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Abstract— This paper presents an improved Direct Torque
Control (DTC) based on fuzzy logic technique. The major
problem that is usually associated with DTC drive is the high
torqueripple. To overcomethis problem atorque hysteresisband
with variable amplitude is proposed based on fuzzy logic. The
fuzzy proposed controller is shown to be able to reducing the
torque and flux ripples and to improve performance DTC
especially at low speed. The validity of the proposed methods is
confirmed by the smulative results.
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I.  INTRODUCTION

Fuzzy logic is recently getting increasing emphasigirive
control applications. Recent years, fuzzy logic toanhas
found many applications in the past two decadess ®hso
largely increasing because fuzzy logic control hae
capability to control nonlinear uncertain systemerein the
case where no mathematical model is availablehf@rcontrol
system [1]. So, the development of high performarmetrol
strategies for AC servo system drives resulted imapid
evolution. To overcome the disadvantages of vectmtrol
technique, in the middle of 1980’s, a new quickpmse
technique for the torque control of induction metowas
proposed by Takahashi as direct torque control (DTAT.
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torque control (DTC) is used to improve dynamicpmsse
performance and decrease the torque ripples.

II.  DTC STRUCTURES

The basic model of DTC induction motor scheme Bwsh
in Fig. 1. At each sample time, the two stator enisi,, and
i;pand the DC bus voltagg . are sampled. Using the inverter
voltage vector, the, § components of the stator voltage space
vector in the stationary reference frame are catedl as
follows.

2 +
Vsaref =V (Sa - SC)
’ )
1
Vsﬁref = \/_gvdc(sb - Sc)

Thea, f components of the stator current space vector are
calculated using

Ly = igq
_ isqa+2isp

o @
sp V3

The stator flux is a function of the rotor flux whi is
provides from the flux observer.

DTC provides very quick response with simple cadntro

structure and hence, this technique is gaining leoiyw in
industries [2]. Though, DTC has high dynamic perfance, it
has few drawbacks such as high ripple in torquex, fturrent
and variation in switching frequency of the invert&he
effects of flux and torque hysteresis band ampétuth the
induction motor drive performance have been andlyag3].

Since DTC was first introduced, several variatidos its
original structure were proposed to overcome theerent
disadvantages in any hysteresis-based controliech sas
variable switching frequency, high sampling reqoieait for
digital implementation, and high torque ripple[32B]. To
solve this problem, various techniques have beepqsed.

Including the use of variable hysteresis bands, [ffdictive
control schemes [24], space vector modulation tegtas [25]
and intelligent control methods [18]. This papeopmses a
novel scheme to improve the drive performance. yuatiect

M
Qsq = 0Ll + Zgora

M (3)
Qs = 0Lslp + e
Then the magnitude of the stator flux is calculdigd
los| = |92 + 92 4)
The electromagnetic torque is calculated by
Te = 2P(@salsp-Psplsa) ®)

where p is the number of pole pairs.
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Figure.1Block diagram of classical direct torque control

The torque and flux errors are define:

{A(ps = |(psref| - |(ps| (6)
AT, = Trer = Te

The inverter switching statese determined by the torque
flux errors according to the sector determir

As shown in Fig. 2, a switching table is used far invertel
control such that the torque and flux errors ara keéthin the
specified bands.
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Figure 2. DTC definition of the voltage vectarsd comparats.

Threelevel torque and two level flux hysteresis -

trollersare used according to the outputs of the tc
controller and the sector informat, appropriate voltage
vectors for both the inverters are sele from a switching
table as it is shown in Table

Table 1. Classical DTSwitching table.
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mereas | 100 | 110 | 010 | 011 001 101

Decrease | Torque

Flux Decreas 011 001 101 100 110 010

Torque

mereas | 110 010 | 011 001 101 100

Increase Torque

Flux Decreas |1 101 100 110 010 011

Torque

Il.  Torque ripple analys

Since ne of the inverter switching vectors is abl generate
the exact stator voltage required to produce desired
changes in torque and flux, torque and flux rip compose a
real problem in DTC induction motor dri

Many solutions were proposed to improve performs [7, 9—
17].

According to the principle of operation of DTC, torque
presents a pulsation that is directly related &8 amplitude of
its hysteresis bandlhe torque pulsatic is required to be as
small as possible because it ca vibration and acoustic
noise [15].

A small flux hysteresis bands should be preferrén high-
switching speed semgonductor devices are utiliz because
their switching lossesre usually negligible wil respect on
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state losses. In this way the output cur harmonic can be
strongly reduced [15].

| Qs 4T, T, o 1T, T

¥,
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ps LT, L, o TT,

Psref

Fuzzy
controller |

The hysteresis band has to be set large enot limit the
inverter switching frequency below a cern level that is
usually determined by thermal restriction power devices.
Since the hysteresis banal®e set to cof with the worst case,
the system performance is inevite degraded in a certain
operating range, especially ir low speed region [17]. In
torque hysteresis controller, elapsing time to move from
lower to upper limit, and vic versa can be changed according
to operating condition [17].

IV. DESIGN OF FLC FOR TORQUE RIPPL
OPTIMIZATION

The principle of fuzzy logic direct torque contr@TC) is
similar to traditional DTC. The difference is usimgfuzz)
logical controller to replace thetorque hysteresis loop
controller. As shown in Figurt.

4 Vdc
Switching Table
Sa
»
Ll
sb {
>
Sc >
VSI
Ps
- Vdc
il
Torque and Flux la
Estimator < -+
< Ic L
M [FHD
m

Figure4. Fuzzy logic DTC scheme

In this paper, a Mamdamype FLC is developeto adapt the
torque hysteresis band in order to reduce the e the
motor-developed torque [23R5]. In conventional DT
technique, the amplitude of the torque hysteremimibs fixec
However, in this proposed scheme, the FLC contha@suppe
ard lower limits of the torque hysteresis band on lthsis o
its feedback inputs. The fuzzy systems are univdusetion
approximators [24]. The FLC is used as a nonlirfeactior
approximator producing a suitable change in thedéith of
the torque Wsteresis controller in order to keep the to
ripples minimum.

The fuzzy controller design is based on intuitiond
simulation. For differenvalues of motor speed and rent,
the values reducing torque and flux ripple v found. These
valuescomposed a training set which is u to extract the
table rule U(EC; E) . The shapes of mmarship functions ar
refined trough simulation and tegy. The rules ss are shown

80

in Table 2. Figure 5 and ¢how: the membership functions of
input and outpt variable respectively. The rules were
formulated using analysis data obtai from the simulation of
the system using different vali of torque hysteresis band.

Table 2. Fuzzy rules of torque hysteresis contr

EC
U
NB NM NS Z0 PS PM PB
E
NB PB PB PB PB PM PS Z0
NM PB PB PM PM PS Z0 Z0
NS PB PM PM PS Z0 Z0 NS
Z0 PM PS PS zZ0 NS NS NM
PS PS zZ0 yAe) NS NM NM NB
PM Z0 Z0 NS NM NM NB NB
PB zo NS NM NB NB NB NB



PC
Typewriter
80


B Membership Function Editor: fuzzydicmodind NN e S Lds=Ls-Lm; Ldr=Lr-Lm; C and J=0.062Kg.m2 are

File Edit Wiew - mb _h — _H _I;j_t_ _m COﬂSIdGrEd
i e T G . . .
FIS Variables @ Stator flux linkage comparing curves are shown igufe 6
XN i
Al and Figure 7.
o A u .
WX L | Compared with two groups of flux Waveform,_ the fltmc_k
= amplitude of traditional DTC model is volatile. Atertain
R S L . parts, there is a clear deviation, flux requiredddonger time
S e e, e B to reach steady-state, the fuzzy logic DTC fluxckrehas
Current Varisble Currert Membership Function (click an MF o select) a|WayS maintained a very good round, flux is r%pﬂifor a
M 5 fy: S short time to reach steady-state, and flux ampitihactuation
Type input & trimf - :
-R:ga [:um] Params [-10 -6.867 -3.333] is small.
Display Rangs 1010 ‘ Help | Close | |
FReady |
a) —
o]
u Membership FundﬂEdkt‘or f_qzxdjc_mqm_ @Iﬁ E
File Edit View g
FIS Variables WMembership function plots. plf:vt 181 -8
NB NI NS Z0 PS PRt PB e
S
u

FC -1 -0.5 0 0.5 1

fsalfa [Wb]
e Figure.6. Stator flux circle based Classical DTC
“Currert “ariable Current Membership Function (click on MF to select)
Mame EC Mame NM
Type infut TyRs trimf
Range 10505 ko [-0.5 -0.3333 -0.1667] .
Display Range [-0.505] | 08 R
Selected varishls "EC" 06 1
b) g 0.2 i
Figure.4. Input variables membership functions g ° ]
B Membership Function Editor: fuszydicmodifi | BTN o ]
File Esit View ]
FIS Variables Membership function plots plot poirts 181 08 1
m INE| NM NS Z0 52 P Ft‘a -1 0.8 -06 -04 -02 'Sa";)[wn] 0.2 0.4 0.6 0.8 1
m = - Figure.7. Stator flux circle based on Fuzzy DTC
£C i |
) Torque response comparing curves are shown in &igund
49 30 20 0 0 0 2 %0 4 Figure 9.see Figures the torque ripple is signifigareduced
Current Yariakle Current Men:kla‘;rr’:;\:r:::;lo‘r: (elick on MF to select) When fuZZy COﬂtI’O”er IS In use The fuZZy ConEDIbrOVIdeS
o u e i the desired amplitude according to the torque epevel and
Type autput L g, & operating condition, as it is shown in paper.
e P Params [-40 -26 67 -13.33]
[-40 40]
Display Rangs [-40-40] | Help | Close | |

Selected varisble "L | -

Figure.5. Output variable membership function

Torque [Nm]

V. SIMULATION RESULT

The simulations of the DTC induction motor drive reve
carried out using the Matlab/Simulink simulationckage. A S —

3-phase, 4 pole, induction motor with parameters of Time (5
Rs=0.728; Rr=0.706; Ls=0.0996; Lr=Ls; Lm=0.0969;

Figure.8. Torque response based Classical DTC
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Figure.9. Torque response based Fuzzy DTC

Figures10 and 11 shows the stator flux responsdmibf the
conventional and Fuzzy DTC schemes. It is found the
proposed variable band torque hysteresis contrblised
DTC scheme exhibits smooth response and lesseleripp
flux as compared to the conventional DTC scheme.
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Figure.10. Steady-state stator flux-response b@tesbical DTC
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Figure.11. Steady-state stator flux-response besedy DTC

Steady state current comparing curves are showigimre
12 and Figure 13.

Compared with Steady state current waveform, fiauhl
DTC model maintaining the current waveform of Sibei
there is a little large pulsation, there are sonaemonics
which will lead to torque ripple in the wave formvhile the

fuzzy logic DTC current waveform
effectively reduces the harmonic.
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Figurel2. Steady-state stator current based orsiCEHDTC
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Figurel3. Steady-state stator current based ory fogic DTC

VI. CONCLUSION

The present paper has presented a sensorless3p€edrive
with fuzzy controller. This controller determinatiee desired
amplitude of torque hysteresis band. It is showat tthe
proposed scheme results in improved stator flux tmgue
responses under steady state condition. The maangahe is
the improvement of torque and flux ripple chardstms at
low speed region, this provides an opportunity footor
operation under minimum switching loss and noise.
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