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Introduction

Electrical drives based on induction motors are the
most widely used electromechanical systems in modern
industry. Due to their reliability, ruggedness, simple
mechanical structure, easy maintenance and relatively low
cost, induction motors are attractive for use in a new
generation of electrical transportation systems, such as
cars, buses and trains. However, from the control point of
view, they represent a complex multivariable nonlinear
problem and constitute an important area of application for
control theory. In fact, induction motors constitute a class
of highly coupled and multivariable systems with two
control inputs (stator voltages) and two output variables
(rotor speed and flux modulus), required to track desired
reference signals. Traditionally, rotor field-oriented control
(RFOC) has permitted fast transient response by
decoupling torque and flux control. This control strategy
exploits the fact that in a suitable rotating frame, aligned
with the rotor flux space vector, the torque and flux
dynamics are decoupled and the induction motor can be
efficiently controlled using linear techniques. However,
RFOC has several disadvantages such as high
computational requirement, high parameter dependence
and speed signal for the coordinate transformation. Also,
the direct torque control (DTC) technique has gained wide
acceptance in motor drive. Although the DTC is a simple
control scheme with low computational requirement and
has merits like inherent sensorless operation and reduced
parameter sensitivity, it has some drawbacks such as
operation with variable switching frequency and large
torque ripple, due to the hysteresis control and the
switching table method. To overcome these problems, the
variable switching frequency problem and the torque ripple
can be addressed by Proportional-Integral (PI) controllers
plus space vector modulation (SVM)]. However, the
calculation of the voltage command vector requires the
derivative of the stator flux vector, which is kept moving
and can be a potential source of errors [1-7].
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This paper presents an alternative scheme for torque
and stator flux control of an induction machine. The
proposed scheme investigates the basic DTC idea, which
considers the torque of induction machine proportional
with the slip frequency if the amplitude of stator flux
vector is kept constant. For that, stator flux orientation
technique is used to avoid the requirement of the derivative
of stator flux vector and to develop the relationships
between the controlled variables and the machine torque.
Hence, with the combined stator vector control (SVC) and
DTC methods, the torque and stator flux vector can be
regulated with PI controllers, and the required voltage
vector can be applied to the induction machine by the
SVM technique. Furthermore, the estimation of the torque
and stator flux is based on voltage mode estimator with
minimized sensors numbers. In fact, speed sensor is
eliminated and only DC-bus voltage sensor and two AC
current sensors are needed.

Proposed stator vector - direct torque control (SVDTC)

The dynamic model of the induction machine can be
represented in the (d,q) frame as:
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0=R,ig g4 + dwj’qr F O gr ar, ()
t

Vis.gs = Ly, ot Ls,jdr,qr’ 3)

Vargr = Lilgrgr + Lol g, 4)

Ton = PWasioy =V oslas) )

where (v4,v,) — stator voltages; (wu, W) — stator fluxes;
(War, Wyr) — rotor fluxes; (igs,iqs) — stator currents; (ig.ig) —
rotor currents; R, and R, — stator and rotor resistances; L,
and L, — stator and rotor inductances; L, — mutual
inductance; p — number of pole pairs; @, and @, — stator



and rotor angular speed; @y —
T, — electromagnetic torque.

It is known that the stator field-orientation method is
based on the alignment of stator flux vector with the d-axis
and setting the stator flux to be constant equal to its rated
value, which means:

slip angular speed (@, — @,,);

Wis =VssWqs = 0. (6)
Then, (1) and (5) can be simplified to:
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and the rotor currents and rotor fluxes can be expressed as:
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where ¢ =1- L2, (L,L,) — the total leakage constant.
By substituting (9) and (10) in (2) and considering
the Laplace operator (s =d/ dt), (11) can be obtained:
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ot iy,

where T, =L /R, and T, =L, /R, — the stator and rotor

N
time constant, respectively.
Thus, by expressing /I, and /,
flux, the stator voltages become:

s according to the stator
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Hence, it can be seen that the stator flux can be
regulated by the d—component of stator voltage. Fig. 1
shows the relationship between y; and V,; a second-order
equivalent system with a disturbance E,;.
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Fig. 1. Closed-loop control of stator flux
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From (11), the g-component of stator current can be
expressed as:

1=l s
(1+O‘TrS> +(07:,w3,, (s))
where K, =(1-0)T, /L, .
Hence, (8) becomes:
1, (5 = — PRt kel (1s)

(140Ts) +(0Tw, (s))

From the basic DTC principle, if the amplitude of
stator flux vector is kept constant and equal to its reference
value v, , the machine torque is proportional with the slip
angular speed. Therefore, with the small values of the slip
angular speed, (15) can be simplified to:

Tcm (S) = GTem (S)(ws (S)iwm (S))’ (16)
where
2
PK, (1,
GTem (S):#)z‘ (17)
(1+0Ts)
Thus, the machine torque can be regulated by

controlling the rotating speed of the stator flux vector. Fig.
2 shows the relationship between T,, and o, a second-
order equivalent system with a disturbance ®,,.

@p(s)
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Fig. 2. Closed-loop control of electromagnetic torque
Space vector pulse-width modulation technique (SVM)

Since the controllers produce the voltage command
vector, appropriate space voltage vector can be generated
with Space Vector Modulation (SVM) and fixed switching
frequency can be achieved. The SVM technique is used to
create a reference vector by modulating the cyclic ratios of
switches in each of the six sectors shown in Fig. 3.
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Fig. 3. Switching states of space vector modulation

However, with the SVM method, the reference
voltage should be limited to ensure that the voltage
command is lower or equal to the maximum inverter
voltage:



<y tu (18)
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where V.. — the maximum available inverter voltage; V.
— the DC-bus voltage of the inverter.

The space voltage vector is produced by two active
vectors, which limit the sector, and two zero vectors. For
example, if the reference voltage is located in sector 1, it
can be expressed as:

Vref‘
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where Ty, Ti, T, and T; — the time intervals of 170 s 171 s

172 and 177 , respectively, within the sampling period 7.
From Fig. 3, it can be obtained:

VT, 086 = VT, +V,T, cos =,
(20)
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Thus, T}, T, and T (or T5) can be expressed as:
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Structure of the induction machine drive

The complete scheme that allows torque and flux
control has been developed, and it is shown in Fig. 4. It
includes the PI regulators for the torque, stator flux and
machine speed (deducted by the usual method). Compared
to the usual SVM-direct torque control, the stator angular
speed is a signal command generated by the torque
controller, not an estimated variable as in the other
schemes, and allows to generate the g-component of stator
voltage vector. The d-component of the same vector is
generated directly from the stator flux controller.

Also, to avoid involvement of more machine
parameters, the unknown variables are estimated in the
(e, p) frame using the Concordia transformation:
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With the DC-bus voltage sensor and the actual
inverter switch positions (s,,55,5.), the stator voltage vector
can be determined using:

:Q(Zs
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Since the controllers produce the stator voltage
vector in (d,q) frame, the voltage vector should be
transferred from the stator flux reference frame to the
stationary frame by (28) before using SVM algorithm.
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Simulation result

The proposed scheme has been implemented with
Matlab/Simulink in order to evaluate its performance. The
induction machine used for the simulations has the
following parameters: 1.5kW, S0Hz, 220V, p = 2, R, =
4.58Q, R, =4.468Q, L,=L,=0.253H, L,, = 0.242H.

For comparison, both SVDTC and conventional
DTC for induction motor are simulated with step change in
torque from 0 to 10N.m (without speed controller). Fig. 5

shows torque and flux amplitude.
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Fig. 5. System response during step change in torque from 0 to
10N.m: (a) Conventional DTC — (b) SVDTC
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Induction Machine Drives // Electronics and Electrical Engineering. — Kaunas: Technologija, 2009. — No. 8(96). — P. 51-54.

In this paper, a novel direct torque control method has been proposed for high performance induction machine drives. The control system
enjoys the advantages of stator vector control and direct torque control and avoids some of the implementation difficulties of either of the two
control methods. The stator flux orientation is used to keep constant the amplitude of stator flux vector, and to develop the relationship between
the machine torque and the slip angular speed. At this stage, the electromagnetic torque can be regulated as in the case of direct torque control.
The proportional—integral controllers and space vector modulation technique are used to obtain a fixed switching frequency and low torque
ripple. Simulation experiments results indicate that, with the proposed scheme, a precise control of the stator flux and machine torque can be
achieved. Compared to conventional direct torque control, presented method is easily implemented, and the steady performances of ripples of
both torque and flux are considerably improved. Ill. 5, bibl. 7 (in English; summaries in English, Russian and Lithuanian).

M. bounanba, b. besimaganu, A. B. beaapou. Ilpumenenne KOMOMHHPOBAHHOIO KOHTPOJISI BEKTOPAa CTATOpPa JJIsl NPSIMOro KOHTPOJIS
MOMEHTA BpallleHusi B MHAYKUMAHBIX MAIIMHAX 00JILIIOH NPOM3BOAMTENBLHOCTH // DJIEKTPOHMKA M JJieKTpoTexHuka. — Kaynac:
Texuomnorusi, 2009. — Ne 8(96). — C. 51-54.

IIpensioxeH HOBBII CIIOCOO KOHTPOJIS IIPSIMOT0 MOMEHTa BpaieHus. Cucrema o0OecrieunBaeT KOHTPOJIb YIIPABICHHUS BEKTOPOM CTAaTOpa M
MOMEHTA TPSIMOTO BpalleHUs. B pe3ynpTraTe OTmajaroT TPYIHOCTH IPH peaH3allid OJHOTO M3 JBYX METOIOB KOHTpois. [y moxmepkaHus
HAIPaBJICHUs IOTOKA CTaTOPa UCIIONB3YEeTCs IIOCTOSIHHASL aMIUIMTY/Ia BEKTOpPA IMOTOKA CTATOPa. JTO MCIOJb3YETCs U IIPU MCCIICAOBAHUH CBSI3eH
MEXK/ly MOMEHTOM BpAILEHUsI MAIIMHBI ¥ YIJIOBOH CKOPOCTbIO. DJIEKTPOMArHUTHBIE MOMEHT MOXKHO KOPEKTHPOBAaTh, TaK e KaK U MOMEHT
paleHns Ipy npsiMoM yrpasiieHuH. [IpornopiroHansHOE HHTETPAIBHOE YIpaBIISIOIee YCTpoiicTBO. 13 pe3ynbTaToB MOAEIHPOBAHNUS CIEIyeT,
YTO MPY IPUMEHCHUH MIPEJIaraeMoii CUCTEMbI 00ECIICYMBACTCS HEOOXOMUMBI KOHTPOJIb MOTOKA CTATOPa M MOMEHTa Bpamenus. V. 5. 6ubm. 7
(Ha aHTTIHICKOM si3bIKe; pedpepaThl Ha AHTTIMICKOM, PYCCKOM U JIMTOBCKOM $13.).

M. Bounadja, B. Belmadani, A. W. Belarbi. Kombinuotosios statoriaus vektoriaus kontrolés tyrimas // Elektronika ir elektrotechnika. —
Kaunas: Technologija, 2009. — Nr. 8(96). — P. 51-54.

Pasililytas naujas tiesioginio sukimo momento kontrolés biidas. Kontrolés sistema sudaryta i§ statoriaus vektoriaus valdymo ir
kontroliuojamo tiesioginio sukimo momento, todél iSvengiama tam tikry sunkumy jgyvendinant vieng i§ dviejy kontrolés metody. Statoriaus
srauto krypciai palaikyti naudojama pastovi statoriaus srauto vektoriaus amplitudé, susiejanti masinos sukimo momenta ir kampinj greitj.
Elektromagnetinis momentas gali biiti koreguojamas taip pat kaip ir tiesioginio valdymo sukimo momentas. Proporcinis integralinis valdiklis ir
erdviné vektoriné moduliavimo technologija taikoma nustatytam perjungimo dazniui ir mazam sukimo momentui gauti. Modeliavimo rezultatai
rodo, kad, taikant sitiloma sistema, uztikrinama tiksli statoriaus srauto ir sukimo momento kontrolé. Il. 5, bibl. 7 (angly kalba; santraukos angly,
rusy ir lietuviy k.).
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