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Abstract—Field-oriented control and direct torque control are
becoming the industrial standards for induction motors torque
control. This paper is aimed to give a contribution for a detailed
comparison between the two control techniques, emphasizing ad-
vantages and disadvantages. The performance of the two control
schemes is evaluated in terms of torque and current ripple, and
transient response to step variations of the torque command. The
analysis has been carried out on the basis of the results obtained
by numerical simulations, where secondary effects introduced by
hardware implementation are not present.

Index Terms—Digital signal processor, direct field oriented con-
trol, direct signal processor, direct torque control, discrete space
vector modulation, field oriented control, pulse-width modulation.

I. INTRODUCTION

A LMOST 30 years ago, in 1971 F. Blaschke [1] presented
the first paper on field-oriented control (FOC) for induc-

tion motors. Since that time, the technique was completely de-
veloped and today is mature from the industrial point of view.
Today field oriented controlled drives are an industrial reality
and are available on the market by several producers and with
different solutions and performance [2]–[19].

Thirteen years later, a new technique for the torque control of
induction motors was developed and presented by I. Takahashi
as direct torque control (DTC) [20]–[22], and by M. Depen-
brock as direct self control (DSC) [23]–[25]. Since the begin-
ning, the new technique was characterized by simplicity, good
performance and robustness [20]–[31]. Using DTC or DSC it is
possible to obtain a good dynamic control of the torque without
any mechanical transducers on the machine shaft. Thus, DTC
and DSC can be considered as “sensorless type” control tech-
niques. The basic scheme of DSC is preferable in the high power
range applications, where a lower inverter switching frequency
can justify higher current distortion. In this paper, the attention
will be mainly focused on the basic DTC scheme, which is more
suitable in the small and medium power range applications.

Several papers have been published on FOC and DTC in the
last 30 years, but only few of them was aimed to emphasize
differences, advantages and disadvantages.
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The name direct torque control is derived by the fact that, on
the basis of the errors between the reference and the estimated
values of torque and flux, it is possible to directly control the
inverter states in order to reduce the torque and flux errors within
the prefixed band limits.

Unlike FOC, DTC does not require any current regulator, co-
ordinate transformation and PWM signals generator (as a con-
sequence timers are not required). In spite of its simplicity, DTC
allows a good torque control in steady-state and transient oper-
ating conditions to be obtained. The problem is to quantify how
good the torque control is with respect to FOC.

In addition, this controller is very little sensible to the param-
eters detuning in comparison with FOC.

On the other hand, it is well known that DTC presents some
disadvantages that can be summarized in the following points:

1) difficulty to control torque and flux at very low speed;
2) high current and torque ripple;
3) variable switching frequency behavior;
4) high noise level at low speed;
5) lack of direct current control.

Thus, on the basis of the experience of the authors, the aim of
this paper is to give a fair comparison between the two tech-
niques (FOC and DTC) in both steady-state and transient op-
erating conditions. The comparison is useful to indicate to the
users which one of the two schemes can be efficiently employed
in the various applications that today require torque control.

II. FOC AND DTC COMPARISONLINES

In the last five years, many researches have been carried out
to try to solve the above mentioned problems of DTC scheme
[26]–[44]. In particular the following solutions have been
developed:

1) use of improved switching tables [29]–[32];
2) use of comparators with and without hysteresis, at two or

three levels [28], [30], [31];
3) implementation of DTC schemes for constant switching

frequency operation with PWM or SVM techniques
[33]–[39];

4) introduction of fuzzy or neuro-fuzzy techniques
[40]–[42];

5) use of sophisticated flux estimators to improve the low
speed behavior [43], [44].

All these contributions allow the DTC performance to be im-
proved, but at the same time they lead to more complex schemes.
Analyzing these works in details it appears that one of the basic
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features of DTC scheme at least is lost. So, a crucial question is
to establish which one of these new schemes might be included
in “DTC family.”

It is then necessary to propose, first of all, an answer to the last
question and to clarify which control scheme can be considered
as DTC scheme and which one has to be classified in different
way. Because the DTC technique is intrinsically sensorless, the
authors feel that it is more suitable for the comparison to con-
sider a direct field oriented control (DFOC) scheme, instead of
a general FOC scheme.

Starting from this basis, the DTC scheme is characterized (in
comparison with the DFOC) by the absence of:

1) PI regulators;
2) coordinate transformations;
3) current regulators;
4) PWM signals generators (no timers).

So, only the control schemes, which meet all these requirements,
should be considered as real DTC schemes. According to these
considerations, the analysis is carried out with reference to a
basic DTC scheme characterized by the above mentioned fea-
tures.

Some criteria to evaluate the performance of DFOC and
DTC are proposed in this paper. They are used to compare
the two control schemes in both steady-state and transient
operating conditions.

With reference to steady-state operating conditions, the cur-
rent and torque ripple evaluated for different values of speed
and torque will be analyzed. For this purpose the three-phase
rms current ripple, defined by

will be calculated in a period of the fundamental current com-
ponent.

With reference to transient operating conditions, the time re-
sponse to a step variation of the torque command will be an-
alyzed at different rotor speeds.Furthermore, some comments
will be presented with reference to flux level changes and low-
speed operation of DTC scheme.

In order to fairly compare the two solutions, the following
conditions have been considered as constraints:

1) the same DSP board for implementing DFOC and DTC
schemes;

2) the same average switching frequency of the inverter.
Related to this last point, the authors think that the compar-

ison carried out with the same cycle period is not fair enough.
This because the same cycle period does not allow a suitable
use of the basic characteristics of DTC scheme, which are: easy
implementation and reduced calculation time with respect to
DFOC.

The same average switching frequency for the two schemes
can be obtained varying the amplitude of the hysteresis bands in
DTC scheme.

Fig. 1. Basic DFOC scheme.

III. FOC PRINCIPLES

The machine equations in the stator reference frame, written
in terms of space vectors, are

(1)

(2)

(3)

(4)

(5)

where is the pole pair number and

Assuming a rotor flux reference frame, and developing the pre-
vious equations with respect to theaxis and axis compo-
nents, leads to

(6)

(7)

These equations represent the basic principle of the FOC: in the
rotor flux reference frame, a decoupled control of torque and
rotor flux magnitude can be achieved acting on theand axis
stator current components, respectively. A block diagram of a
basic DFOC scheme is presented in Fig. 1.

The rotor flux estimation is carried out by

(8)

(9)

The flux estimator has been considered to be ideal, being the
effects due to parameter variations at low speed out of the major
aim of this paper.

The current controller has been implemented in the rotor flux
reference frame using PI regulators with back emf compensa-
tion.

IV. DTC PRINCIPLES

The basic DTC scheme is shown in Fig. 2.
The error between the estimated torqueand the reference

torque is the input of a three level hysteresis comparator,
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Fig. 2. Basic DTC scheme.

Fig. 3. Torque hysteresis comparator.

Fig. 4. Flux hysteresis comparator.

whereas the error between the estimated stator flux magnitude
and the reference stator flux magnitude is the input of a

two level hysteresis comparator.
Figs. 3 and 4 illustrate the torque and flux comparators, re-

spectively.
The selection of the appropriate voltage vector is based on

the switching table given in Table I. The input quantities are the
stator flux sector and the outputs of the two hysteresis compara-
tors. Assuming the stator flux vector lying in sector 1 of the–
plane, the voltage vectors used by DTC technique are shown in
Fig. 5.

This simple approach allows a quick torque response to be
achieved, but the steady-state performance is characterized by
undesired ripple in current, flux and torque. This behavior is
mainly due to the absence of information about torque and rotor
speed values in the voltage vector selection algorithm.

In order to explain this point, it is useful to derive from (1)–(4)
the state-variable form of the induction machine equations with
stator and rotor fluxes as state variables. Then, for small values
of the cycle period , the stator and rotor fluxes at time
can be expressed as [32]

(10)

(11)

where and .

Fig. 5. Voltage vectors utilized in basic DTC scheme when stator flux is in
sector 1.

TABLE I
BASIC SWITCHING

With reference to the electromagnetic torque, at time ,
(5) may be rewritten as

(12)

Substituting (10) and (11) in (12) and neglecting terms propor-
tional to the square of , the torque at time is given by

(13)

where

(14)

(15)

The first contribution is due to stator and rotor resistances
and acts in order to reduce the absolute value of the torque. This
contribution is proportional to the torque value at timeand
is independent of and . The second contribution
represents the effect of the applied voltage vector on the torque
variation and is dependent on the operating conditions. For a
given voltage vector this contribution is mainly affected by the
rotor speed through the dynamic emf . A graphical rep-
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Fig. 6. Graphical representation of the torque variation�T .

TABLE II
MOTOR DATA

resentation of (15), is given in Fig. 6. The bold-faced line rep-
resents the locus of the stator voltage vectors which determine
a null value of . This line is parallel to the direction of
and its position depends on the rotor speed. Each dashed line
represents the locus of the stator voltage vectors determining a
constant value of .

Using Fig. 6 it is possible to verify that a given voltage space
vector may determine positive torque variations at low speed,
and negative torque variations at high speed. Furthermore, at
low speed, two voltage vectors having the same magnitude and
opposite direction produce torque variations with nearly the
same absolute value. On the contrary, at high speed, the same
vectors produce torque variations having quite different absolute
values. This behavior determines different torque ripple at low
and at high speed as it can be observed in basic DTC schemes.

V. SIMULATION RESULTS

A detailed comparison between the two solutions has been
carried out by numerical simulations, where secondary effects
which could mask the switching behavior are not present. In this
way it is possible to make a significant comparison of the steady-
state and transient performance of the two control schemes.

The numerical simulations take the effects of time discretiza-
tion and delay caused by the sampling of signals into account.

In DFOC scheme, the space vector modulation has been im-
plemented according to the two-phase modulation technique.
The cycle period has been assumed equal to 160s, which de-
termines, with two-phase modulation, a switching frequency of
about 4.1 kHz.

In DTC scheme, the cycle period has been assumed equal to
40 s, which is much lower than the cycle period of DFOC to
represent the different level of complexity. The amplitude of the
hysteresis bands has been adjusted in order to achieve a mean

TABLE III
THREE-PHASE RMSCURRENT RIPPLE (DFOC)

TABLE IV
THREE-PHASE RMSCURRENT RIPPLE (DTC)

(a)

(b)

(c)

Fig. 7. (a) Torque (DFOC), 1440 rpm, 26.5 Nm. (b) Stator current (DFOC),
1440 rpm, 26.5 Nm. (c) Stator current harmonic spectrum (DFOC), 1440 rpm,
26.5 Nm.

inverter switching frequency practically equal to that of DFOC
scheme.

The characteristics of the motor under test are shown in
Table II.
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(a)

(b)

(c)

Fig. 8. (a) Torque (DTC), 1440 rpm, 26.5 Nm. (b) Stator current (DTC),
1440 rpm, 26.5 Nm. (c) Stator current harmonic spectrum (DTC), 1440 rpm,
26.5 Nm.

A. Steady-State Performance

The steady-state performance of DFOC and DTC schemes
has been compared evaluating the three-phase rms current ripple
in different operating conditions.

The results obtained using DFOC and DTC schemes are sum-
marized in Tables III and IV, respectively. The considered oper-
ating conditions are related to rotor speed values of 100%, 50%,
and 10% of the rated value, and torque values of 100%, 50%,
and 0% of the rated value.

As it is possible to see, in all the operating conditions the be-
havior of DFOC scheme is characterized by lower values of the
three-phase rms current ripple with respect to the DTC scheme.

The torque, the stator current waveform and the stator current
harmonic spectrum obtained with DFOC scheme are shown in
Fig. 7(a)–(c), respectively. The rotor speed is 1440 rpm and the
reference torque is 26.5 Nm (rated torque). Fig. 8(a)–(c) shows
the same quantities obtained when using DTC scheme.

It shouldbenoted that in thehigh-speed range theDTCscheme
operates at a switching frequency lower than 4.1 kHz, even if the
amplitude of the hysteresis bands is reduced. This is due to the
moderateeffectproducedby thevoltagevectorsand when
the torque has to be increased at high speed (see Figs. 5 and 6).

Under the assumption made of the same mean inverter
switching frequency, the amplitude of the torque ripple in DTC
is slightly higher than that of DFOC. However, the oscillations
in DFOC scheme are more regular and uniform.

(a)

(b)

(c)

Fig. 9. (a) Torque response (DFOC), 1200 rpm. (b) Torque response (DFOC),
600 rpm. (c) Torque response (DFOC), 100 rpm.

With reference to the current waveforms it can be noted that
the harmonic spectrum of DFOC shows only the harmonic com-
ponent corresponding to the modulation cycle period, whereas
with DTC scheme the spectrum shows a series of harmonics
with lower values, but distributed all over the frequency range.
For a more clear representation of the harmonic amplitudes, the
fundamental component has been truncated.

According to the current spectrum, DFOC generates a high
frequency uniform noise, whereas DTC produces an irregular
noise level, which is particularly maddening at low speed.

B. Transient Performance

The transient performance of the two schemes has been com-
pared analyzing the response to a step variation of the torque
command from 0 Nm to 26.5 Nm (rated torque), at different
rotor speeds.

Fig. 9(a)–(c) illustrate the torque responses obtained using
DFOC scheme, at 1200, 600, and 100 rpm, respectively.
Fig. 10(a)–(c) illustrate the same quantities obtained using
DTC scheme.

These results show that using the DTC scheme a better torque
response can be achieved in terms of settling time and maximum
overshoot. The settling times for the two cases are summarized
in Table V.

The different dynamic behavior is due to the presence of PI
regulators in DFOC scheme, which delay the torque response.
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(a)

(b)

(c)

Fig. 10. (a) Torque respone (DTC), 1200 rpm. (b) Torque response (DTC),
600 rpm. (c) Torque response (DTC), 100 rpm.

TABLE V
SETTLING TIME OF THE TORQUERESPONSE

C. DTC Behavior for Step Variations of Torque and Stator
Flux Commands

In DTC scheme a direct control of the stator currents is not
present and this may determine over currents when step vari-
ations of torque and flux are applied to the input commands.
With reference to the torque, an indirect current control can be
obtained introducing a limit to the maximum torque value. With
reference to the stator flux, it can be noted that even a small vari-
ation of the stator flux command causes a large variation of the
stator current. This behavior is clearly represented in Fig. 11(a)
and (b), which shows the transient caused by a step variation of
the stator flux command. In this case, an indirect control of the
stator current can be easily obtained forcing the flux command
to change slowly, according to a prefixed ramp waveform.

(a)

(b)

Fig. 11. (a) Stator and rotor flux responses to a step variation of the stator flux
command. (b) Response of the stator current magnitude to a step variation of
the stator flux command.

Fig. 12. Stator flux magnitude in DTC, 10 rpm, 5 Nm.

D. DTC Behavior at Low Speed

It is known that the basic DTC scheme is affected by un-
desired flux weakening phenomena at low speed. In these op-
erating conditions the control system selects many times zero
voltage vectors, determining a reduction of the flux level owing
to the effects of the stator resistance voltage drop. Fig. 12 shows
the stator flux variations obtained by numerical simulations at
a rotor speed of 10 rpm, and with a torque of 5 Nm. Also, this
drawback can be avoided changing the basic switching table in
order to utilize all the available voltage vectors according to suit-
able criteria [29]–[31].

VI. NEW DTC SCHEME (DSVM)

A substantial reduction of current and torque ripple in DTC
scheme could be obtained using a preview technique in the cal-
culation of the stator flux vector variation required to exactly
compensate the flux and torque errors at each cycle period. In
order to apply this principle, the control system should be able to
generate any voltage vector (e.g., using the space vector modu-
lation technique). This ideal behavior can be approximated ap-
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Fig. 13. Voltage vectors generated by using DSVM with three equal time
intervals per cycle period.

(a)

(b)

Fig. 14. (a) Stator current (DFOC). (b) Stator current harmonic spectrum
(DFOC).

plying, at each cycle period, different voltage vectors for pre-
fixed time intervals, leading to a discrete space vector modula-
tion (DSVM) technique, which requires only a small increase
of the computational time [32]. According to this principle of
operation, new voltage vectors can be synthesized with respect
to those used in basic DTC technique.

It has been verified that subdividing the cycle period in three
equal time intervals leads to a substantial reduction of torque and
current ripple without the need of too complex switching tables.
Using the DSVM technique, with three equal time intervals, 19
voltage vectors can be generated, as represented in Fig. 13.

The black dots represent the ends of the synthesized voltage
vectors. As an example, the label “332” denotes the voltage
vector which is synthesized by using the voltage space vectors

, and , each one applied for one third of the cycle pe-
riod.

(a)

(b)

Fig. 15. (a) Stator current (DTC). (b) Stator current harmonic spectrum (DTC).

(a)

(b)

Fig. 16. (a) Stator current (DSVM). (b) Stator current harmonic spectrum
(DSVM).

The increased number of voltage vectors allows the definition
of more accurate switching tables in which the selection of the
voltage vectors can be made according to the rotor speed. The
switching tables can be derived from the analysis of the equa-
tions linking the applied voltage vector to the corresponding
torque and flux variations [32].

In order to show the effectiveness of this new DTC scheme,
some numerical simulations have been performed, and the re-
sults obtained in terms of current waveform and current spec-
trum are given in Fig. 16. For comparison purposes, the same
quantities are presented for DFOC and DTC in Figs. 14 and 15,
respectively. The rotor speed is 144 rpm and the torque 26.5 Nm.
The cycle period has been assumed equal to 80s. The differ-
ence with respect to 40s in DTC is not justified by a so large
increase of the computational time, but by the need to keep the
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mean switching frequency equal to that of DFOC and DTC. It
can be noted that the quality of the stator current is similar to
that of DFOC scheme. It has been verified that also the torque
ripple is similar to that of DFOC scheme.

VII. CONCLUSION

The aim of the paper was to give a fair comparison between
DFOC and DTC techniques, to allow the users to identify the
more suitable solution for any application that requires torque
control. Several numerical simulations have been carried out
in steady-state and transient operating conditions. A new DTC
scheme has been also presented in order to improve the per-
formance of the basic DTC scheme. The conclusion is that the
whole performance of the two schemes is comparable. DTC
might be preferred for high dynamic applications, but, on the
other hand, shows higher current and torque ripple. This last
drawback can be partially compensated by the new DTC scheme
(DSVM).

The DTC scheme is simpler to be implemented, requiring a
very small computational time. As a consequence, low cost DSP
boards can be utilized. The implementation of DSVM technique
requires only a small increase (25%–30%) of the computational
time required by basic DTC scheme. Then, using a cycle period
of 80 s, as in numerical simulations, a large amount of time
is available for parameter adaptation, protection and diagnostic
facility.
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