude are
compared with the respective estimated value. Resulted errors of 7, and s respectively
are processed in hysteresis controller. Two output hysteresis controllers 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. The principle operation of DTC can also be described from Equation (15). It is
clear described that the electromagnetic torque can be changed by arranging the stator
and rotor flux vectors, and their relative position. The rotor flux linkage changes slowly
if it is compared to the stator flux linkage because the rotor time constant of induction
motor is very large. During a short transient, the rotor flux almost unchanged. Thus
rapid changes of electromagnetic torque can be produced by rotating the stator flux in
the required direction, which is determined by the torque command.

73(010) 7,(110)

74(011)

75(001) Vs (101)

FI1GURE 2. Inverter output voltage vectors

The stator flux can be obtained from Equation (16) and if the stator resistance is
neglected, the stator flux can be expressed in Equation (17).

s = / t (Vi — R.L,) dt (16)
o= [ () a7

The voltage vector applied is still constant during one period of sampling 7. The stator
flux of induction motor can be expressed as:
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TABLE 1. Logic control of flux and torque hysteresis controller

Conditions of Flux S
|¢s|§|¢s*|_‘A¢s| 1
| s 2] hex |+ [AYs | | O
Conditions of Torque | ST

| TS| TF | = |12 | 1
| T, |=| T; | 0
| T [>Ty [+ [T | | -1
or
A, =V, T, (19)

Equation (19) shows that the stator flux can be increased or decreased by applying
suitable stator voltage vector. Stator flux error consists of the radial and the tangential
of components shown in Figure 3. The radial component v, states the torque action and
tangential component 1, states the flux action. If the position of stator flux is known,
controlling both flux and torque can be done by selecting the suitable inverter voltage
vectors. The inverter voltage vectors which are applied to the induction motor are selected

Ad
7
AFy AV
5! \\
0. Vs AV
v, d

FiGUurE 3. Components of the flux error when applying the voltage vector V;

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,...,6). The outputs of the
switching table of inverter state the switching combination of switch device of inverter.
Table 1 and Table 2 show the logic control of the flux and torque hysteresis controller and
switching table of voltage inverter, respectively. Figure 4 shows the relation of inverter
voltage vectors and the stator flux position sectors. The dividing of six stator flux sectors
as follows: —30° < 57 < 30°, 30°5; < 90°, 90°S53 < 150°, 150°5, < 210°, 210°S5 < 270°
and 270° < Sg < 330°, respectively.

FIGURE 4. Inverter voltage vectors and stator flux sectors
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TABLE 2. Switching table of inverter voltage
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FIGURE 5. Speed-torque characteristic of full pitch propeller

3. Load Torque Model of Electric Propulsion. Load torque in electric propulsion
system has a specific characteristic. The electric power provided by the power plant is
used to propel the ship. It must be used to rotate a shaft connected between induction
motor and the propeller. The rotation force is necessary to turn the shaft is simply
torque [1-3]. The torque obtained by the propeller is based on its speed rotation and
pitch angle. Typically for induction motor, power and available torque are provided as
curves on performance data sheets as a plot of torque as a function of shaft rotation speed.
Figure 5 shows the load characteristics for an induction motor with load curves for a full
pitch propeller [1-3,26].

4. Proposed Speed Controller Strategy.

4.1. Model system. The block diagram of model system proposed is shown in Figure 6.
The conventional speed controller still use fixed PI controller to control the rotor speed of
induction motor, however for the variation plant parameter and operating condition, it do
not provide the satisfying control performance. In this paper, gain of PI controllers (X,
K;) must be changed to follow the variation plant parameter and operating condition.
The propose method is feed-forward neural network (FENN). FFNN is used to tune the
gain of PI controller, so that will obtain the satisfying control performance.

4.2. Gain tuning of PI speed controller using FFNN. FFNN is a machine like
human brain with properties of learning capability and generalization. They require a
lot of training to understand the model of the plant. The basic property of this network
is capably to approximate complicated nonlinear functions. The FFNN uses a dense
interconnection of neurons that correspond to computing nodes. Each node performs
the multiplication of its input signals by constant weights, sums up the results, and
maps the sum to a nonlinear function; the result is then transferred to its output. The
FFNN consists of three layers, an input layer, one or more hidden layers, and an output
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FiGURE 7. Tuning PI controller using FFNN

layer. Hidden and output neurons generally have an activation function. The knowledge
of FFNN is acquired through a learning algorithm, which performs the adaptation of
weights of the network until the error between the target vectors and output of network
according to a desired error. The most popular learning algorithm for FFNN is the back
propagation algorithm, which consists of a forward and backward action. In the forward
action, the signals are processed through the network layer by layer. The output vector
is generated and subtracted from the desired output vector. The resultant error vector is
propagated backward in the network and serves to adjust the weights in order to achieve
the desired output error [11,18,21,23].

In this paper, FENN is used to tune the gain PI controller (K, and K;). The block
diagram of tuning PI controller using FFNN is shown in Figure 7. The proposed FFNN
consists of an input layer, a hidden layer and an output layer. The input layer has a
neuron representing rotor speed of induction motor. The hidden layer has ten neurons.
The output layer is composed of two neurons, each representing the gain proportional
(K,) and the gain integral (K;) controller. The activation function of the hidden layer
is hyperbolic tangent sigmoid function and the activation function of the output layer is
linear transfer function. The data training of FFNN is taken from the optimum value
of gain PI controller for each conditions of rotor speed of induction motor. The learning
of the FFNN is done using the Levenberg-Marquardt back-propagation algorithm with
a number of epochs 1000 and a goal error of 1073. Table 3 shows the data training for
FEFNN.

5. Simulation Result. The effectiveness of the complete proposed control scheme is
clarified with a variation of speed reference and load torque applied to the motor and
compared with conventional fixed PI speed controller using MATLAB/SIMULINK. A
simple block diagram for simulation of model system is shown in Figure 8. Load torque
applied in this system using electric propulsion system which depends on rotation speed
and pitch angle of propeller. The nominal operating condition and system parameters are
given in Appendix. The FFNN is applied to the gain PI speed controller tuning called
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Ficure 8. Simple block diagram for simulation

FIGURE 9. Various gain of PI controllers

PI-FNN controller. Load torque of induction motor is taken from load characteristic of
full pitch propeller as shown in Figure 5. The simulation of proposed strategy method
is done in three operating condition for starting, accelerating and decelerating. The
starting condition is begun at 0 s and speed of induction motor gradually change from 0
to 60 rad/s. The accelerating condition is started at 1 s and speed of induction motor
is gradually changed from 60 to 100 rad/s. A last operating condition is decelerating
condition which begun at 2 s and speed of induction motor is gradually decreased from
100 to 80 rad/s. The change of speed of induction motor also cause the change of load
torques for each operating conditions from 0 to 1.57 N.m, from 1.57 to 4.37 N.m and from
4.37 to 2.80 N.m.

5.1. Comparison of gain of PI controller. Figure 9 shows the variation of propor-
tional gain (/) and integral gain (K;) for PI-FFNN controller. K, and K; for fixed PI
controller are 2.5 and 2.3 respectively. Simulation result show that the gains of PI-FNN
controllers always changes if the rotors speed of induction motor is changed during control
operation. However, the gain of fixed PI controller will not change even though the rotor
speed of induction motor is changed.

5.2. Comparison of rotor speed response. Comparison of steady state error for rotor
speed of induction motor by using fixed PI controller and PI-FFNN controller are shown
in Table 4. Rotor speed of induction motor are gradually changed 60, 100 and 80 rad/sec.
Variation of speed reference describe starting, accelerating and decelerating condition
of systems. Table 4 shows that steady state error of fixed PI controller and PI-FFNN
controller are 0.5 rad/sec and 0.1 rad/sec when rotor speed of induction motor is gradually
operated from 0 to 60 rad/sec. Steady state error of fixed PI controller and PI-FFNN
controller are 1.1 rad/sec and 0.6 rad /sec when rotor speed of induction motor is gradually
operated from 60 to 100 rad/sec. Steady state error of fixed PI controller and PI-FFNN
controller are 0.2 rad /sec and 0.1 rad /sec when rotor speed of induction motor is gradually
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TABLE 3. Data trainning
Speed | 10 20 30 | 40 | 50 | 60 | 70 | 80 | 90 | 100 | 110 | 120 | 130 | 140
K, |[21.71|14.57 9.75|5.35|3.38 262|208 |1.74|1.49|1.31|1.17|1.05|0.96 | 0.86
K; 1.14 | 1.12 j1.11| 1.1 | 1.1 |1.09|1.08|1.07 | 1.07 | 1.06 | 1.04 | 0.97 | 0.83 | 0.67

TABLE 4. Error steady state (rad/sec)

Rotor speed (rad/sec) | PI | PI-FENN
60 0.5 0.1
100 1.1 0.6
80 0.2 0.1

TABLE 5. Electromagnetic torque of induction motor (N.m)

Rotor speed (rad/sec) | PI | PI-FFNN
0-60 5.54 5.32
60 1.57 1.57
60-100 8.12 7.79
100 4.37 4.37
100-80 -0.99 -1.04
80 2.8 2.8

TABLE 6. Stator current (A)

Rotor speed (rad/sec) | PI | PI-FFNN
0-60 3.13 3.09
60 2.76 2.76
60-100 3.56 3.53
100 3.02 3.02
100-80 2.69 2.65
80 2.84 2.84

operated from 100 to 80 rad/sec. Therefore, PI-.FENN controller is better than fixed PI
controller.

5.3. Comparison of torque response. Comparison of electromagnetic torque for the
fixed PI controller and PI-FFNN controller are shown in Table 5. Induction motor is oper-
ated at variation of speeds and load torques (77). The changes of T}, in electric propulsion
system depend on rotor speed of induction motor directly connected propeller. The T},
applied induction motor according to speed-torque characteristic of full pitch propeller in
Figure 5. Change of electromagnetic torque T, will basically follow the variation of T}.
Table 5 shows that, T, is greater than the load torque (77,) when rotor speed is gradually
accelerated from 0 to 60 rad/sec. Difference between T, and T}, is used to accelerate the
speed of induction motor. Otherwise, the T, is smaller than the load torque (77) when
rotor speed is gradually decelerated from 100 to 80 rad/sec. The T, is equal T}, when
rotor speed of induction motor are 60, 80 and 100 rad/sec. Therefore, PI-FFNN controller
require 7T, small than fixed PI controller.

5.4. Comparison of stator current response. Comparison of stator current for the
fixed PI controller and PI-FFNN controller are shown in Table 6. Simulation results show
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that value of stator current will changes when the Te changes. Value of stator current
will increase when electromagnetic torque increase. Table 6 shows that stator currents
are respectively 2.76, 3.02 and 2.84 A when rotor speeds of induction motor are 60, 100
and 80 rad/sec if the system use fixed PI controller. And also, stator current are 3.13,
3.56 and 2.69 A when rotor speed of induction motor are respectively change from 0 to
60, from 60 to 100 and from 100 to 80 rad/sec. At the same condition of simulation, if
the system use PI-FFNN controller, stator currents are respectively 2.76, 3.02 and 2.84
A when rotor speed of induction motor are 60, 100 and 80 rad/sec. And also, stators
current are 3.09, 3.53 and 2.65 A when rotor speeds of induction motor are change from 0
to 60, from 60 to 100 and from 100 to 80 rad/sec. Therefore, PI-.FFNN controller require
stator current small than fixed PI controller.

6. Conclusion. Gain tuning of PI speed controller based on feed-forward neural network
(FFNN) has been presented. FFNN was utilized to tune the gain of PI speed controller.
Meanwhile, training data used in this model were taken from the optimum value of gain
PI controller for each rotor speed and load torque conditions. Load torque of the induc-
tion motor applied in the electric propulsion system were depending on the rotor speed of
the induction motor directly connected the propeller. The simulation results show that
the rotor speed of induction motor for PI-FFNN controller method provides small steady
state error compared with fixed PI controller. The electromagnetic torque yielded both
these methods is greater than the load torque when the rotor speed of the induction motor
was accelerated from 0 to 60 rad/sec and from 60 to 100 rad/sec. Otherwise, the electro-
magnetic torque yielded both these methods was smaller than the load torque when rotor
speed of the induction motor was decelerated from 100 to 80 rad/sec. The electromag-
netic torque used to accelerate and decelerate the speed of the induction motor by using
PI-FFNN controller was smaller than with using fixed PI controller. The magnitude of
the stator current will be changed, if the electromagnetic torque of the induction motor
speed was changed. The magnitude of the stator current of the induction motor using
PI-FFNN controller was also smaller than with using fixed PI controller.
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Appendix. The induction motor parameters applied for simulation are as follows: 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, rotor resistance of 1.34, stator inductance of 459.2
mH, rotor inductance of 457 mH, mutual inductance of 442.5 mH inertia moment of 0.025
Kg.m?, and friction coefficient of le-5 Kg.m?/s.



