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ABSTRACT:- Direct Torque Control (DTC) is one of the most effective and modern

methods for speed control of three phase induction motors, but it suffers from some
drawbacks, that it needs an estimator for the electromagnetic torque and stator flux, and the
existence of inherent ripples in the output torque. So it needs to an improvement.

In this work a proposed DTC system supported by Radial Basis Function Neural
Network (RBFNN) and a Fuzzy Controller (FC) are constructed to avoid the above
drawbacks. The (RBFNN) is used as a rapid estimator for the electromagnetic torque and
stator flux and the Fuzzy Controller is used instead of the hysteresis comparator for torque
and flux errors in order to organize the switching state selector in a more accurate manner.
After studying the (RBFNN) it is concluded that it will be more accurate to use it during
training and simulation in the independent outputs mode for the torque, stator flux and the
sector. Also, accurate results can be achieved from this network for the torque, stator flux by
using different values for the spread spectrum in order to let the switching state selector acts
regularly. The simulation of the proposed DTC system is done by using a (Matlab/Simulink)
program. The proposed DTC system shows a considerable reduction in torque ripples, and
best starting performance. This improvement leads to an ability to increase the sampling
period four times the conventional one.

Keywords:- Induction Motor, Radial Basis Function Neural Network, Fuzzy Control, Direct
Torgue Control.

1- INTRODUCTION

The ac induction motor is rugged, low-priced and easy to maintain. In adjustable speed

applications, ac motors are powered by inverters, in order to achieve variable speed
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operation. The high power inverters suffer from the switching losses due to the PWM
strategy used to reduce the harmonic contents of the applied waveform.

A new technique for the torque control of induction motors was developed and
presented in the middle of 1980's by I. Takahashi as Direct Torque Control (DTC) ®, and by
M. Depenbrock as Direct Self Control (DSC) ©. In this method, the stator flux and torque are
controlled directly by selecting the appropriate inverter state.

DTC is the first technology to control the "real” motor variables of torque and flux.This
method reduces the switching losses to a considerable level in spite of its simplicity in control
and fast electromagnetic torque response. The principle of the classical DTC is its decoupled
control of stator flux and electromagnetic torque using hysteresis control of stator flux error
and torque error and stator flux position. A switching look-up table is included for selection
of voltage vectors feeding the induction motor by a voltage source inverter that does not
require current regulator loops. However, the main problem is that when operating at steady
state, the DTC produces high level of torque ripple, variable switching frequency of the
inverter over a fundamental period, and stator flux droop during adjacent vector of a voltage
vector change. Moreover, particularly when induction motor with DTC operates under heavy
load condition in low speed region, distortion of the motor phase current is increased due to
stator flux droop leading to reduced drive system efficiency ©.

In order to improve DTC performance by reducing torque and flux ripples, many
control strategies have been presented since 1990's, one of these methods is by using
Artificial Intelligent (Al) [Artificial Neural Networks (ANNSs), Fuzzy Logic Control (FLC)]
techniques. This control strategy can reduce torque and flux ripples considerably,
consequently improve the steady performance of the drives, but this method still require
further research in order to improve the controller performance.

This research will focus on proposed approach by using Radial Basis Function Neural
Network (RBFNN) and fuzzy Logic Control (FLC) technique to improve the performance of
the DTC. In this work the (RBFNN) will be used instead of the flux and electromagnetic
torque estimator and the flux sector detector, while the (FLC) technique replaces the three
levels hysteresis controller that used to determine the torque signal error, and the two levels
hysteresis controller that is used to determine the flux error by using four membership
function (negative large NL, negative small NS, positive small PS, positive large PL). The
application of the above proposed DTC system provides a rapid and accurate determination

of the switching angles suitable for the loading case of the induction motor. The obtained
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results show that evident improvements are obtained by using this proposed technique as

compared with the conventional DTC system " ©).

2- THE CONVENTIONAL DTC SYSTEM

It has been mentioned that the DTC requires the flux and torque estimations, which
can be performed as it is proposed in the schematic block diagram of the conventional DTC
system shown in Figure (1), in normal operation, two of the motor phase currents and the DC
bus voltage are simply measured, together with the inverter’s switch positions ( Vs,Vep, Ve ).

Then the measured information from the motor is fed to the stator flux and torque
estimators © @,

The block of induction motor model (The parameters of the Induction Motor are
given in Appendix-A) and the DTC controller structure was implemented using the design
already available in the standard Simulink library. The only block that had to be constructed
was the sector calculation block seen in Figure (2).

The simulation of the conventional DTC system with a DC voltage supply provides a
number of worthwhile results; numerical simulation has been carried out by using
Matlab/Simulink program for three different sampling times, [Ts=0.1 msec, T<25 usec,
T=10 psec]. For simulation, reference torque is limited to (14.6 Nm) and reference stator

flux is taken as (0.96 Weber) and changing load torque from (0-14-0 Nm) @,

3- MODELLING OF THE PROPOSED DTC SYSTEM

RBFNN in the DTC system is used to perform the work of the conventional estimator
in the same system. The input data used in the trained RBF networks are two of the motor
phase currents (is,, isp) and the DC bus voltage (Vqc), together with the inverter's switch
positions (Vsa, Vsb, Vsc), While the output data are the electromagnetic torque (Te), stator flux
(4s), and flux position sector (Sk) as shown in Figure (3).

The RBFNN estimator used to operate as stator flux and electromagnetic torque
estimators of the DTC satisfactorily was designed and constructed for three different cases of
the RBFNNs and, the best case was that using three independent outputs for electromagnetic
torque, stator flux and sector, chosen for training and simulation of the RBFNNs © 9,

The Fuzzy Controller (FC) operates as hysteresis comparators and switch table selector
(Sk), the input data used in fuzzy controller are the stator flux error (EAs), electromagnetic

torque error(ETe) by using four membership function (NL, NS, PS, PL), while the output
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pulses (Vsa, Vb, V) represent switching state of the inverter. Switching state of the inverter
is a crisp value. The fuzzy controller schematic in Simulink/Matlab for DTC system fed
inverter is shown in Figure (4).

It is more efficient for the fuzzy controller to use a set of differential equations written
in m-files. These m-files will be accessed by Simulink through the S-function block, which
can be run directly by built-in solvers with the graphical links to other Simulink blocks.

The entire Simulink model for proposed DTC system is shown in Figure (5).

4- SIMULATION RESULTS OF THE PROPOSED DTC SYSTEM

In this step the transient and the steady state response of the used motor in both
conventional and proposed systems are studied at different loads (6, 10, 14 Nm), speeds (145,
100, 70 rad/sec)(i.e. frequencies 50, 30, 23Hz) and different sampling times (10, 25,100
psec). A comparative study has been done with that of the conventional system in order to
determine the improvements of the proposed system. Figure (6) represents one of these tests
showing the starting and running operation at load of the motor during a time period of (0 to
1.8 sec), at the operating frequency of (23Hz), rotor speed (w,=70 rad/sec) using sampling
period of (100 psec). The stator flux locus As in d-q plane, stator current is; (A),
electromagnetic torque Tem (Nm), and the rotor speed , (rad/sec) are plotted versus the time
period of the proposed system and compared with that of conventional one. This case
considered to be presented, in order to show the ability of this new system to increase the
already commercially used sampling time of (25 psec) to be (100 psec) with an acceptable
torque ripples. From the above results, a numerical data are extracted and tabulated to declare
the improvement. Table (1) show that the reduction in the no-load starting time increases as
the speed reduced, and table (2) shows that the reduction in the steady state torque ripples for
certain load increases with speed reduction as compared with that of the conventional DTC.

Table (3) which deals with the starting operation at load, shows that the percent
reduction of the starting time increased as the load increased, such that the conventional DTC
system fail to start at a load torque more than (6.1Nm), while the proposed DTC still has the
ability to start over this value. It is clear that, the peak values of the starting torque in all of
these cases are approximately the same.

The FFT gives a numerical representation of the improvements by calculating the
Total Harmonic Distortion (THD) in the stator current and the average value of the harmonics

content in the waveform of the electromagnetic torque ripples(T,, ) as follows (.
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(1)

| A ) ) U +12, @

where (Is;) is the rms value of the fundamental component, and (I,) is the rms value of
n™ harmonic components.

Table (4) shows the THD factor for the current waveforms calculated according to
equation (1) for different speeds, at load torque equal to (14 Nm) and (Ts=100psec). It is
clear that the percent reduction in THD increased with speed reduction also, and this value of
THD being acceptable by the authorities of electricity suppliers in spite of the increase the
sampling time or the sampling period from (25 psec) (which is considered commercially by
ABB) to (100 psec). '

The average value of the harmonics content in the waveform of the electromagnetic

torque ripplesT,, , is calculated by the following equation:

av !

T, =22 3)

where T is; the peak value of the n™ harmonic in the spectrum of the electromagnetic

torque ripples.

Table (5) shows a comparison in T,, values between conventional DTC system and the

proposed, at different speeds, when T =14 Nm and Ts=100psec.

5- CONCLUSIONS

The simulation of the proposed DTC system and the obtained results declare the
improvement achieved. The rapid RBFNN estimator for stator flux and torque, and an
accurate FC technique used to furnish the suitable triggering pulses improve the performance
of the driver. The improvement accomplishes the increase in the percent reduction of the
torque ripples, the harmonic content in the motor line current (THD), and in the starting time,
and the increase in the starting torque capability. The tabulated data show the other aspects of
the improvement describing the regularity of the performance and gives a numerical

evaluation of the proposed system improvement. This improvement leads to the ability of
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increase the sampling time four times of that of the conventional DTC. This will reduce the

switching losses in the inverter used as a driver.
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Table (1): No-load results at different speeds.

Rotor Speed | Starting time (ts) (sec) | P-P torque ripples(Typ) (Nm)
Rad/sec
Conv. | Prop. | % red. | Conv. Prop. % red.
145 03 | 0.27 10 4 4 0
100 045 | 0.35 | 222 17 8 52.9
70 0.6 0.4 33.3 22 9 59.1

Table (2): Load results at different speeds and loads.

Rotor speed Load torque P-P of torque ripples (Nm)
(rad/sec) (Nm)
Conv. Prop. % red.
145 6 8 4 50
14 11 6 455
100 6 15 7 53.3
14 17 7.5 55.9
70 6 20 8 60
14 23 9 60.1

Table (3): The starting at load performance.

Peak Value of the
Starting time (sec) Starting Torque
Load Torque (Nm)
(Nm) Conv. | Prop. Conv. Prop.
DTC DTC DTC DTC
1 0.3 0.27 17 17
3 0.4 0.35 17 17
5 0.65 0.5 18 17.7
6.1 2.6 0.9 18.5 18
6.5 fail 1.63 fail 18

Table (4): THD of motor current .

Speed (rad/sec.) THD Conv. THD Prop. % Reduction
145 0.1915 0.1506 21.36 %
100 0.2177 0.1282 41.11 %
70 0.3495 0.1395 61.12 %

Table (5): Average torque .

Speed (rad/sec.) Tav Conv. Tav Prop. % Reduction
145 0.3133 0.1746 44.3 %
100 0.4382 0.1460 66.7 %
70 0.6633 0.1763 73.4 %
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APPENDIX-A
Squirrel-Cage Induction Motor ( ABB M2AA 100LA 3GAA102001-ADA ), 3-phase,

400 volt, 50 Hz, 2.2 KW 2,
Table (A-1): The motor parameters.

Parameters Symbol Value
Stator Resistance rs 3.67 Q
Rotor Resistance I 2.10 Q
Stator Leakage Inductance Lis 0.0209 H
Rotor Leakage Inductance Ly 0.0209 H
Magnetizing Inductance Lm 0.224 H
Number of Pole p 4
Moment of Inertia J 0.0155 kg.m?
Viscous Friction Coefficient B 0.0025 Nm.s
Rated Speed Om 1430 r/min.
Rated Torque Tref 14.6 Nm
Rated Current per Phase lrat 5.0 Amp.
Rated Power P, 2.2 KW
Rated Power Factor cos6 0.81
ThreeLevel
hysisteresis
Toreque controller Swritching table Veltage source
reference + Py m— mverter
FHO
. . Vsa, Vsb; -\‘rsc
Two Level ) > OJ
hysisteresis
Pltux " contro_]lz:r N
W 4594,’11 > VI
] L | .

Flux Bector
Sk(1,2,........, ] ® detection

o,
Te Flux &Torque  j——
Mg Estimators  |lagp——o—

Adaptive Motor Model

Fig.(1): Basic scheme of the DTC ©.
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Fig.(2): Sector calculation block.

Fig. (3): RBFNN estimator has six inputs and three outputs.
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Fig.(4): Fuzzy controller.
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