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In recent years an advanced control method called direct torque control
(DTC) has gained importance due to its capability to produce fast torque
control of induction motor. Although in these systems such variables as
torque, flux modulus and flux sector are required, resulting DTC structure is
particularly simplistic. Conventional DTC does not require any mechanical
sensor or current regulator and coordinate transformation is not present, thus
reducing the complexity. Fast and good dynamic performances and
robustness has made DTC popular and is now used widely in all industrial
applications. Despite these advantages it has some disadvantages such as
high torque ripple and slow transient response to step changes during start
up. Torque ripple in DTC is because of hysteresis controller for stator flux
linkage and torque. The ripples can be reduced if the errors of the torque and
the flux linkage and the angular region of the flux linkage are subdivided into
several smaller subsections. Since the errors are divided into smaller sections
different voltage vector is selected for small difference in error, thus a more
accurate voltage vector is selected and hence the torque and flux linkage
errors are reduced. The stator resistance changes due to change in
temperature during the operation of machine. At high speeds, the stator
resistance drop is small and can be neglected. At low speeds, this drop
becomes dominant. Any change in stator resistance gives wrong estimation
of stator flux and consequently of the torque and flux. Therefore, it is
necessary to estimate the stator resistance correctly. This paper aims to
review some of the control techniques of DTC drives and stator resistance
estimation methods.
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1. INTRODUCTION

D.C. motors have been used widely during the last century in applications where variable-speed
operation was needed, because its flux and torque can be controlled easily by means of changing the field and
the armature currents respectively. DC motors have basically two drawbacks, which are the existence of
commutators and brushes. These disadvantages imply not only periodic maintenance but also affect the
efficiency of the machine. Induction motors are widely used in many industrial applications due to their
mechanical robustness and low cost. Induction motors are the most widely used motors among different
electric motors because of high level of reliability, efficiency and safety.The ac drives are broadly classified
[1-2] as (i) Scalar Controlled and (ii) Vector controlled.
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Scalar Control: scalar control is based on steady-state relationship with magnitude and frequency
only without space vector orientation. In V/f scalar control scheme terminal voltage is proportional to the
frequency, which results in an approximately constant stator flux.

Vector Control: In vector controlled drives voltage, current and flux space vectors are controlled
both in steady state and during transients. Coordinate transformation (3 phase to d-q axis) to new field
coordinates is a key component of standard V. giving a linear relationship between control variable and
torque.

Vector control techniques can be classified as indirect or feed forward method and direct or
feedback method depending on the method of unit vector generation for vector rotation. F. Blaschke [3]
invented the Direct Vector control method. In this method the unit vector is generated from the flux vectors
which are estimated using machine terminal voltage and current [4].

2. DIRECT TORQUE CONTROL

A type of performance enhanced scalar control called DTC control was proposed by Takahashi [5]
and M. Depenbrock [6] in 1980s. It is a high performance technology which is developed after the Vector
Control [7]. Torque and flux of a DTC- based drive are controlled in a closed-loop manner without using
current loops in comparison with the conventional vector controlled drives. The DTC based drives require the
knowledge of stator resistance only, thereby decreasing the associated sensitivity to parameter variations [8].
The control gives fast response. It is simple to implement due to absence of close loop current control,
traditional PWM algorithm and vector transformation.

The electromagnetic torque and stator flux linkage are estimated in stator reference frames using the
measured stator voltages and currents. The machine model is dependent on stator resistance only, the stator q
and d axis flux linkages @qs, @4s can be obtained through the integration of the difference between the phase
voltage and the voltage drop in the stator resistance as below [9-10]

®qs =I(V;1s - iqus)
and

Das = J Vas — iqsRs)

Where, as the flux linkage phasor magnitude and angle are:

D5 = f( B2 + B3)

0s = tan_l( (Z)qs/q)ds)
In terms of stator flux, electromagnetic torque is given by:

7= (3)(5) CasPas — f0s0i0)

Two different hysteresis comparators for flux and torque are used to generate control signals as
shown in figure 1. Flux hysteresis comparator is two level type while torque comparator is three level type.
These comparators use flux and torque instantaneous error value as input and generate control signals as
output. In the conventional DTC drive as shown in figure 1, the flux and torque pulsation can be high if the
switching frequency of the inverter is not adequate. There is sluggish response during start up or during a
change of flux or torque error and also the flux position. There is no method to distinguish between very
large and small errors. Thus, the switching vectors chosen for large errors are the same as the switching
vectors chosen for time control during normal operation. A number of implementation of the scheme has
been made depending on how the currents and voltages are measured & estimated.
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Figure 1. Block Diagram of DTC

3. DIFFERENT CONTROL TECHNIQUES OF DTC

There are different control techniques for DTC, which have evolved over the years.

3.1. Modified DTC

In conventional DTC there are high torque and flux ripples. In most of the works [11-17] the authors
rectified these drawbacks with the usage of SVM technique. SVM technique can be classified in two ways,
(a) Modified DTC scheme-I:in this scheme flux torque controllers are replaced by PI controllers and SVM
technique (Figure 2) and, (b) Modified DTC scheme —II: in this scheme the torque error and flux error are
made as sliding mode controllers (Figure 3). Both the schemes result in less ripples with less switching
frequency but modified DTC scheme-II is superior in terms of robustness to parameter variations. But, it has
a drawback of chattering in slide mode control.
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Figure 3. Modified DTC Scheme-2 Block Diagram
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Figure 4. System Diagram of the Modified DTC IM Drive

Tang L. et al. [18] propose system where in place of switching table and hysteresis controllers, a PI
controller and reference flux vector calculator are used to find out the reference stator flux linkage vector as
depicted by Figure 4. A space vector modulator is used to generate the control signals for inverter. A special
SVM npattern is used to reduce the switching frequency. The current harmonics are greatly reduced in
modified DTC. The response time of the basic DTC is shorter than that of modified DTC. Modified DTC
features low torque ripple, low flux ripple and almost fixed switching frequency.

Kumsuwan et al. [19-20] propose that the performance of DTC can be improved by application of
voltage modulation by replacing the lookup table of voltage vector selection. This voltage modulation is
based on SVM with constant switching frequency. In this paper DTC is based on decoupled control of both
stator flux and torque which is different from DTC SVM. This technology used the relationship between
torque slip angular frequency and rotor angular frequency for controlling stator flux angle. The drawback of
the estimation of the stator flux based on voltage model using open loop integration is dc drift and saturation
problem. In this paper improved stator flux estimation by integrating algorithm with an amplitude limiter in
polar coordinates is used to overcome these problems.

3.2. DTC with Two Level or Multilevel Inverter

Srinivasa Rao S. and Vinay Kumar T. [21] propose switching state algorithm for cascaded two level
inverters (Figure 5). In proposed DTC method applied voltage space vector is a function of rotor speed.

The proposed method is implemented for low speed (25-50% of rated speed), very low speed (less
than 25% of rated speed), high speed (above 50% of rated speed) and for optimum flux and torque ripple.
The drawback of this type of converter is the voltage imbalance produced in the capacitors of the DC link.

Xavier del Toro Garcia et al. [22] and Cirrincione M. et al. [23] designed three level voltage source
inverter as shown in Figure 6, which increases the number of voltage vectors so that the torque & flux ripples
are reduced.

This VSI has advantages like lower dv/dt, less harmonic distortion and lower switching frequency.
The drawback of this type of converter is the voltage imbalance produced in the capacitors of the DC link.
Three level inverter is having a disadvantage of more complexity in the circuit and is more expensive, but it
cuts the cost of filters.
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Figure 6. Three level neutral point clamped voltage source inverter

3.3 DTC with Current Source Inverter

Selvam N. Panneer et al. [24] present CSI fed induction motor drive with DTC. The torque and
stator flux linkages are estimated using measured stator voltages and currents. This estimation is dependent
only on stator resistance. CSI fed drives as shown in Figure 7, find applications in high power drives such as
fan drives, where fast dynamic response is not needed, because of the advantages of inherent four quadrant
operation and reliability. The stator resistance is compensated as shown in Figure 8 using stator current phase
error. PI adaptive compensator is used for measured stator current only.
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Figure 7. Basic scheme of DTC CSI-fed IM drive

3.4 Fuzzy Control Scheme
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Figure 8. Block diagram schematic of the adaptive stator resistance compensator

Abdalla T.Y et al. [25] and Zalman M. and Ivica Kuric 1. [26] used fuzzy controller is in which
torque error and stator flux angle are taken as input variables and duty ratio control (s) as output variable as
shown in Figure 9. By the implementation of fuzzy controller torque and current ripples are reduced in

Figure 9. Block diagram of fuzzy duty ratio control

Soliman H.F.E. and Elbuluk M.E. [27] compare the basic DTC with Pl and DTC with fuzzy
controller as shown in Figure 10. The value of Kp changed according to the operating conditions, hence the

authors suggest replacing the PI controller with the fuzzy logic controller.
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The fuzzy input vectors are motor speed variations Aw and the acceleration d/dt(Aw); while fuzzy
output is the change in reference torque. The Simulink results show better dynamic performance of induction
motor when using DTC with fuzzy logic in comparison with fixed PI controller.

Abdalla T.Y et al., [28] deliberate that the PID controller may not provide the control performance
during the variations in plant parameters & operating conditions. The fuzzy based PI controller is the self
adaption PI controller as shown in Figure 11. In this method scaled values of speed error and change of speed
error are used by the fuzzy controller to update the values of Kp and Ki.
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Figure 11. Fuzzy PI-Controller based DTC

Sayeed Mir et al. [29] find the relationship between the change in stator resistance and stator current
(Figure 12). PI and fuzzy logic controllers are used to compensate the changes in stators resistance. The
fuzzy estimator gives better performance. At low speed also fuzzy resistance estimator is able to operate the
controller.
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Figure 12. Direct torque control with fuzzy resistance estimator
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Zidani F et al., [30] describe the stator resistance estimation using fuzzy logic. This approach is
based on the phase and magnitude error between the estimated stator flux and the filtered one. For ky,
sampling interval the errors are as noted below which serve as input having three triangular member
functions each.

er (0= | ou®) | - | pst(k) |
e, (k)=phase (¢s7) -phase ()

The limitations of conventional DTC and Al used DTC like torque ripples, ripples in flux and error
in stator resistance estimation at low speed were overcome by estimating the changes in stator resistance due
to temperature change. By observing the results it could be concluded that the estimator performs well under
dynamic operating condition also.

4. ESTIMATION OF STATOR RESISTANCE

The stator resistance changes due to change in temperature during the operation of machine. At high
speeds, the stator resistance drop IsRs is small and can be neglected. At low speeds, this drop becomes
dominant compared to Vs. Therefore, any change in stator resistance gives wrong estimation of stator flux
and consequently of the torque and flux. Therefore it is necessary to estimate the stator résistance. Different
techniques are used for the estimation of stator resistance.

The advantage of MARS is its simple implementation requirement. The technique proposes
calculation of the parameter value to be identified in two different ways. The first value is calculated from
reference inside the control system. The second is calculated from measured signal. One of the two values
should be independent of the parameter which is to be estimated.

BASIC STRUCTURE OF MRAS

= REFERENCE MODEL
ks (INDEPENDENT OF PARAMETER TO f—
BE DETERMINED)

&

ADJUSTABLE MODEL |
(DEPENDANT ON PARAMETER TO BE l—

DETERMINED)
ADAPTATION
MECHANISM

Figure 13. MARS based stator resistance estimation scheme

The difference between the two values is an error signal as shown in Figure 13 and is used to drive
an adaptive mechanism either using a PI, I controller, Fuzzy logic, ANN or ANN and Fuzzy logic. Ozkop E.
and Okumus H.I. [31] and Yingfei W et al. [32] propose a model reference adaptive system to estimate the
stator resistance for direct torque controlled induction motor. The main idea of MRAS is that the equation
with no estimated parameter is taken as reference model, and the equation with estimated parameter is taken
as the regulated model. The two models have the different outputs with the same physical significance. The
errors of the two outputs are used to frame the adapter laws to regulate the parameter of the regulated model
and output of object is controlled to follow the output of reference model. The voltage model is taken as
reference model to obtain the rotor flux. The current model is taken as the regulated model to obtain the rotor
flux.

Bilal A et al. [33] used a reactive-power based reference model derived in both motoring and
generation modes but one of the disadvantages of this algorithm is its sensitivity to detuning in the stator and
rotor inductances. Blaha P. and Vaclavek P. [34] present a stator resistance identification algorithm for AC
induction motor. During the operation of the motor the Rs is determined from the RMS value of the voltage,
current &actual active power. The disadvantage is the dependency of the estimate on the level of magnetic
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flux excitation. The offline measurement of stator inductance on excitation current is proposed to solve this
problem. Change in Rs is due to change in temperature. There are three types of Rs estimation. First one is
zero sequence model based Rs estimation by solving least squares minimization problems. In this method,
the access to neutral of the stator winding is needed for current injection. It has the disadvantage of heating of
the winding. The second one is based on DC model. In this method, the input impedance of the motor is
directly equal to Rs for DC signal. The third method requires knowledge of induction motor model. This
paper presents third method. This algorithm operates online and requires no external excitation. The
following are the different methods for estimation of stator resistance of induction motors for vector
controlled drives:

e Estimation of Stator Resistance using PI
Estimation of Stator resistance using Fuzzy Logic
Mamdani Type fuzzy logic controller
Estimation of Stator resistance using ANN
Estimation of Stator resistance using Fuzzy Logic and ANN
Change in Stator resistance due to temperature variations
Estimation of Stator resistance using EKF
Estimation of Stator resistance using Lunberger Obsever Technique

4.1 Estimation of Stator Resistance using Pl

Lee Byeong-Seok and Krishnan R. [35] present a solution to track the stator resistance so that the
performance degradation and a possible instability problem can be avoided. Proportional-Integral (PI)
adaptive compensator using only the measured stator currents is applied. An analytic expression to evaluate
the stator current command from the torque and stator flux linkage commands is derived and presented. This
scheme requires two filters and one PI controller apart from the existing electromagnetic torque and stator
flux linkages calculator in the drive controller. A signal proportional to stator resistance change is developed
using the error between the reference and actual stator current phasor. This error is processed through a PI
controller for application in the controller. Stator resistance parameter adaptation results in restoring the
precise and accurate estimation of stator flux linkage magnitude and its position in the controller.

4.2 Estimation of Stator Resistance using Fuzzy Logic

In DTC if the stator resistance varies due to heating, the performance of the system will suffer
because the actual flux does not match with the calculated flux. Zhong L et al. [36] describe an online fuzzy
observer for the stator resistance estimation. The fuzzy model is used with three inputs current, speed &
operation time. It was verified with experiment that fuzzy observer estimates the variation of the stator
resistance quite well, with error less than 6.3%.The difference between DTC and DSC is the shape of the
path along which the flux vector is controlled to follows. In DTC the path is circle and in DSC it was a
hexagon.

Chauhan S et al. [37] describe that large torque ripples are produced in DTC due to torque errors. To
reduce the torque ripple the errors have to be divided into several intervals. In conventional DTC it is not
possible; hence fuzzy control is associated with SVM technique. The space vectors are generated by two
fuzzy logic controllers. First one is for flux and second one is for torque control. The usage of fuzzy
controllers instead of PI controllers permits a faster response and more robustness. The use of SVM
technique which provides a constant inverter switching frequency results in small torque ripple and current
distortion. But, because the number of rules is too high, the speed of fuzzy reasoning will be affected.

Korkmaz F et al. [38] propose a fuzzy based stator flux estimator that optimizes itself to regulate the
stator flux reference value regarding to the motor load. Adaption of flux to load variation can be done in 3
ways (i) flux control as a function of torque (ii) flux control based on loss model and (iii) flux control by a
minimum loss search controller. Authors propose the first way i.e. flux controlled as a function of torque
without need of any motor parameters by using fuzzy algorithm. Fuzzy stator flux optimizer uses just torque
error and change on torque error with any motor parameter. Simulation results shows that the proposed
system with optimized stator flux has much smaller ripple in torque with respect to time than the
conventional DTC at all working conditions.

Ebrahimi A. and Farshad S. [39] developed Mamdani type fuzzy direct torque controller first and
then rules are modified using stator current membership function. Stator current is chosen as the control
parameter. During startup or during changes in reference flux & torque, a fuzzy logic based switching vector
process is developed. In Mamdani type fuzzy three inputs are flux error, torque error and the position of the
stator flux space vector i.c.

A Review of the DTC Controller and Estimation of Stator Resistance in IM Drives (Naveen Goel)



563 a ISSN: 2088-8694

Flux error (e®) Ads = ds* —ds
Torque error (er) ATs =Ts* -Ts
Stator flux space vector is ®s.
In the improved system one more input, stator current is introduced to reduce the over current problem.

4.3 Estimation of Stator Resistance using ANN

Cabrera L.A et al. [40] used ANN for on line tuning of stator resistance. For the estimation of stator
resistance ANN inputs are current error and change in current error output of neural that gives ARs (k) which
is added to the previous value of Rs (k-1) to give an estimate for the actual value of Rs.

e(k) = Als(k) = I5(k) — I(k)

Ae(k) =e(k) —e(k—1)

Where I; (k) the stator is command current and I;(k) is the actual current, with I;(k)defined as:

(k) = ’iqs(k)z +igs(k)?

NEAL | Atk o~ TK) 1(k)
NE#iork ——— — PLANT 5

+*

1z
r¥(k-1)

{7\
o o

1*4(k)

Figure 14. On-line set up for training the neural network

The results show that the large neural network gives more accurate results (Figure 14). The only drawback of
using more neurons in the hidden layers is the increased in number of weights so the calculation is more
complicated and lengthy.

4.4 Estimation of Stator Resistance using Fuzzy Logic and ANN

Jalluri S R. and Ram B .V .S. [41] improved conventional DTC using ANN and fuzzy logic (as
shown in Figure 15). ANN is used for speed estimation. A fuzzy system is used to tune the PI of the speed
controller and an ANN estimates the stator resistance. This method of AC drive system is intended for an
efficient control of the torque & flux without changing the motor parameters. The sensitivity of the DTC is
eliminated by on line estimation of stator resistance. The DTC is based on the evaluation of two quantities
that are stator flux and torque. Exact evaluation of Vs requires accurate measurement and good evaluation of
Rs. The value of Rs which varies with temperature needs either an accurate thermal model or an evaluation
and estimation method.
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Figure 16. Block diagram of stator resistance estimation using ANFIS estimator

The input — output training data is used by the ANFIS (Figure 16). Inputs are stator current and
stator winding temperature with respect to time and output is the stator resistance.

5. CONCLUSION

Direct torque control (DTC) of induction motors (IMs) requires an accurate knowledge of the
magnitude and angular position of the controlled flux. In DTC, the flux is conventionally obtained from the
stator voltage model, using the measured stator voltages and currents. This method utilizes open loop pure
integration suffering from the well known problems of integration effects in digital systems, especially at low
speed operation range. An attempt is made in this paper to review some of the existing identification
techniques for control techniques of DTC.

Often Parameter values that are used within the drive controller are identified offline i.e. at the stage
of drive initialization, but inevitably they vary during the drive operation thus deteriorating performance.
This has led to the development of online parameter estimation. An attempt is made in this paper to review
some of the existing identification techniques. Knowledge of actual stator resistance plays an important role
in the performance of DTC.
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