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Abstract-This paper presents a comparative study of field-
oriented control (IFOC) and direct-torque control (DTC)
of induction motors using an adaptive flux observer. The
main characteristics of field-oriented control and direct
torque control schemes are studied by simulation
emphasizing their advantages and disadvantages. The
performances of the two control schemes are evaluated in
terms of torque and current ripples, and transient
responses to load toque variation. We can nevertheless
note a dight advance of DTC scheme compared to FOC
scheme regarding the dynamic flux control performance
and the implementation complexity. The choice of one or
the other scheme will depend mainly on specific
requirements of the application.
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1. Introduction

The fast development of power, microelectronics |X =Ax +BU

and computer science opened a new way of

investigation for induction motor with vector couwitr

strategies. It is usually desirable that the maiam

provide good dynamic torque response as is obtain@ghere

from dc motor drives. Field-oriented control is a T T
speed =|V Vsﬁ] y:[isa isﬁ]

adjustment feeding by variable frequency converter '

strategy research for induction motor

stator voltages and currents. This method, uttjzin
open-loop pure integration, suffers from increased
noise on voltage and current and quantization rror
in the digital system, in addition to the offsetirga
and conversions factors in the low speed range) eve
with the correct knowledge of the stator resistance
Adaptive speed observer seems to be between the
most promising methods thanks to their good
performances versus the computing time ratio. They
have the advantage to provide both flux and
mechanical speed estimates without problems of
open-loop integration [4].

2. Modeling of the Induction

In this section, the induction motor model is
expressed as follow:

y = Cx (1)

[ ]T
X =i [ b d v
su B ro (5}

In Since its introduction in 1985, the direct toequ _ T M R RrM2
control (DTC) [1], principle was widely used for IM ¢ = 100 0} K :{ 1 Y= ?sz—
drives with fast dynamics. Despite its simplicity, [0100 olsl, s Lol
DTC is able to produce very fast torque and flux K 1
control, if the torque and the flux are correcty |~v O T Ko,
estimated, is robust with respect to motor parareete r K - -

. 1
and perturbations [2]. 0 -7 -Ko, T i 0
Unlike FOC, DTC does not require any curreni = M K r ot 1
regulator, coordinate transformation and PWM — 0 -— -0 | B= 0 -
signals generator (therefore, timers are not redir T T 0 605
In spite of its simplicity, DTC allows a good tomju o M, -K
control in steady state and transient operating T, ' T | 0 0

conditions to be obtained. The problem is to qdanti
how good the torque control is with respect to FOG Principle of DTC
In addition, this controller is very little sengito the

DTC is a control philosophy exploiting the torque

parameters detuning in comparison with FOC [8]. and flux producing capabilities of ac machines when
DTC, the flux is conventionally obtained fromfed by a voltage source inverter that does notirequ

the stator voltage model, using the measured current regulator loops, still attaining similar



performance to that obtained from a vector control Table. 1 Selection table for direct torque control
drive.

AWs | ATe | S1| S2| S3] S4 S5 Sb
3.1. Behavior of the Stator Flux 1 V2 | V3| V4| V5| V6| Vi1
In the @, B) reference, the stator flux can be 1 o | vz wvol vz vol vi| vo
obtained by the following equation: 1 lvel vilv2| vl val| vs
V=Rl +39 ) 1 | v3 | va| V5| ve| vi| v2
s ss dt s 0 0 VO | V7| VO| V7| VO | V7
-1 | V5| V6| Vi| V2| V3| V4

3.2. Behavior of the Torque

The electromagnetic torque is proportional te thThe basic sensorless DTC scheme for ac motor
vector product between the vector of stator andrrot

. ; : drives is show in (figure. 2).
flux according to the following expression, [5]: (fig ) “epply
kY
k(P x¥ )= i e (M Switching Table
C_=k¥ x¥) k“PSH‘Pr‘SIn(CY) ) ., &-F] ’ 4 A, .
With: b ¢ X+ l_J . ) a,|Inverte
—— o, PI —— So,]
¥, : is the vector of stator flux; ﬂ A NN S,
_ R ov.| S >
¥, : is the vector of rotor flux; g > iﬂ é
u
d: is the angle between the vectors of stator and - l* o B °
rotor flux. ——
Adaptive D
Observer | ab.cle X

3.3. Development of the Commutation Strategy

In order to exploit the operation possible seqes ”
of the inverter on two levels, the classical sébect @ {notg
table of the DTC is summarized in table. 1. It skow . o
the commutation strategy suggested by Takahashi Fig. 2.BaS|c dlrect'torque control for sensorless
[2], to control the stator flux and the electrometim induction motor drives.
torque of the induction motor. (Figure.l) gives th
partition of the complex plan in six angular sest8r
I=1... 6.

4. 1FoC Principle

(Figure.3) shows a block diagram of the indirect
field-oriented control system (IFOC or hysteresis
FOC) for sensorless induction motor.
The stator quadrate-axis reference is calculateah fr

torque reference ianIt*e as [6]- [7]:

JRE L @
A s pM ‘@r‘
The estimated rotor flux Iinkagjé’r| is given by:
r :TS+1ISd )

r
The stator direct-axis current reference is obthine

from the rotor flux referen#@; :

Fig. 1 Partition of the complex plan in six
angular sectors S 1.6 _ ¥

ch =V (6)




The o, required for coordinates transformation igrror of the stator current and the rotor flux
represents the difference between the observer and

generated from the rotor spegd and slip yhe mogel of the motor. The dynamic error is given

frequency;: by:
0g = 0g +pQ, (7) %e = (A + GC)e+ AAX (10)
The latter is obtained from the stator reference 00 0 pPK Aw,
curreni’_: |0 0 -pKAw, 0
sq AA=A-A (11)
00 0 -pho
M1 (8) r
0>s|—ljJ T 'sq 0 0 pho, 0
r r
_ we consider the following Lyapunov function,
The current i* and i*dare converted into phase 1
= ° \% :eTe+—(AW )2 (12)
A r

current reference$;,i;,i*c. The regulators process

the measured and reference currents to produce \@{gera isfa positive qonst:a_nt, the derivative of
inverter gating signali,, S, , S, . yapunov function is giving by:

ac power dy el {(A(w )+GC)T +(Aw )+ GC)}e
supph dt r r
e @3
* R K ~ ~ 2 A
\qﬂ s : ~2KAK (6%, —e2x3)+IAwrwr
C tati i I ) . .
o P = ; * nverte! We can deduce the adaptation law for the estimation
s o:~| Computation b.g— —'< of the rotor speed by the equality between thersco
. P 1 i i I and the third terms, we obtain:
(k)r i* ) b
Rotor Flux | j*—» 0, .
Computation| g~ | Computation Or = kK(e1§<4 - 62)?3) (14)

To enhance the dynamic behavior of the speed
— ;° observer, we have added a proportional term. The
) speed adaptation laws become

. . i
i With K is a positive constant.
[—V ¢

<«——— Adaptive
@, observe

Fig. 3 Basic indirect field-oriented control for . . . L .
sensorless induction motor drive B =Kp(erRa —€2%3) + ki [ (e1%4 — e2%3)dlt (15)
0

Wherek, and k; are positive gains.
5. Adaptive Flux and Speed Observer
A linear state observer for the stator flux dzn
derived as follows, by considering the mechanic
speed as a constant parameter, [8]- [9]:

gr Regulator Design
The transfer of the manipulated variable is affécte
by one or more nonlinear elements (hysteresis,
saturation).The saturation of the manipulated deia
X = AX +BU+G(i -i ) (9)can involvg a phenomenon Qf 'racing of t.he integral
s s action during the great variations (starting of the
machine), which is likely to deteriorate the
The symbol » denotes the estimated values and Gpisrformances of the system or even to destabilize i
the observer gain matrix. By using an adaptatiocfbmpletely. To overcome this phenomenon, an
mechanism, we can estimate the rotor speed. Th@apted solution consists in correcting the integra
system states and the parameters can also ffion according to the diagram of the (figure.4).
estimated. The speed adaptation mechanism TiRe correction of the integral action is based fmn t
deduced by using a Lyapunov theory. 'Bs#imation ifference between the values of)(upstream and



downstream from the limiting device, balanced b

the coefficient]/ ko as given in, [10]- (11).
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Fig. 5 Estimated speed, torque and stator
voltage responses of DTC scheme
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Fig. 4 Structure of the anti-windup PI system al
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7. Simulation Results ] S

A detailed comparison between the two techniq o a3 o5 s 5f 05 57 05 n tls]
has been carried out by numerical simulations us 400
matlab/simulink. In DTC system, the inverte
voltage space vector directly controls torque ¢
flux. Two independent hysteresisontrollers are
used to select appropriate stator voltage sg
vectors in order to maintain flux and torqu
between the upper and lower limits. The respo
time of hysteresis controllers is optimal but t
switching frequency is variable. In IFOC, the -
estimated variable is the rotor spedd.order to ' 0% 0F 08 07 D075 08 08 08 0%
show the performances and the robustness of v Fig 6 Estimated speed, torque and stator
techniques are analyzed starting from the simwiatic \oltage responses of IFOC scheme
of the transients according to:

torque [N.m]

Stator voltage[v]

1[s]

iy ‘ : ‘ : : : ‘ ‘ :
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7.1. Comparison on the Regulation Speed

0

(Figure.5) and (figure.6), show the settl
performance comparison between two technig A N R
The DTC presents a high dynamics at starting in: e e e o s s
and rapid load torque disturbance rejection witt
overshoot compared to the IFOC. The same ren
can be observed for the responses of the statol
magnitude show in (fig. 7) and (fig. 8) or one sar
almost instantaneous establishment for the I
compared to the IFOC what improves morec
dynamics of the machine. The DTC presents a 1..
oscillating current at starting. Indeed contrarythe Fig. 7 Stator flux magnitude and stator current
IFOC with uses a regulation loop of the currente Th  responses of DTC scheme.

DTC does not contain a current regulator loops,
illustrate in (fig. 7) and (fig. 8).
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Fig. 10 Four quadrant speed estimation and
The estimated speed, torque and the statorrguri torque and stator current responses of IFOC

waveform obtained with IFOC and DTC schemes & Scheme

shown in (figure.9) and (figure.10) respectivelye W

applied a changing of the speed reference from 13@®. Variation of the Load Torques

rad/sec to -100 rad/sec at t=0.3s. It should bedo

that the amplitude of the torque ripple in DTC isC Qripgfégorrgin;ﬁaﬁ/fzirgge trt]v(\elo r;ggg;gis tgasa b;:g
slightly higher than that of IFOC. However, the riation of the load torque from +25 Nm to -25 Nm

oscillations in IFOC scheme are more regular ant
uniform then the other one g rFnjjlated torque), between t=0.35 s and t=0.7s after a

leadless starting. (figure. 11) and (figure. 12)
illustrate the torque responses, estimated spedd an
m S R the stator current. We can see that the insertgibii

7.2. Inversion of the Speed

_ the control algorithm to load torques variationgha
b= case of DTC compared to the IFOC.
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Fig. 9 Four quadrant speed estimation and torque

and stator current responses of DTC sch Fig. 11 Estimated speed (load torque applied

between 0.3:t-0.7s) response of DTC sche
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Fig. 12 Estimated speed (load torque applied
between 0.35s-0.7s) response IFOC scheme

7.4. Effect of the Stator Resistance Variation
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Fig. 13.b. Evolution of an estimated stator flux
magnitude developed by the adaptive observer.

8. Conclusion

The aim of this paper was to give a fair comparison
between IFOC and DTC techniques. The synthesis of
this simulation study reveals a slight advantafje
DTC scheme compared to IFOC scheme regarding
the dynamic flux control performance. The DTC
might be preferred for high dynamic applications,
but, shows higher current and torque ripple. The
adaptive observer uses an adaptation mechanism for
the speed estimation when the load torques change.
This approach relies on the improvement of the
components of stator flux. An anti-windup Pl has
been used to replace the classical Pl controll¢nén
speed control.

In conclusion it seems that the use of anti-win&uip

To highlight the effect of the stator resistanceontroller outperforms the classical Pl controlier
variation in the case of DTC, one carried out toyva speed control of high performance induction motor
stator resistance. The (figure.13a) and (figure)13drive. We have given a general vision of an
illustrate the evolution of the stator flux maguiéu association adaptive observer-DTC, we can note that
with an increase of 100 % of the stator resistaicethe stator flux estimation by the adaptive observer
t=0,5s. We note that according to this result that with compensating fellows well the variation of
observer corrects well the stator flux magnitudd arstator resistance. This association makes morestobu

follows its reference in established mode.
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Fig. 13.a. Evolution of a real stator flux
magnitude developed by the induction motor.

and more stable the induction motor based DTC.
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