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FOC and DTC: Two Viable Schemes for Induction
Motors Torque Control
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Abstract—Field-oriented control and direct torque control are The name direct torque control is derived by the fact that, on
becoming the industrial standards for induction motors torque the basis of the errors between the reference and the estimated
control. This paper is aimed to give a contribution for a detalled 5,65 of torque and flux, it is possible to directly control the
comparison between the two control techniques, emphasizing ad- . . L
vantages and disadvantages. The performance of the two control INVerter states in orQerto reduce the torque and flux errors within
schemes is evaluated in terms of torque and current ripple, and the prefixed band limits.
transient response to step variations of the torque command. The  Unlike FOC, DTC does not require any current regulator, co-
analysis has been carried out on the basis of the results Obta'nedordinate transformation and PWM signals generator (as a con-

by numerical simulations, where secondary effects introduced by . . . L S
hardware implementation are not present. sequence timers are not required). In spite of its simplicity, DTC

o . . ) allows a good torque control in steady-state and transient oper-
Index Terms—Digital signal processor, direct field oriented con- fi diti to be obtained. Th bl is t tifv
trol, direct signal processor, direct torque control, discrete space aling conditions to be o -aln-e - The problemiis to quantify how
vector modulation, field oriented control, pulse-width modulation. ~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
LMOST 30 years ago, in 1971 F. Blaschke [1] presentaflsadvantages that can be summarized in the following points:
f—\ the first paper on field-oriented control (FOC) for induc- 1y gifficulty to control torque and flux at very low speed:
tion motors. Since that time, the technl_que was completely de—2) high current and torque ripple:
\_Felé)pe(ftl_ allgd thayc;S matur”e Lr(:jm the mdustrl_aldpom_t ?f V'T_W' 3) variable switching frequency behavior;
oday ie (_)Inglnte Cﬁntro ek gves are :Iin md ustria re(;a |ty 4) high noise level at low speed:
and are available on the market by several producers an Wlths) lack of direct current control.
different solutions and performance [2]-[19].

Thirteen years later, a new technique for the torque control&ﬁus' on the basis of the experience of the authors, the aim of

induction motors was developed and presented by I. Takahas] y Paper is to give a fajr comparison between the tW_O tech-
as direct torque control (DTC) [20]-[22], and by M. Depen[“qu_eS (FOC, gnd DTC) in bOth, steqdy-state anq tr.anS|ent op-
brock as direct self control (DSC) [23]-[25]. Since the begme_ratmg cpndmons. The comparison is useful 'Fo_lndlcate to the
ning, the new technique was characterized by simplicity, god§€rs whl_ch one of.the_two schemes can bg efficiently employed
performance and robustness [20]-[31]. Using DTC or DSC it & the various applications that today require torque control.
possible to obtain a good dynamic control of the torque without

any mechanical transducers on the machine shaft. Thus, DTC Il. FOCAND DTC COMPARISONLINES

and DSC can be considered as “sensorless type” control techm the |ast five years, many researches have been carried out
nigues. The basic scheme of DSC is preferable in the high powgtry to solve the above mentioned problems of DTC scheme
range applications, where a lower inverter switching frequeanﬁ]_[M]_ In particular the following solutions have been
can justify higher current distortion. In this paper, the atte”“%veloped:

will be mainly focused on the basic DTC scheme, which is more 1) use of improved switching tables [29]-[32];

suitable in the small and medium power range applications, 2) use of comparators with and without hysteresis, at two or
Several papers have been published on FOC and DTC in the '
vera’ papers hav Ul ! three levels [28], [30], [31];

last 30 years, but only few of them was aimed to emphasize __ . ; -
3) implementation of DTC schemes for constant switching

differences, advantages and disadvantages. . ) .
frequency operation with PWM or SVM techniques

[33]-[39];
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features of DTC scheme at least is lost. So, a crucial questior , . Gate signals I ]

to establish which one of these new schemes might be incluc v, _
Current o Ve SVM _J%}

in “DTC family.” .

Itis then necessary to propose, first of all, an answer to the I:”_| regulator ™y block
guestion and to clarify which control scheme can be consider
as DTC scheme and which one has to be classified in differe
way. Because the DTC technique is intrinsically sensorless, 1
authors feel that it is more suitable for the comparison to co
sider a direct field oriented control (DFOC) scheme, instead ) N
a general FOC scheme. Flu;?i?g;zrrque e @

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

1) Pl regulators;
2) coordinate transformations; ll. FOC PRINCIPLES
3) current regulators;

4) PWM signals generators (no timers).

~.

Fig. 1. Basic DFOC scheme.

The machine equations in the stator reference frame, written

) ) in terms of space vectors, are
So, only the control schemes, which meet all these requirements,

. : - dgs
should be considered as real DTC schemes. According to these vy =Rgts + :lpt 0}
considerations, the analysis is carried out with reference to a L dg,
basic DTC scheme characterized by the above mentioned fea- 0 =R, + d_t1 = JWmPr ()
turses' iteri | he perf f DFOC and P =Lets 4 M ©
ome criteria to evaluate the performance o an 6. =L7. + M, @)

DTC are proposed in this paper. They are used to compare W
the two control schemes in both steady-state and transient T=p (@s - J5r) (5)
operating conditions. _ oLy Ly

With reference to steady-state operating conditions, the Cmt_werep Is the pole pair number and
rent and torque ripple evaluated for different values of speed c=1—

and torque will be analyzed. For this purpose the three-phase LyL.
rms current ripple, defined by Assuming a rotor flux reference frame, and developing the pre-

vious equations with respect to thkeaxis andg axis compo-
nents, leads to

1"y, \ \ depg 1 M.
ITiP:TmS = \/? /0 (Zril)A + tripB + Zri})C) dt dt + T_T<P1‘d _T_TLSd (6)
3 M
T :_p_<;01‘disq~ (7)
2" L,

will be calculated in a period of the fundamental current ComI'_hese equations represent the basic principle of the FOC: in the

pongnt. . . . . rotor flux reference frame, a decoupled control of torque and
With reference to transient operating conditions, the time "Btor flux magnitude can be achieved acting ondtendd axis

sponse to a step variation of the torque command will be alfator current components, respectively. A block diagram of a
alyzed at different rotor speeds.Furthermore, some commegis;. pEOC scheme is presented in Fig. 1.

will be presented with reference to flux level changes and lowW- The rotor flux estimation is carried out by
speed operation of DTC scheme.

. _ . dos -
In order to fairly compare the two solutions, the following o T Ry, (8)
conditions have been considered as constraints: L, _
1) the same DSP board for implementing DFOC and DTC or =37 (Ps =0 Lsis). ©)
schemes; The flux estimator has been considered to be ideal, being the

2) the same average switching frequency of the inverter. effects due to parameter variations at low speed out of the major
Related to this last point, the authors think that the compaaim of this paper.
ison carried out with the same Cyc|e period is not fair enough_The current controller has been implemented in the rotor flux
This because the same cycle period does not allow a suitaiEerence frame using Pl regulators with back emf compensa-
use of the basic characteristics of DTC scheme, which are: e48)-
implementation and reduced calculation time with respect to
DFOC. IV. DTC PRINCIPLES
The same average switching frequency for the two schemeshe basic DTC scheme is shown in Fig. 2.
can be obtained varying the amplitude of the hysteresis bands iThe error between the estimated tordli@and the reference
DTC scheme. torqueT™ is the input of a three level hysteresis comparator,
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Fig. 2. Basic DTC scheme. LY

< .
1 ey / P
B :—>|_AT=T—T* L B 6

-1

0B
) ) ! Fig. 5. \oltage vectors utilized in basic DTC scheme when stator flux is in
Fig. 3. Torgue hysteresis comparator. sector 1.
M TABLE |
+1 " BASIC SWITCHING
M ==
1 0 & Sector 1 2 3 4 5 6
. . ==L\ V|V, V|V
Fig. 4. Flux hysteresis comparator. — — — — — —
¢=-1] =0 ||V |V |7 |V | Ty
whereas the error between the estimated stator flux magnitu =+ |V \ VIV, |\ V|V, T
ws and the reference stator flux magnitugg is the input of a — =11 = =1 =1 =
two level hysteresis comparator. er =1 Iﬁ Iﬁ I_/f ? Iﬁ 112 .
Figs. 3 and 4 illustrate the torque and flux comparators, re ¢, = 1| e, =0 |V, |V, | Vo | Vo |V | VS
spectively. — =T =T ="=—T—=—"T+=
. . . ¢, = +1
The selection of the appropriate voltage vector is based ¢ T Ve ih |V | ViV

the switching table given in Table I. The input quantities are the

stator flux sector and the outputs of the two hysteresis comparawyith reference to the electromagnetic torque, at time ,

tors. Assuming the stator flux vector lying in sector 1 ofthg  (5) may be rewritten as

plane, the voltage vectors used by DTC technique are shown in M

Flg' 5 i . Tk+1 =P (¢8k+1 .j<)5’l’k+l) . (12)
This simple approach allows a quick torque response to be oL;L,

achieved, but the steady-state performance is characterizedSbystituting (10) and (11) in (12) and neglecting terms propor-

undesired ripple in current, flux and torque. This behavior ifonal to the square aht, the torque at timey ; is given by

mainly due to the absence of information about torque and rotor

speed values in the voltage vector selection algorithm. Tyyr = Ti + ATy, + AT, (13)
In order to explain this point, it is useful to derive from (1)—(4)Nhere

the state-variable form of the induction machine equations with

stator and rotor fluxes as state variables. Then, for small values A7y = — 73, <i + i) At (14)
of the cycle periodAt, the stator and rotor fluxes at timig,; Ts Tr) O
1 st
Porpr =Pss <1 T, At) TP mAt The first contributiom\7,, is due to stator and rotor resistances
+ 75, At (10) @andactsin order to reduce the absolute value of the torque. This
contribution is proportional to the torque value at timgeand
Oriyr —=Pry [1 + <jwrnk - ) At} is independent of;, andw,,;. The second contribution7},,
" represents the effect of the applied voltage vector on the torque
M " . : o
+ s, . (11) variation and is dependent on the operating conditions. For a

given voltage vector this contribution is mainly affected by the
wherer, = L,./r,. and7, = L, /rs. rotor speed through the dynamic emy,, ¢, . A graphical rep-
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o A g-axis TABLE Il
A e N THREEPHASE RMS CURRENT RIPPLE (DFOC)

AT, >0‘ T e—
i —— 5P| 1440 rpm | 720 tpm | 144 rpm

——— Torque

26.5 Nm 0.64 A 093 A 058 A

AT, <0! ";FT\\\\‘“\ 1325Nm | 064A | 094A | 047A
3 Sk T —
T T TG, daxs 0 Nm 065A | 093A | 034A
T e— — 1 (prk o
T TABLE IV

Fig. 6. Graphical representation of the torque variatidfy, | . THREEPHASE RMS CURRENT RIPPLE (DTC)

Speed

TABLE I Torque 1440 rpm | 720 rpm | 144 rpm

MOTOR DATA

265Nm | 1.10A | 157A 1.46 A

Standard 3-phase, 4 kW, 4-pole, 220V, 50 Hz induction motor
1325Nm | 1.09A | 156 A 127 A

Rated current 16.6 A, Rated torque 26.5 Nm, Rated speed 1440 rpm 0 Nm 1.18A | 146 A 121 A

30

resentation of (15), is given in Fig. 6. The bold-faced line rej.. 25

resents the locus of the stator voltage vectors which determ 55, 20

a null value ofAT}, . This line is parallel to the direction qf,., 15

and its position depends on the rotor speed. Each dashed § 1o

represents the locus of the stator voltage vectors determinin

constant value o7, . : : : ]
Using Fig. 6 it is possible to verify that a given voltage spac Time (10 ms/div)

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 e o

opposite direction produce torque variations with nearly tkjn ig

same absolute value. On the contrary, at high speed, the s¢¢ s

vectors produce torque variations having quite different absolt f 5

values. This behavior determines different torque ripple at |O§ o

and at high speed as it can be observed in basic DTC schen -zg

Torque

(=)

T T T 1

Time (10 ms/div)

V. SIMULATION RESULTS (b)

A detailed comparison between the two solutions has bef"'O ,
carried out by numerical simulations, where secondary eﬁ‘e(g
which could mask the switching behavior are not present. In tt 50.5
way itis possible to make a significant comparison of the stead
state and transient performance of the two control schemes.

The numerical simulations take the effects of time discretizi ® ¢, [ : 1
tion and delay caused by the sampling of signals into accoun Hermonte fremney (1) 14000

In DFOC scheme, the space vector modulation has been im- ©

plemented according to the two-phase modulation technique.
Fig. 7. (a) Torque (DFOC), 1440 rpm, 26.5 Nm. (b) Stator current (DFOC),

The F:yCIe pgriod has been assum_ed equal_toﬁ‘:_EﬁG)VhiCh de- 1440 rpm, 26.5 Nm. (c) Stator current harmonic spectrum (DFOC), 1440 rpm,
termines, with two-phase modulation, a switching frequency 6.5 Nm.

about 4.1 kHz.

In DTC scheme, the cycle period has been assumed equahteerter switching frequency practically equal to that of DFOC
40 us, which is much lower than the cycle period of DFOC techeme.
represent the different level of complexity. The amplitude of the The characteristics of the motor under test are shown in
hysteresis bands has been adjusted in order to achieve a nole II.

Harmoni

4 alls
T T T

T T T T
0 2000 4000
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Fig. 8. (a) Torque (DTC), 1440 rpm, 26.5 Nm. (b) Stator current (DTC)ig. 9. (a) Torque response (DFOC), 1200 rpm. (b) Torque response (DFOC),

1440 rpm, 26.5 Nm. (c) Stator current harmonic spectrum (DTC), 1440 rpgQO rpm. (c) Torque response (DFOC), 100 rpm.
26.5 Nm.

A. Steady-State Performance With reference to the current waveforms it can be noted that

the harmonic spectrum of DFOC shows only the harmonic com-
The steady-state performance of DFOC and DTC schemgshent corresponding to the modulation cycle period, whereas
has been compared evaluating the three-phase rms currentrigple DTC scheme the spectrum shows a series of harmonics

in different operating conditions. with lower values, but distributed all over the frequency range.

The results obtained using DFOC and DTC schemes are syfg 4 more clear representation of the harmonic amplitudes, the
marized in Tables Il and 1V, respectively. The considered op&{indamental component has been truncated.

ating conditions are related to rotor speed values of 100%, 50%According to the current spectrum, DFOC generates a high

and 10% of the rated value, and torque values of 100%, S0fquency uniform noise, whereas DTC produces an irregular

and 0% of the rated value. _ N noise level, which is particularly maddening at low speed.
As it is possible to see, in all the operating conditions the be-

havior of DFOC scheme is characterized by lower values of tiée
three-phase rms current ripple with respect to the DTC schemé.
The torque, the stator current waveform and the stator currenirhe transient performance of the two schemes has been com-
harmonic spectrum obtained with DFOC scheme are shownpared analyzing the response to a step variation of the torque
Fig. 7(a)—(c), respectively. The rotor speed is 1440 rpm and tbemmand from 0 Nm to 26.5 Nm (rated torque), at different
reference torque is 26.5 Nm (rated torque). Fig. 8(a)—(c) showmor speeds.
the same quantities obtained when using DTC scheme. Fig. 9(a)—(c) illustrate the torque responses obtained using
Itshould be noted thatin the high-speed range the DTC scheBleOC scheme, at 1200, 600, and 100 rpm, respectively.
operates at a switching frequency lower than 4.1 kHz, even if theg. 10(a)—(c) illustrate the same quantities obtained using
amplitude of the hysteresis bands is reduced. This is due to th€C scheme.
moderate effect produced by the voltage vectdrandV s when These results show that using the DTC scheme a better torque
the torque has to be increased at high speed (see Figs. 5 ande8ponse can be achieved in terms of settling time and maximum
Under the assumption made of the same mean invertefershoot. The settling times for the two cases are summarized
switching frequency, the amplitude of the torque ripple in DT@ Table V.
is slightly higher than that of DFOC. However, the oscillations The different dynamic behavior is due to the presence of PI
in DFOC scheme are more regular and uniform. regulators in DFOC scheme, which delay the torque response.

Transient Performance
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f 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
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Fig. 10. (a) Torque respone (DTC), 1200 rpm. (b) Torque response (DT(3 g4 |
600 rpm. (c) Torque response (DTC), 100 rpm. g“ g ]
502
% 0.1 —
E .|
TABLE V & 0.0 T T T T ,
SETTLING TIME OF THE TORQUE RESPONSE Time (100 ms/div)
FOC DTC Fig. 12. Stator flux magnitude in DTC, 10 rpm, 5 Nm.
1200 rpm 3.8 ms 1.8 ms D. DTC Behavior at Low Speed
600 rpm 1.8 ms 0.7 ms It is known that the basic DTC scheme is affected by un-
100 rpm 1.7 ms 0.5 ms 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

C. DTC Behavior for Step Variations of Torque and Stator to the effects of th_e statorresistance voltage _drop._F|g. 1.2 shows
the stator flux variations obtained by numerical simulations at

Flux Commands ) .

a rotor speed of 10 rpm, and with a torque of 5 Nm. Also, this

In DTC scheme a direct control of the stator currents is ng{awback can be avoided changing the basic switching table in

. . order to utilize all the available voltage vectors according to suit-
present and this may determine over currents when step valti-

ations of torque and flux are applied to the input commano%ple criteria [29}-{31].

With reference to the torque, an indirect current control can be

obtained introducing a limit to the maximum torque value. With VI. NEw DTC ScHEME (DSVM)

reference to the stator flux, it can be noted that even a small vari-A substantial reduction of current and torque ripple in DTC
ation of the stator flux command causes a large variation of takeheme could be obtained using a preview technique in the cal-
stator current. This behavior is clearly represented in Fig. 11@)lation of the stator flux vector variation required to exactly
and (b), which shows the transient caused by a step variatiorcofmpensate the flux and torque errors at each cycle period. In
the stator flux command. In this case, an indirect control of tleeder to apply this principle, the control system should be able to
stator current can be easily obtained forcing the flux commageénerate any voltage vector (e.g., using the space vector modu-

to change slowly, according to a prefixed ramp waveform. lation technique). This ideal behavior can be approximated ap-
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plying, at each cycle period, different voltage vectors for pre-
fixed time intervals, leading to a discrete space vector modula-The increased number of voltage vectors allows the definition
tion (DSVM) technique, which requires only a small increasef more accurate switching tables in which the selection of the
of the computational time [32]. According to this principle ofvoltage vectors can be made according to the rotor speed. The
operation, new voltage vectors can be synthesized with respgettching tables can be derived from the analysis of the equa-
to those used in basic DTC technique. tions linking the applied voltage vector to the corresponding
It has been verified that subdividing the cycle period in thraerque and flux variations [32].
equal time intervals leads to a substantial reduction of torque andn order to show the effectiveness of this new DTC scheme,
current ripple without the need of too complex switching tablesome numerical simulations have been performed, and the re-
Using the DSVM technique, with three equal time intervals, 18ults obtained in terms of current waveform and current spec-
voltage vectors can be generated, as represented in Fig. 13.trum are given in Fig. 16. For comparison purposes, the same
The black dots represent the ends of the synthesized voltagentities are presented for DFOC and DTC in Figs. 14 and 15,
vectors. As an example, the label “332" denotes the voltagespectively. The rotor speed is 144 rpm and the torque 26.5 Nm.
vector which is synthesized by using the voltage space vectditse cycle period has been assumed equal tps80rhe differ-
Vi, V5 andV,, each one applied for one third of the cycle peence with respect to 4@s in DTC is not justified by a so large
riod. 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. I{15] L. Kwindler, J. C. Moreira, A. Testa, and T. A. Lipo, “Direct field orien-

can be noted that the quality of the stator current is similar to

that of DFOC scheme. It has been verified that also the torqugg,
ripple is similar to that of DFOC scheme.

The aim of the paper was to give a fair comparison between

(17]

VII. CONCLUSION

DFOC and DTC techniques, to allow the users to identify thg18]

more suitable solution for any application that requires torque

control. Several numerical simulations have been carried oyig

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 thgoj

whole performance of the two schemes is comparable. DTC

might be preferred for high dynamic applications, but, on th

other hand, shows higher current and torque ripple. This last
drawback can be partially compensated by the new DTC schem[ze2

(DSVM).

The DTC scheme is simpler to be implemented, requiring a

tation controller using the stator phase voltage third harmoniEEE
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