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Abstract: In this paper direct torque conirol DTC of an induction motor is developed. A new technique for
DTC based ou fnzzy logic concept is proposed, where fast torque response with low ripple in the stator Nux
and torgue of induction motor can be achieved. In comparison with the conventional DTC simntation resulis
clearly demonstrate a better dynamic and steady state performance with the fuzzy logic DTC. The two
approaches are explained in clear details , which are designed using SIMULINK wader Matlab Ver.6
software package. Also, MATLAR/FUZZY toolbox is used to implement the fuzzy logic controlier. Both
systems are simnlated under the same conditions.
L. Introduction
variable speed AC molor drives have been continucusly developed during the last dccades owing to the advances in
power electronics, control theory and microprocessors technology. In recent industrial development. induction
motor is widely used for variable speed control system, which requires a precise and quick torguc response. An
improvement of the drive performance can be oblained using a new direct torque control algorithm based on the
application of the space vector modulation [1-3]. The Direct Torque Control (DTC) technique has been recognized
as viable method to provide a very quick and precise response, where minimum switching frequency and hence
maximum efficiency is guaranteed and fully de-coupled control loops as well. Direct torque control is one of (he
aetively researched control schemes which are based on the de-coupled control of flux and torque when Ihe cxact
vector of stator flux is known. The basic concept of direct torque control of induction machines is investipaled in
order to emphasize the effects produced by a given-voltage vector on stator flux and 1orque varialions. In DTC, the
torque and stator flux are regulated to their command values by selecting the switching staie which gives Lhe proper
changes in the torque and flux. There have been some DTC-based strategies, e.g. voltage-vector seleclion using
switching table, direct self-control, and space-vector modulation [4 - 6]. Among them, the vollage-vector selection
strategy using a switching table is widely researched and commerciaiized, because it is very simple in concepl and
easy lo be implemented. The proper voltage vector selection is based on the error in electremagnctic 1orgue, ermor
in stator flux and the position of the stator flux vector. In the conventional DTC scheme the system makes no
difference between a very small and relatively large error of torque and/or flux. The switching states chosen for the
large error that occurs during the startup or during a slep change in lorque command or even flux command are (he
same that have been chosen for the fine control during normal operation. This may cause a lightly slower response
during the start-up and during a step change in electric lorque or stator flux. This was the reason of attempting to
propose a new approach for direct torque control (DTC) based on "If the range in whieh the torque erroc exists and
the range in which the flux error exists are considered when ehoosing the switching state, the system response can
be improved using different error levels". A type of controller that atiows the control rubes to be adjusted according
1o the value of the inputs is a fuxzy logic controller. Fuzzy logie controfler is one of the more eflicient Al (Arificial
intelligence) techniques used in control applications because it is a controller that converts a set of linguistic rules
based on experl knowledge into an automalic control strategy [7-14). So. fuzzy logic contral is used for (he
implementation of direct torque control of an induction motor in a way of trying to improve its slow response.
II. Strategy of Direct Torque Control

The basic concept of DTC is to control the stator flux and torque directly by using the effeclive voliage veclor
generated from voltage source 6-step inverter, This method was offered by Takahashi in 1985 [15]. The idea is that
motor flux and torque are used as primary control variables, which is contrary to the way in which (he traditionat
AC drives control input frequency and voltage. In DTC algorithm, a direct hysteresis siator flux and
electromagnetic torque control that trigger directly one voltage vector among the six effective vollage vectors (V.
V,, Vi, Vi, Vs, Vi), and two null voltage vectors (Vo V3), in order fo keep stator flux and torque within pre-
specified error tolerance bands as shown in figure {I).

Accepled February (5, 2003.
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Figure (2} Direct torque and flux control scheme.

The proper selection of the inverter swiches forces the stator flux vector in the direction where the reference values
of the motor torque and the stator flux are achieved. Motor model estimates the actual torque, stator flux. and stator
flux vector position by means of measurements the motor phase currents and voltages. The oplimum selection of
the inverter switching modes, both errors of the flux and torque shall be within the hysteresis bands as shown in
figure(2) and figure(3) and inquest the fastest torque response and the highest efficiency at every instant. This can
be achieved by evaluation of actual flux, actual torque and the position of the stator flux vector.

Figure (2) Trajectory of the stator flux space phasor with two-level hysteresis controller.

The proper selection of the inverter switching states ts made so that the error between estimated stator flux and 1he
stator flux command signal must be within the pre-specified hysteresis band. where

* ]
| - aag|r2<fag] <l + a2 (1
The selection of the inverter switching states depends not only on the error of the flux amplitude bul atse on the

direction of stator flux, The gtator flux vector position is determined by equation (2)
N - l6<8N) (2N -\ 1§ ¥=12,.6 (o

For example, if('z‘ ) is in the region of sector (2), as shown in figure (2). For clockwise direction of rowation. when

A - . A
l ‘ reaches the upper limil of equation (1), the voltage vector V4 must be selected. When ' ‘lrcncth the lower
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limit of equation (1), V| mus! be selected. On the other hand, for counterclockwise direction of rolation. when |l'
.. A
reaches the upper limit for the same sector, ¥, must be selected. When | l reaches the lower limit of equation(1).

V; must be selected. Thus, two dimensional hysteresis control of (i’) makes possible of a constant Hl by
selecting the appropriate voltage vectors.

As a result, the flux vector can be freely driven in steps through a hysteresis controller, so that the error between
(Te) and (T.*) must be within a pre-specified hysteresis band (Ia?‘el } which is presented as:

» *
T -aT_sT g7
£ 2 € e

(when { 4,) rotates in the forward direction) 3

T; <T, s T; +4T, (when { 4, ) rotates in the backward direction).

As shown in figure(3), for motoring case (i.e. the flux space phasor rotates in counterclockwise direction). when
(T.) reaches (T; -47,), one of the accelevating voltage vectors must be applied on the motor terminals 1o reducc the
error between (T;) and (T.") to be within (a7,). Likewise, in the case of braking or reverse operation (i.e. the flux

space phasor rotates in clockwise direction), when (7,) reaches (T; +aT, ). one of the decelerating voltage vectors

must be applied to reduce the error to be within (-7, ). With the proper selection of optimum voltage vectors

would be realized by taking into consideration cquation (1), to maintain (’15) within acceptable limils. Accordingly
the constant torque control could be achieved. In general, the explanation of DTC strategy is that. the crror ol stator
flux magnitude and the error of electromagnetic torque can be detected and digitized, respectively by simple two-
level hysteresis comparator, three-level hysteresis comparators, and the stator flux vector location passing through

Te
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Figure(3) Representation of torque control uéing three-level hysieresis contraller.

the six 60°-sectors, which can be obtained according to ta_ble (13.

Table (1) Sign detectors (Simple comparators).

Sectoc
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Through the two ervor signals and the stator flux position a proper selection of the voltage vectars can be abtained.
The optimum swiiching states of the inverter (S,,5,,5;)can be tabled versus the outputs of the comparaiors and

the six 60°-sectors, as shown in figure (4) in which (¢} and { r ) signals are digitalized outputs of the comparators.
and the signal of #(¥) determines an indication of the stator flux vector location [1], {5, [15].
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Figure (4) Selection of optimum voltage vectors referred by the outputs of the comparators aleng the six
60° — sectors
Where;
¢ =1 = for positive error of the flux magnitude. ¢ =0 = for negative error of the flux magnitude.
r =1 = for positive error of the torgue magnitude. 7 =0 = for torque error within the acceptable limits.
7 =-1 = for negative error of the torque magnitude.
ILI. Direct Torque Conirol Model
A schematic diagram of an induction motor drive uader DTC is shown in Figure (5). The induction motor is fed
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Figure (5) Complete illustrative diagram of an induction motor drive under direct torque contrel scheme
@MTC).

from a three-phase inverter consisting of six fast switching devices, driven by conlrol signals of oplimum pulse

setector. The de input voltage is provided by a full bridge rectifier and LC filter. The stator flux and motor lorque

can easily be calcutated using stator phase voltages and currents. The basic control algerithm of DTC is earried out



Mansoura Engineering Journal, (MEI), Vol. 28, No. 1, March 2003, E. 24

using two comparators to produce the error signals of stator flux and electromagnetic torque based on the
comparison between the calculated values and their references. After digitalizing the error signals of the flux
amplitude and motor torque, the output values of the hysteresis comparators provide flux and torque signals ¢ and
7 respectively; representing ¢ using one bit, and r using two bits. Where ¢ =1 for positive error and $ =0 for
negative error of the swator flux magnitude, also, 7 = (0,0) for torque error within the acceptable limits. 1=1(0.1)
and (1,0) for torque error above and below the acceptable limits, respectively. The flux vector position @ (M) is
detected by three output bits. These six bits are used to access the optimum pulse selector truth table. The autputs
from the truth table are used to drive the inverter switches, and the optimum voltage vector can directly be

obtained.

I¥. Simulatior Results of Conventional DTC
Simulation was performed in order to simulate the direct torque control using SIMULINK under MATLAB Ver.6
{16]. Matlab/Simulink was used to construct the induction motor mode] and the strategy of DTC system. Figure (6}
shows the simulation block diagram of the direct torque control of an induction motor drive system.

|Speed Cortrol Loop]  |Torque Contral Loop |

To. e
— o Comtol Sigraly

Baexre Wave ) S DC Velinge
ref Torque Fiax | Sowre
ol G . ce Loxd
Reference L
Flux
Computatio;
Refrrence . "0! "
Syeed Ter Stisr Flax
Lpm Veoctr
Speed_comireller Lecation
Motor
T
& u b ®
Flux Mot Snents
Matar Spack 7 m T Jlotzor Parwren et

Figure (6) MATLAB/SIMULINK block diagram of the conventional DTC.

In figure (6}, the reference value of the torque controller is generated by three individual input sources. as:
|, Step-input reference torque. 2. Square wave reference torque 3. Speed feedback loop using a Pl

controller.
Therefore, the system simulation was carried out using the above three input reference lorque signals. The

parameters of the selected induction motor, referred to ABB Technical Data Sheet are shown in table (2) given in

the appendix.
1. DTC witb a Step-Inpat Reference Torque

H ~, - P ;
The hysteresis bands for stator flux and torque controllers are set as Ay, , =00k . and T, . =1¥m,
respectively. The system was initially commanded by the rated stator flux as a constant reference value Iz?.] =1IFh
al r=0sec., while the reference torgue command signal was zero (Tgk =0~N.m. ). Al t=001sec.. a slcp ehange

from zero lo the rated motor torque Tel =100¥.m. was applied as a constant torgue command signal. while the
motor has been loaded by 7, =90N.m. at /=0.]see. The simulation results of the stator flux and metor torque are

shown in figure(7). Figure(8) shows the trajectory of the d-q axis stator flux.
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Figure (9)  (a) Stator flux response at starting (b} Motor torque response at starting

2. DTC with a Square Wave Reference Torque
At =0.0lsec. up (o =D.1sec., a step change from zero to the rated motar torque T,' = 100#.m. was applied as a
constant torque command signal. At ¢=0.1sec. a step change in torque command signal was applicd 10 foree it 1o
be zero Te‘ =0nm., and this sequence is repeated. The simulation results of the stator flux and motor torque are

shown in fignre(10). Figure(1 1) shows the trajectory of the d-q axis stator flux.
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Figure (12) shows the eleclromagnetic lorque response for a slep change in torque command signal (swep dow).

Figure (12) Electromiagnelic lorque responsc at siep change in torjue convmand singual

3. DTC with Speed Feedback Loop Using PI Contioller

The speed control system consisting of a Pl (proporiional-Inlegral} controfler technique is uscd Lo pet greater speed
aceuracy. The exlernal speed reference signal is compared with the actual speed produced from the molor model.
The error signa! 1s then led o the PL coniroller. Therealler, the P1 controller oolpul sigu2l is then used as a
reference inpul signal to the torque comparalor. The Pl controller gain values oblained after contreller tuning as: K,
=0.078 and K, = 0.98. The system was inilially commanded by the raled stator Mux as 2 consant refcience vakue

N . . . +
l,{‘l W al e tsee., while the reference command ol the speed controdivr wavs sera (&

O pron, )
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At 1=001sec., a step change from zero speed to motor rated speed Nr' = l200r.p.m._ was applied 10 the speed
controler, while the motor has been loaded by Ty =50Nm at ¢ =0.13ec. The simulation resulls are presented in
figures{ 13}, (14) and (15).
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Figure (13)  (a) Stator flux (4,)  (b) Motor speed (# )
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Figure {16) shows the electromagnetic torque response of the machine at starting.

et T ottt | 04 . |
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Figure (16) Electromagnetic torgue response aistarting

V. Fuzry logic Direct Torque Control
The proposed fuzzy logic controller was designed to have three fuzzy state variables and one control variable for
achieving constant torque and flux centrol. The first variable ", ", which is the stator flux error signal. defined as:

£2% A, -4, e))
The second variable "¢ ", which is the motor torque error signal, defined as:
£r=Tau—T, (5)
The third fuzzy state variable is the stator flux vector position (8, defined as:
a
g =1an -1 _i’_’— (6)
: st

Then, the threc input variables are divided into their fuzzy segments, where the number of fuzzy seqinents is
chosen to have maximum control with a minimum number of rules. The universe of discourse of the stator flux
error is divided into three linguistic variables with triangular and trapezoidal membership lunctions. where N, Z,
and P denotes for negative, zero, and positive value of stator flux error, respectively, as shown in (fgure {17-a). The
universe of discourse of the motor torque error is divided into five linguistic variables with triangular and
trapezoidal membership funclions, where NL, N§, Z, PS, and PL denotes for negative large, negative small. Zero,
positive small, and positive large value of motor torque error, respectively, as shown in figure (17-b).

B,
i

a5

lwh} B ———— —— T 3
. BF 08 44 <z 0 03 64 a6 ox r

(®

& L I E—
o0 008 o Ao DOV ¢ OO QM4 0ok QM08 001

(a)
Figure (17) (a) Membership fupctions for flux errer signa)
(b} Membership functions for torave error signal

For more accuracy, the universe of discourse of the stator flux vecter pesition (6.} is divided into nwelve fuzzy sets

denoted (SI )to (0|2 }, as shown in figure {18).

",
r'y .

=21 = B3 S =5 - 57 =8 =9 510 =N s12
VL

o5
o (rod )

@ S — — — - Shm— ——— My T

-] 1 2 -3 - = -

Figure (18) Membership fuaction for stator Qux position
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The control variable is the inverter switching state (n). In a six-step inverter, seven distinct switching states are
possible. Therefore, the universe of discourse of the controller output is divided into seven fuzzy sets. with

triangular membership functions as shown in figure{19).

[+] 0.2 o.4 0.6 o8 1 1.2 1.4
Figure (19) Membership {noctions for control output

The computation of stator flux position (#_) can be achieved using a digital circuit, which has been designed using
MATLAB/SIMULINK, as shown in figure (20):

Figure (20) MATLAB/SIMULINK block diagram nsed to compute the stator flux position vector.

To achieved an accurate control action, the controller has been designed using Mamdant's inference method [11).
based on min-max decision. The membership functions of variables A, B, C and N are given by Mo Mg e and

Hy respectively. The weighting factor (&, ) for i" ruie can be written as:
a =min(p (£ ) pp6r) e 8D (7}
As mentioned tefore, the interface method was developed using Mamdani's minimum operation nzle accosding to

which the i rule leads to the control decision:

p;w(u) = rnin(a‘..,ulw () (8)

Thus, the membership function ( g, ) of the cutput (n) {i.e. the N rule) is point wise given by:
180 .

iy k) = max (g, () ®)
i=1

In this case, the outputs are crisp; the Mean-Max methed is used for defuzzification. By this method. the value of
fuzzy oulput need to be digiialized using binary-to-decimal coded converter and some of logical and relational
operators, as shown in figure(21), to generate three digital logic signals, that select the proper switching states of

the inverter.

Contrel S
Owl

4 Cantral §
AN o

Legic Contral 5

Contraller 14
with Rudevirwer Oxt)
Reladena)
Circwit

Figure (21) MATLAB/SIMULINK block diagram used to convert the crisp fuzzy output to three digital
signals
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The rules are formulated according te the effect of each discrete vollage vector on stator flux space vector that
passes over the twelve sectors, as shown in figure {22).

Figure (22) Selection of optimum voltage vectors as the stator flux space phasor passes over the twelve
seclors

There are totally 80 rules [12], which are derived from the above figure, as shown in table (3) in the appendix.

V1. Simulation Resuits of Fuzzy DTC
A fuzzy controlfer that implements the direct torque control of an induction motor has been designed and simulated
using FUZZY toolbox and SIMULINK under Matlab Ver.§ software package. Figure (23) shows the simulation
block diagram of the fuzzy logic controlier for a direct torque control of an induction mator.

|Speed Control Loop] [Torque Control Loop]

oxrtant rek
o L
e e DC Voltage
ref Torgume i Torue erer MF Cango] Sagratss Somrre
T Lead
I = | ]
H Bl . C.5.
ToE i Flux gmoe MF M= Fozxy Logie *
Specd I"l" J uﬁm 4
tpm ]:f_. ,.,__m ¥ Thice.Fhase
b Frwer
boverter
Bpctd_contraller e Position MF Pt Volops
M— r
s
Morre Torees P
Aot Fiox £
Mlotor Oucrents - B .
L Bdtor Parwzws
Mt $poed 1 p
Firure (23 MATLAB/STMULINK block diasram
1. Simulation of a Fuzzy Logie DTC with a Step-Input Reference Torque
The system was initially commanded by the sated stator flux as a constant reference value jl,| =Uth, al ¢ =0sec.,

while the reference torque command signal was zero (Te' =0Nm.}. At 1 =0.01sec.. a step change from zero to the

rated motor torgue Te' = 100N m. was applied as a constant torque command signal, while the motor has been

loaded by 7, =90xum. at s =0.1sec. The simulation results are presented in figure(24). (25) and (26).
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Figure (25) Stator Nux space phasor during stmulation:

Figure (26) shows the stator (lux response and motor torque response of the machine at starting.
S P | | [y

17 —r
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e ||

e e l'?’;se'c'r

ST T @ ®

Figure (26) (a) Stator flux response at starting (b) Motor torque responsc al starting
2. Simulation of a Fozzy Logic DTC with z Square Wave Reference Torque

Al 2=00lsec. up to £=0.1sec., a step change from zero to the rated motor torque T; =00~.m. was applied as a

constant torque command signal. At 1=0.1sec. a step change in torque command signal was applied to force it to

be zero Te‘ =0N.m., and this sequence is repeated along the simuiation. The stmulation results are presented in

figure(27), (28) and (29).

. Sar P2 | Mot Ve 2 |

[ " 9 W 1] G4
Time [sec)

(a) (17’)
Figure (27) (a) Stator flux (A1,). (b) Motor torque (7.).
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Fizure (28} Stator flux snace nhasor during simulation
Figure (29) shows the electromagnetic torque respanse for a step change in torque command signal (step down).
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Figure (29) Electromagnetic torque response at step change in torgue command signal.
3. Simulation of a Fuzzy Logie DTC with Speed Feedback Loop Using PI Controller
The system was initially commanded by the rated stator flux as a constant reference value ,/Ll. = 1. at 1=0sec .
while the reference command of the speed controlter was zero (Nr' =0r.pm. ). At ¢ =081sec.. a step change from
zero speed to motor rated spced Nr' ={200r.p.m. was applied to the specd controller, while the motor has been
loaded by 7, =90W.m. at ¢ =0.Tsec, The simulation results are presented in figure(30), (31) and (32).
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Figure (30} (a) Stator Mux (,ls ) (b) Motor speed (¥ _)
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Figure (32) Stator flux space phasor during simutation

VII. Conclusions

‘The aim of this paper is based on the simulation of DTC of an LM. using both of the conventional DI'C and a new
proposed technique for DTC based on fuzzy logic concept (F.DTC}). The conventional DTC and F.DTC. Both of
them were designed using MATLAB/SIMULINK software package. Also, MATLAB/FUZZY/INFERENCE
SYSTEM (FIS) software was used to implement the fuzzy controller. Both were simulated under the same
conditions. The differences between them have been investigated through a computer simulater. As a conclusion
from the comparative study, the comparison was focused on the following ilems:

fuzzy logic control F.DTC can differentiate between a small and refatively large error of torque

and/or flux. Subsequently, the switching state selection would be more accurate 10 achieve Ihe

system requirements.

In conventional DTC, the flux space was divided into six sectors, while in fuzzy logic control it is
divided to twelve sectors to avoid the borderline effect of some states during the switching states

selection.

Using fuzzy logic control, the torque response records an approximate settling time of 1.7
millisecond for stcp-up command signal, and 0.35 millisecond for step-down. while. using
conventional DTC, the torque response records an approximate settling time of 3 millisecond for

step-up command signal, and 0.6 millisecond for step-down.

Using fuzzy logic conwol provides the system with minimum ripple for both torque and IMux.
where the peak-to-peak flux ripple is £0.004#%5., and the peak-10-peak torque ripple is +0.38 m.
While the conventional DTC have a relatively large ripple, where the peak-to-peak flux ripple was

005, and the peak-to-peak torque ripple was £1¥.m.

Finally. the simulation results show an improvement with fuzzy controller over the conventional DTC in
both flux and torque responsesl. The steady state response for both controllers was found to be relatively the same.
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VL. Appendix

Table (1) Parameters of the sclected Induction Moter Tatde (3) Lockup table of fuzz) reles for roltage vector sclection

¥
[ No. | Definition T Symbols | DatafUnit ey -
=
1 Raled oulpat P 185 KW .:T Al ax BT an FEAp I 2 an I Canf€a, B 202 5,
e § 1L z 2z ¥ 2 2 3 z 2 3 i
= = > 21 5 > § = T 580 a ]
2 L Rated Voltage Vi 460 Vlt (A B | > - - =11
& X LI K] 7 E T 1
3 Rated Frequency [ SOHz e | & 3 E 3 E] 1 & |
4 Rated Speed [ 1465 r/min | B;J_ |
it = £ = = - ® =
5 Rated Current In 34.4 Amp. nad i i ol asid e Am
- 3 g3 N a3 4 4 4 a W 3
- 5 N a § o § 3 A 5 4 s N 5
& Nominal Tovquc» Tw 121 Nm. = 2N AN S = = 5 4=
7 Power Factor 0.85 - A N7 J o R £ 7 & 3 el et
[ Morment of incTiia [l 0.161 Kg-m' = (W M N N a z E E
9 Vispous CoefMcicnt B 0.0018625
N.mirad fsee
) L e anflCanfeanfl TonffErnfCac Al 2
(4] Stator Resistance R, 22 Ohm 2 3 = E E3 3 3 3 &
4 & 5 & 5 K3 & 1
- i 7 £ T 7 7 7 k&
1] Roior Resistance R, 015 Chm == 3 = =
&
1z 55T Reacsance X, 041 Chm EH W SEW BEAM EEED 2N SIS N A
i3 R-Self Reactance X, 142 Ohm et 2o ax f € anfErp & ax f T and ap =2 g,
- LY K [ 1 1 1 N 2
14 Magnetizing React, Xu 18.3 Ohm = fl & 1 & F] 2 1 3 2
L= | £ i 7 K i 7
[ Number of Poles Pa 4 Pole k] X - 7 i X
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