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Simulation as an Effective Tool for the Comparative
Evaluation of Field Oriented Control and Direct
Torque Control of Induction Motor
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Abstract—This paper presents a comparative study of two most
popular control strategies for Induction motor (IM) drives: Field-
Oriented Control (FOC) and Direct Torque Control (DTC). The
comparison is based on various criteria including basic control char-
acteristics, dynamic performance, and implementation complexity.
The study is done by simulation using the Simulink Power System
Block set that allows a complete representation of the power section
(inverter and IM) and the control system.
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I. INTRODUCTION

Variable speed or adjustable torque control of electrical
motor drives are crucial components in almost all-modern
industrial manufacturing processes. Traditionally variable
speed electric machines were based on dc motors, but,
for the last 20 years, Ac drives using induction machines
are now finding increasing acceptance in various industrial
applications because of the performance they can provide.

The development of high performance control strategies
for ac drives, driven by industry requirements has followed
a rapid evolution during the last two decades. It is now
recognized that the two high-performance control strategies
for induction motor drives are Field Oriented Control (FOC)
[11, (2], [3], [7], [11], [13] and Direct Torque Control
(DTC) [4], [5], [6], 8], [9], [10], [12], [14].Using these
techniques, both the induction motor and the permanent
magnet synchronous motor (PMSM) can be applied even
in high performance servo applications that were once the
exclusive domain of the dc machine. Both FOC and DTC
are strategies allow torque and flux to be decoupled and
controlled independently. In the dc machine, this decoupling
is obtained in an electromagnetic way by orienting the
current with respect to the stator flux using a commutator.
In ac machines, this decoupling is obtained by implementing
mathematical transformations, thereby avoiding problems
due to the commutator. The mentioned control techniques
have undergone considerable research over the last 15
years, but several problems remain: FOC is very dependent
on knowledge of the rotor time constant when using an
induction machine. DTC, in its traditional form, results in a
non-constant inverter switching frequency, which may result
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in high inverter/motor losses. Techniques that fix this problem
result in parameter dependent solutions.

The purpose of this paper is to present a comparative
study on these two control schemes via simulation using
the Simulink power System Block set (PSB) that allows a
complete representation of the power section (inverter and
IM) and the control system. Control technology of ac motor
drives has improved dramatically during the last two decades.
This trend owes its progress to the new control techniques
and philosophies developed by several researchers around the
world. The implementation of those concepts was possible due
to technological developments such as the DSP controllers and
the new power semiconductors.

II. FIELD ORIENTED CONTROL (FOC)

The vector control philosophy started to be developed
around 1970. Several types of vector control are possible:
rotor-oriented, rotor-flux-oriented, stator-flux-oriented and
magnetizing-flux-oriented. The final objective of the vector
control philosophy is to be able to control the electromagnetic
torque in a way equivalent to that of a separately excited
dc machine. This is possible if the machine control is
considered in a synchronously rotating reference frame,
where the variables appear as dc quantities in steady state:
Field-oriented control enables control over both the excitation
flux-linkage and the torque-producing current in a decoupled
way. However, only the rotor-flux-oriented control yields
complete decoupling. Choosing a different flux orientation
may outweigh the lack of complete decoupling for some
special applications. Here, only the rotor-flux-oriented type
of control, also termed “Field-Oriented Control” (FOC),
is considered. FOC can be implemented as indirect (feed-
forward) or direct (feedback) depending on the method used
for rotor flux identification. The direct FOC determines the
orientation of the air-gap flux by use of a hall-effect sensor,
search coil or other measurement techniques. However, using
sensors is expensive because special modifications of the
motor are required for placing the flux sensors. Furthermore,
it is not possible to directly sense the rotor flux. Calculating
the rotor flux from a directly sensed signal may result in
inaccuracies at low speed due to the dominance of stator
resistance voltage drop in the stator voltage equation and
inaccuracies due to variations on flux level and temperature.
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The electromagnetic torque can be expressed in more gen-
eral form relating the d-q components of variables are as
follows:

3P
22

The above equation gives the complete model of the electro-
mechanical dynamics of induction motor in synchronous
frame. Electromagnetic torque is given in terms of stator and
rotor current space-phasor. The rotor current space-phasor
can be eliminated from this equation, and the torque can
be expressed in terms of stator current space-phasor and
any of the three flux-linkage space-phasor. Following are
the methods of vector control depending on the flux-linkage
space-phasor selected for the control Following are the
methods of vector control depending on the flux-linkage
space-phasor selected for the control:

Te - Lm (qul(h - idsiqr) (1)

Air gap-flux oriented control, Stator-flux oriented control
and Rotor-flux oriented control

All of the above three methods of vector control are
similar as far as the transient torque-response and parameter-
sensitivity is concerned. However, the rotor-flux oriented con-
trol scheme has the following advantages over the other two
methods:

o Control-scheme is simpler to implement.
e There is no pullout torque if there is no limitation on the
stator current supply.

The rotor-flux oriented vector control method can further be
classified as follows:

o 7 Flux vector method or feedback method, where mag-
netic flux vector of induction motor is fed back and
stator current is controlled on the basis of flux vector
(direct vector control). This method requires flux sensors
or flux estimation model for the accurate estimation of
magnitude and position of flux vector.

« 7 Slip frequency control method or feed-forward method,
where angular velocity of rotor is fed back and is added to
calculated slip speed to predict the position of flux vector
and thus to control the stator current vector (indirect
vector control).

In contrast to direct vector control, the indirect vector control
is the most popular method in industrial applications, meeting
the requirement of wide speed range and fast torque response.
The next section deals with the rotor-flux oriented indirect
vector control method. The indirect vector control method is
essentially the same as the direct vector control, except the unit
vector signal (cos 0, and sin6,.) generation. The d® — ¢° axis
is fixed on the stator and the d" — ¢" axis is fixed on the rotor,
which moves at a speed of w,.. The synchronously rotating axis
d® — q° is rotating ahead of the d" — ¢" axis by the positive
slip angle 6,; corresponding to slip frequency wg; Since the
rotor pole is directed on the d¢ axis and w, = w, + wy, we
can write

96:/w6dt:/(wT+wsl) dt =0, + 0y 2)

Note that the rotor pole position is not absolute, but
is slipping with respect to the rotor at frequency wg;.For
decoupling control, the stator flux component of current 74
should be aligned on the d° axis, and the torque component
of current, i, should be on the ¢¢ axis.

The stator and rotor circuit equations of induction motor are
as follows

. d
Vs = Rslqs + @qu + wibgs 3)
. d
Vas = Raigs + ad)ds - qus 4
. d
Vqr = erqr + %%r + (W - Wr) wdr (5)

. d
Var = Rytigr + £¢dr - (W - Wr) wqr (6)

Substitute w = w, in the above equations to convert them
to synchronously rotating frame.

. d
0= erqr + qur + (we - wr) wdr (7)
. d
0= Ryigr + %wdr - (we - wr) wqr (8)
The rotor flux linkage expressions can be given as
wq'r = Llriq'r + Lm (iqs + iqr‘) (9)
d)dr = Llrid'r + Lm (ids + idr) (10)
From the above equations we can write
. 1 LTVL .
lgr = E¢q'r' - Trlqs (1D
1 Ly,
) r — 7 Ydr — 7 ) s 12
lar = - Ya 7, ' (12)

The rotor currents in Equations (7) and (8), which are inacces-
sible, can be eliminated with the help of Equations (11) and
(12) as

d Rr Lm .
%wqr + T¢qr - TRqus + wsiPar =0 (13)
d R, Ly
%djd'r + rwdr - TRers - Wslq/)qr =0 (14)

Where wg; = we — w, has been substituted. For decoupling
control, it is desirable that Ygr = 0 that is, (%wqr =0
so, the total rotor flux ﬁr is directed on the d° axis.

By substituting the above conditions in Equation (13) and
(14), we get

erdA

- Yr A'r = Linias 1
R, dtw + id (15)
Ly, R,
Wsl = —= T qs (16)
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Where 1/3,,. = 14 has been substituted. If rotor flux 1[),,‘ =
constant, which is usually the case, then from Equation (15)

ﬂ}r = Lmids (17)
In other words, the rotor flux is directly proportional to
current 745 in steady state. For the implementation of rotor-flux
oriented indirect vector control, current regulated or voltage-
regulated PWM VSI can be used.

A. Simulink Implementation of FOC of IM

The Simulink model for classical rotor-flux oriented indirect
vector control of induction motor is shown in Fig.1. It mainly
consists of four blocks: induction motor model, PWM inverter,
and command voltage generator and vector controller. The
command inputs to the model are reference speed and torque.

Refernce|
S— — g ia
Reference Speet I
g vis® s vbor o W i
we Voo 3 o c— I

vector controller

Command Voltage PWM inverter
Generator ¥t

|

induction motor|
model

Loa Toraue

Fig. 1. Simulink model of indirect FOC

The PWM inverter (as shown in Fig. 2) first compares the
reference voltage V,..y to the command voltages to generate
PWM signals for each phase, then uses these signals to drive
three Simulink ”Switch” blocks switching between ""2/‘“ and
—5%¢ (Vae:De Link Voltage). The vector controller block is
shown in Fig. 3. The reference speed is compared to the
actual rotor speed. The PI controller processes the error
and produces the torque-producing component of reference
current. This current is again compared to actual motor torque
producing current. The PI controller processes this error and
produces vg,.”Go to” and "From” blocks are used to reduce the
complexity of connections. The flux estimated by the Blaschke
model (as shown in Fig. 4) is compared to reference flux
(produced by the flux versus speed table) to generate 7. The
error between 47, and g4, is processed by the PI to generate
vgs The generation of we is also shown in the figure. The
feed-forward Counter EMF (CEMF) signals are injected into
the igs and i4, loops to overcome the small coupling effect.

The vector controller block is shown in Fig. 3. The reference
speed is compared to the actual rotor speed. The PI controller
processes the error

III. DIRECT TORQUE CONTROL (DTC)

Direct Torque and Flux Control (DTFC), also termed Direct
Torque Control (DTC), has been developed by German and
Japanese researchers for use in torque control of high power
servo drives. The publication of the DTC theory actually
goes back to 1971. Recently, it has provided an industrial
alternative to the field oriented control strategy. DTC is a
control philosophy exploiting the torque and flux producing
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Fig. 2. Simulink model of PWM inverter
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Fig. 3. Simulink model of vector controller block
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Fig. 4. Simulink model of Blaschke flux estimation block

capabilities of ac machines when fed by a simple voltage
source inverter, that does not require current regulation loops,
still attaining similar performance to that obtained from a
vector control drive [Buja 98]. In a direct torque controlled
(DTC) induction motor drive supplied by a voltage source
inverter, it is possible to control directly the stator flux linkage
1s(or the rotor flux ¢, or the magnetizing flux ,,)and the
electromagnetic torque by the selection of an optimum inverter
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voltage vector. The selection of the voltage vector of the
voltage source inverter is made to restrict the flux and torque
error within their respective flux and torque hysteresis bands
and to obtain the fastest torque response and highest efficiency
at every instant. In Direct Torque Control, fast torque response
can be obtained by selecting the optimal switching state of
the PWM inverter if the flux magnitude is kept constant. The
electromagnetic equation of induction machine can be written
in the following form:

3P Ly
¢ 220L.L,

Where 1), is stator flux linkage space vector and ), is the
rotor flux space vector and 7 is the angle between them. Both
these space vectors are expressed in the stationary reference
frame. It is possible to put the above equation in the following
form using the phasor diagram, which is shown in Fig. 5

|| |ts] sinn (18)

Movement with active
forward vector

ds Stops with zero vectors

Movement with active
Vs backward vector

¥r Rotates continuously

rds

Fig. 5. Rotor and stator flux linkage space phasor

In contrast to a vector controlled induction motor drive,
where the stator currents are used as control quantities, in the
direct controlled drive, the stator flux-linkages are controlled.
It should be noted that !(/37‘ is constant. The stator flux linkage
position can be adjusted by selecting the appropriate stator flux
vector. This can be achieved considering the following:

The stator voltage can be represented by
dwqu (] 9)

dt

If we assume that the stator resistance voltage drop is
negligible, then the following equation is valid:

di/)qu

dt

From the Equation (19) it can be seen that the inverter
voltage directly force the stator flux, the required stator-flux
locus will be obtained by choosing the appropriate inverter
switching state. Thus the stator-flux linkage move in space
in the direction of the stator-voltage space vector at a speed
that is proportional to the magnitude of the stator-voltage
space vector. By selecting step-by-step, the appropriate stator
voltage vector, it is then possible to change the stator flux in
the required way.

Vgds = Rsiqu +

(20)

Vqds =

If an increase of the torque is required, then the torque is
controlled by applying voltage vectors that advance the flux-
linkage space vector in the direction of rotation. If a decrease
in torque is required then zero switching vectors has to apply.
In summary if the stator flux vector lies in the k-th sector and
the motor is running anticlockwise, torque can be increased by
applying stator voltage vectors Vj, 1 or Vi 9,and decreased by
applying a zero voltage vector V0 or V7.Decoupled control
of the torque and stator-flux can be achieved by acting on the
radial and tangential components of the stator-voltage space
vector in the same directions, and thus can be controlled by
the appropriate inverter switching. In general, if the stator
flux linkage vector lies in the k-th sector, its magnitude can
be increased by using switching vectors Vj_q(for clockwise
rotation) or V41 (for anticlockwise rotation), and can be
decreased by applying voltage vectors Vj_ofor clockwise
rotation) or Vjyo (for anticlockwise rotation). The above can
be tabulated in the look up table I(Takahashi look-up table)

TABLE 1
TAKAHASHI LOOK-UP TABLE

Flux Torque Sector I Sector IT~ Sector Il Sector IV~ Sector V. Sector VI
Error Position  Error Position

1 V2(110) ~ V3(010)  V4(011) V5(001)  Ve(I0I)  VI(100)

1 0 V7(111)  V0000)  V7(111) V0(000)  V7(111)  V0(000)

-1 V6(101)  VI1(100) V2(110) V3(010) V4(011) V5(001)

1 V3(010)  V4(011) V5(001) V6(101) VI(100) V2(110)

0 0 VO0(000)  V7(111) V0(000) V7(111) V0(000) Vi(111)

-1 V5(001)  V6(101)  VI(100)  V2(110)  V3(010)  V4(011)

The inputs to the look-up table are the torque error and the
flux error generated by a three-level and a two-level hysteresis
comparator respectively. The torque error is 1, if an increase
in torque is required, O if a decrease is required. That is for
anticlockwise rotation:

Ere=1 if T <Ths—|AT]
Ere=0 if T3> Ty

The flux error is 1 if an increase in the flux is required, O if
a decrease is required that is:

Ed)s =1 Zf |ws‘ S W);‘eq - |Aws|
Eye=0 if || > [¢5%f] + |Avyl

Simulink Implementation of DTC of IM

The Simulink model for classical stator-flux oriented DTC
of IM is shown in Fig.6. It consists of four blocks: stationary
frame IM model, voltage source inverter, DTC controller and
PI controller. Based on the knowledge of FLC, look-up table
based on-line tuning PI controller is implemented for outer
speed control loop to achieve precision speed control. The
VSI (shown in Fig. 7) uses the switching signals generated by
the DTC controller to drive three Simulink ”Switch” blocks
switching between % and % The o-n conversion block
is included in the motor model. The Simulink model for DTC
controller is given in Fig. 8. The reference torque is produced
by the on-line PI controller and the stator-flux reference value
is assigned as 0.5 Wb using “Constant” block. As shown,
the DTC contains two different loops corresponding to the
stator flux and torque. The reference values for the stator-
flux and torque are compared with the actual values, and then
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resulting error values are fed to two level and three level
hysteresis controllers respectively. These can be implemented
with the Simulink “Relay” blocks. The outputs of the relays
together with position of the stator flux are used as the
inputs to Takahasi look-up table. The look-up table can be
implemented with "Embedded MATLAB Function” block.
This block makes use of a simple ”If” and “If-else” program.

[
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T

Fig. 6.  Simulink model for direct torque control of induction motor
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Fig. 7. Simulink model of voltage source inverter

IV. 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.

Simulation Results of FOC of IM
Fig.9&10 shows the simulation results for stator currents;
Enlarged view of steady-state stator currents; torque response
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Fig. 9. Simulation results for (a) Stator current of motor (b) Torque response
of the motor for 1500 rpm & no-load
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Fig. 10. Simulation results for Speed response for 1500 rpm at no load

and speed response of IM respectively for no-load condition.
The reference speed is at 1500 rpm as shown, the motor takes
0.05 seconds to reach reference speed.

Fig. 11 shows the torque response of indirect vector
controlled IM for step-load condition. The reference speed is
set at 1500 rpm and a step load of 20 N-m is introduced at
0.8 seconds.
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Fig. 11.  Simulation results for Torque response for a step load of 20 N-m
at 0.8 sec.

Speed(radisec)
T
L

Fig. 12.  Simulation results for speed response for a step load of 20 N-m at
0.8 sec.

Fig. 12 shows the simulation results for motor speed re-
sponse for FOC for 1500-rpm reference. The motor is loaded
with 20 N-m at 0.8 seconds. With this step load, the motor
speed reduces slightly and restores back to original value. As
observed, the FOC takes approximately 0.2 seconds to restore
to original value.

Simulation Results of DTC of IM

Torque(N-m)

07
Time(Sec)

Fig. 13.  Simulation results for Torque response of the motor for 1500 rpm
and no-load

Fig. 13 shows the simulation results for motor torque
response for classical DTC for a reference speed of 1500 rpm.
The motor is allowed to run without load torque. As observed,
the transient and steady state ripple are high for classical DTC

Fig. 14 shows the simulation results for no-load stator
current for classical DTC for a reference speed of 1500 rpm.

V. CONCLUSION

In this paper, main characteristics of field-oriented and di-
rect torque control schemes for Induction motor drive are stud-
ied by simulation with a view to highlighting the advantages

M

e
Time(sec)

Fig. 14. Simulation results for stator current for 1500 rpm and no-load

‘Speed(radisec)

L L L L L L L
o1 0z 3

0
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Fig. 15. Simulation results for speed response for a step load of 20 N-m at
0.8 sec.

and disadvantages of each approach. From the implementation
it is clear that implementation complexity is high in FOC when
compared to DTC. The other objective of the paper is to give
a fair comparison between FOC and DTC techniques, to allow
the users to identify the more suitable solution for any applica-
tion that requires torque control. Several numerical simulations
have been carried out in steady state and transient operating
conditions. 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, it suffers
from higher current and torque ripple.

APPENDIX A
3-PHASE INDUCTION MOTOR PARAMETERS

Rotor type: Squirrel cage, Reference frame: Stationary
4KW, 1440 rpm, 50Hz, 4 Poles, Rs = 1.57Q2, R, = 1.211,
Ls =0.17 H, Lr = 0.17 H, Lm = 0.165 H, J = 0.06 Kg-m2.
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