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Assessment of direct torque control for induction motor drives
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Abstract. Among all control methods for induction motor drives, Direct Torque Control (DTC) seems to be particularly interesting being
independent of machine rotor parameters and requiring no speed or position sensors. The DTC scheme is characterized by the absence of PI
regulators, coordinate transformations, current regulators and PWM signals generators. In spite of its simplicity, DTC allows a good torque
control in steady state and transient operating conditions to be obtained. However, the presence of hysteresis controllers for flux and torque
could determine torque and current ripple and variable switching frequency operation for the voltage source inverter. This paper is aimed to
analyze DTC principles, the strategies and the problems related to its implementation and the possible improvements.
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1. Introduction

In recent years, the commercial applications of the Field-
Oriented Control (FOC) of Induction Motor (IM) drives have
greatly increased. A number of studies has been developed to
find out different solutions for the control of the IM drives with
two objectives, namely i) fulfilment of the requirements for a
precise and quick control of the motor flux and torque, and
ii) reduction of the complexity of the algorithms involved in a
FOC.

A new technique for the torque control of induction motors
was developed and presented by I. Takahashi as Direct Torque
Control (DTC) [1–3], and by M. Depenbrock as Direct Self
Control (DSC) [4–6]. Since the beginning, the new technique
was characterized by simplicity, good performance and robust-
ness [1–17]. The basic scheme of DSC is preferable in the high
power range applications, where a lower inverter switching fre-
quency can justify higher current distortion.

Differently from FOC, DTC does not tend to reproduce the
electromechanical behaviour of a dc motor drive but is aimed
at a complete exploitation of the flux and torque-producing ca-
pabilities of an IM fed by a Voltage Source Inverter (VSI).

The DTC scheme is characterized by the absence of PI
regulators, coordinate transformations, current regulators and
PWM signals generators.

This paper concerns DTC, the strategies and the problems
related to its implementation.

Some basic relationships regarding the space vector repre-
sentation of three-phase quantities, the induction motor equa-
tions and VSI description are shown in Appendix.

The basic principles of flux and torque control and the
switching table are firstly presented in order to accomplish the
DTC concept. The switching strategies as well as the influ-
ence of the torque and flux hysteresis band amplitude on the
drive behaviour are then shown. A particular attention has been
made on the analytical relationship between the applied volt-
age and the corresponding torque variation in a cycle period.

Then, the DSC strategy and some improvement to the basic
DTC scheme are analyzed.

Finally, a new technique for flux weakening implementa-
tion in DTC drive is analyzed and a comparison between DTC
and FOC is presented.

2. Flux control principles
Let us consider an IM supplied by a VSI. If an inverter config-
uration is maintained during a time intervalTc, it is possible
to determine the effect of the inverter configuration on the sta-
tor flux. From the stator voltage equation written in a stator
reference frame we obtain

dϕ̄s

dt
= v̄s −Rs īs (1)

where

|v̄s| =
{

2/3 VC active configs.
0 null configs.

(2)

Assuming the voltage drop on the stator resistance small,
(1) can be rewritten as

dϕ̄s

dt
∼= v̄s. (3)

Then, for small values ofTc the stator flux at (k + 1)th
sampling instant can be calculated as

ϕ̄sk+1 = ϕ̄sk
+ V̄k TC (4)

beingk the index of the configuration applied atk-th instant.
It can be noted that the selection of a null configuration in a

cycle period stops the stator flux space vector in the d-q plane.
Instead, the selection of an active configuration in a cycle pe-
riod moves the stator flux space vector along the direction of
the applied stator voltage. The distance covered from the stator
flux space vector in a cycle period is proportional toVC and
Tc, being ∣∣ϕ̄sk+1 − ϕ̄sk

∣∣ =
2
3
VC TC . (5)
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With an opportune selection of the sequence of the inverter
configurations the stator flux space vector can be driven along
any trajectory, with a prefixed average speed.

A smaller value of the cycle period allows a more regular
trajectory to be obtained, as shown in Fig. 1.

Fig. 1. Stator flux trajectories with different values of the cycle pe-
riod Tc

If a hysteresis comparator is used to control the flux, the
flux hysteresis band becomes the circular region in the d-q
plane emphasized in Fig. 2. In order to drive the flux within
the hysteresis band, the VSI applies to the motor the suitable
voltage vector in a cycle period. The radial component of the
voltage acts on the flux magnitude, while the tangential com-
ponent determines the vector rotation (see Fig. 2).

Fig. 2. Flux hysteresis band in the d-q plane and schematic representa-
tion of the flux vector variations due to the application of two different

voltage vectors

The criterion of selection of the inverter configuration for
the flux magnitude control is intuitive. It is based on the knowl-
edge of the stator flux sector (Fig. 2). In general, at least 2 in-
verter configurations satisfy the criterion. As it will be shown
in the next Section, this degree of freedom can be utilized in
order to control the produced torque.

3. Torque control principle
If an inverter configuration is maintained during a time interval
Tc, it is possible to determine the effect of the inverter config-
uration on the motor torque.

From the IM equations, written in a rotor reference frame,
we can obtain

dϕ̄r

dt
= − 1

σ τr
ϕ̄r +

M

σ τr Ls
ϕ̄r

s (6)

where

σ = 1− M2

LsLr
, τr =

Lr

Rr
.

The relationship (6) is a linear differential equation of the
first order describing the behaviour of the rotor flux as a func-
tion of the stator flux.

Rewriting (6) using the Laplace transform gives

ϕ̄r =
M/Ls

1 + σ τr s
ϕ̄r

s. (7)

Equation (7) shows that the relation between the stator flux
and the rotor flux represents a low pass with time constantστr.
A sudden variation of the stator flux is followed with a delay
from the rotor flux.

Equation (A11) can be rewritten in the following form:

T =
3
2

pM

σ Ls Lr
ϕs ϕr cos γ. (8)

At any instant, the torque is proportional to the stator
flux magnitude, the rotor flux magnitude and the cosine of
the angleγ (see Fig. 3).

Fig. 3. Stator and rotor flux vectors representation

In balanced sinusoidal steady-state condition the stator and
rotor fluxes rotate at constant angular speedωr = ωs–ω in a
rotor reference frame, which depends on the operating con-
ditions. The angleγ maintains a constant value, which de-
pends on the operating conditions too. In this way the produced
torque is constant.

Starting from this condition, it is possible to analyze the ef-
fect produced from of a sudden variation of the angular speed
of the stator flux space vector.

Taking (7) and (8) into account leads to the following re-
sults:

i) if ϕ̄r
s accelerate, thenγ decreases and the torque in-

creases;
ii) if ϕ̄r

s decelerate, thenγ increases and the torque de-
creases.

The angular speed of the stator flux can be modified, in
each cycle period, by an opportune choice of the inverter con-
figuration. The tangential component of the applied voltage

238 Bull. Pol. Ac.: Tech. 54(3) 2006



Assessment of direct torque control for induction motor drives

vector determines the instantaneous angular speed of the stator
flux in a stator reference frame.

The effect on the flux magnitude of a particular voltage
vector depends on the position of the flux within the sector.

The effect on the torque of a particular voltage vector de-
pends on the position of the flux within the sector and the rotor
angular speed. This particular behaviour will be emphasized in
Section 8.

4. DTC scheme
On the basis of the results obtained in previous Sections a basic
control scheme for IM drive can be derived, which is shown in
Fig. 4.

Fig. 4. Basic DTC scheme

In that scheme the error between the estimated torqueT
and the reference torqueT ∗ is the input of a three level hystere-
sis comparator, whereas the error between the estimated stator
flux magnitudeϕS and the reference stator flux magnitudeϕ∗S
is the input of a two level hysteresis comparator. The selection
of the appropriate voltage vector is based on a switching table.
The estimated torque in Fig. 4 can be determined by means
of (A10). The stator flux, instead, is calculated by means of a
suitable flux observer, that will be analyzed in details in Sec-
tion 10.

5. Switching table
The use of a particular voltage vector selection strategy and
the amplitudes of flux and torque hysteresis bands affect the
performance of the drive.

On the basis of the previous results it is now possible to
define the criteria for the selection of the voltage vector at any
sampling instant. The results can be represented in a table that
becomes the “Switching Table” of the DTC algorithm. As an
example, with reference to the control scheme of Fig. 4, the
following criteria can be adopted.

Comparator output Selected VSI configuration

cϕ = +1 radial positive
cϕ = −1 radial negative
cT = +1 tangential positive
cT = 0 null
cT = −1 tangential negative

The basic switching table, obtained from previous criteria,
can be written in compact form introducing the parameterK
that represents the number of the stator flux sector, as shown in
Table 1. The choice of the null configuration (0 or 7) is based
on the minimization of the inverter mean switching frequency.

Table 1
Switching table for a three level hysteresis torque comparator

cϕ
cT

1 0 1
+1 k + 1 0 or 7 k-1
–1 k + 2 0 or 7 k-2

6. Switching strategies
For a prefixed switching strategy, the drive behaviour, in terms
of torque and current ripple, switching frequency and torque
response, is quite different at low and high speed [12,19]. In
this Section a detailed discussion of some possible voltage vec-
tor selection criteria is carried out.

Table 2 summarizes the combined action of each inverter
voltage space vector on both the stator flux amplitude and the
motor torque. In the table, a single arrow means a small vari-
ation, whereas two arrows mean a larger variation. As can be
seen, an increment of torque (↑) is obtained by applying the
space vectorsVk+1 andVk+2, irrespective of the motor speed
direction. Conversely, a decrement of torque (↓) is obtained
by applyingVk−1 or Vk−2. The space vectorsVk, Vk+3 and
the zero voltage space vectors modify the torque in accordance
with the motor speed direction as specified in Table 2.

Table 2
Stator flux and torque variations due to the applied inverter voltage

space vectors

Vk+1 Vk−1 Vk Vk+1 Vk+2 Vk+3 V0V7

ϕS ↓ ↑ ↑↑ ↑ ↓ ↓↓ ↑↓
T (ω > 0) ↓↓ ↓↓ ↓ ↑ ↑ ↓ ↓
T (ω < 0) ↓ ↓ ↑ ↑↑ ↑↑ ↑ ↑

With hysteresis controllers having a two level output, there
are four conditions regarding the stator flux and the motor
torque voltage demands. For each condition it can be found
at least one inverter voltage space vector that acts in the way
of reducing the error signals. This demonstrates that a voltage
inverter is able to regulate in a direct manner the stator flux
amplitude and the motor torque of an IM or to force them so
as to track any reference.

Table 3
Switching solutions

T⇑ ϕs ⇑ T⇑ ϕs ⇓ T⇓ ϕs ⇑ T⇓ ϕs ⇓
ST-A Vk+1 Vk+2 V0, V7 V0, V7

ST-B Vk+1 Vk+2 Vk V0, V7

ST-C Vk+1 Vk+2 Vk Vk+3

ST-D Vk+1 Vk+2 Vk−1 Vk−2

Several switching solutions can be employed to control the
torque according to whether the stator flux has to be reduced
or increased. Each solution influences the drive behaviour in
terms of torque and current ripple, switching frequency, and
two- or four-quadrant operation capability. Assuming a two
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level hysteresis comparator, four switching solutions are given
in Table 3. Upon each solution, a Switching Table (ST) can be
built and implemented in the block of Fig. 4. The ST inputs are
the two-level demands of stator flux and torque, and the stator
flux sector, whilst the ST output is the inverter voltage space
vector for the motor.

Depending on the ST adopted, different behaviour of the
drive are obtained. As an example, Fig. 5 reports the torque re-
sponses to a pulse in the reference torque from 18 to – 18 Nm
for 8.8 ms, as obtained from an experimental prototype with
ST-A and ST-D [12]. The motor under test is a 4 kW, 220 V, 50
Hz, 4 pole standard IM, with a large inertia load so as to keep
its speed practically constant during the torque pulse. The re-
sults clearly document the influence of both ST and the work-
ing speed on the torque response. In particular, the response is
sluggish at low speed when the zero space vectors are utilized,
i.e. with ST-A, while it is quick with ST-D. On the contrary,
at high speed the torque response is quick and almost identical
with the two STs. This explains why ST-D is convenient for
four-quadrant operation while ST-A (as well as ST-B, ST-C) is
suitable for two-quadrant operation.

Fig. 5. Torque response to a 8.8 ms pulse in the reference from +18
to – 18 Nm, top trace: ST-D; bottom trace: ST-A, (a) motor speed: 20

rad/s, (b) motor speed: 100 rad/s

To give a theoretical assessment to the torque responses in
Fig. 5, the relationship between the incremental motor torque

and the corresponding voltage applied to the stator will be an-
alyzed in Section 8.

7. Influence of the hysteresis band amplitudes
The amplitudes of the hysteresis bands have a significant im-
pact on the drive performance [10]. In particular, the harmonic
current distortion, the average inverter switching frequency, the
torque pulsation and the drive losses are strongly influenced by
the amplitudes of these bands.

In digital implementation schemes too small values of the
bands amplitude lead to a high value of the inverter switching
frequency, without reducing the ripple amplitude. In fact, the
minimum value of the ripple amplitude depends on the mini-
mum variation of torque and flux achievable in a cycle period
that, in turn, depends on the values ofVc andTc.

Fig. 6. THD factor as a function of the hysteresis band amplitudes,
ST-A

Fig. 7. Average inverter switching frequency as a function of the hys-
teresis band amplitudes, ST-A

As an example, Figs. 6 and 7 give the THD factor of the sta-
tor current and the average switching frequency of the inverter,
respectively, as a function of the band amplitudes. The results
show that the hysteresis band of the stator flux mainly influ-
ences the stator current THD and hence the associated copper
losses, giving rise a significant increase of THD when enlarg-
ing its amplitude. On the other hand, the hysteresis band of the
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torque mainly influences the switching frequency and hence
the associated switching losses. In case that the motor param-
eters and the inverter switching characteristics are known, a
possible criterion in designing the band amplitudes consists
in minimizing the sum of the harmonic copper losses and the
switching losses.

8. Motor torque-stator voltage relationship
In order to deeply analyze the basic DTC principles it is possi-
ble to determine the analytical relationships between the ap-
plied voltage vector and the corresponding torque and flux
variations.

For this purpose reference is made to the IM equations in a
stationary reference frame, written in the state-space form

[
dϕ̄s

dt
dϕ̄s

r

dt

]
=

[ − Rs

σLs

RsM
σLsLr

RrM
σLsLr

jω − Rr

σLr

] [
ϕ̄s

ϕ̄s
r

]
+

[
1
0

]
v̄s. (9)

Equations (9) can be discretized by means of the small-
signal analysis. For small values ofTc = tk+1 − tk the stator
and rotor flux space vectors attk+1 can be expressed as

ϕ̄sk+1
= ϕ̄sk

(
1− Rs

σLs
Tc

)
+ ϕ̄s

rk

RsM

σLsLr
Tc + v̄sk

Tc (10)

ϕ̄s
rk+1

= ϕ̄s
rk

[
1 +

(
jωk − Rr

σLr

)
Tc

]
+ ϕ̄sk

rrM

σLsLr
Tc.

(11)
Equations (10) and (11) are the discrete-time equations of

an IM. Note that in (11) the stator voltagēvsk
does not appear

explicitly, meaning that̄vsk
acts on the rotor through the stator

flux.
Furthermore, the electromagnetic torque attk+1 is given

by

Tk+1 =
3
2
p

M

σLsLr

(
ϕ̄sk+1

· jϕ̄s
rk+1

)
. (12)

Substituting (10) and (11) into (12) and neglecting the
terms proportional to the square ofTc, the torque attk+1 can
be expressed as

Tk+1 = Tk + ∆Tk1 + ∆Tk2 (13)

where

∆Tk1 = −Tk

(
Rs

Ls
+

Rr

Lr

)
Tc

σ
(14)

∆Tk2 = p
M

σLsLr

[(
v̄sk

− jωkϕ̄sk

) · jϕ̄s
rk

]
Tc. (15)

The term∆Tk1 has opposite sign ofTk and then reduces
the torque; its value is proportional to the stator and rotor re-
sistances and to the torque attk and is independent of̄vs

sk
and

the motor speed.
The term∆Tk2 is due to the stator voltage and depends on

the operating conditions (i.e. the motor speed and the torque
angle between̄ϕsk

andϕ̄s
rk

). This relationship is illustrated by
the diagram of Fig. 8 where the stator fluxϕ̄sk

is assumed ly-
ing on the d-axis, the dashed lines are parallel toϕ̄s

rk
and that

one crossing the q-axis at the ordinateωkϕsk
is bold-faced. A

graphical representation of∆Tk = ∆Tk1 + ∆Tk2, useful to

visualize the effects of the applied voltage vector on the motor
torque, is drawn in Fig. 9 for zero motor speed and in Fig. 10
for the rated motor speed.

Fig. 8. Diagram of the torque variation∆Tk2

Fig. 9. Torque variations at zero speed (rated torque)

These figures report the torque variation∆Tk produced by
a stator voltage space vector of constant amplitude and for sev-
eral values of its displacement with respect to the stator flux.
The segments have a length proportional to the torque vari-
ation and the same direction as the stator voltage space vec-
tor. The ones in the upper part of the figures represent positive
variations of the torque while those in the lower part represent
negative variations.

Figures 9 and 10 point out the influence of the motor speed.
In particular they show that along some directions the same sta-
tor voltage produces positive variations of motor torque at low
speed and negative variations at high speed. This effect should
be taken into account when defining ST and can lead to the
use of a speed-dependent ST (ST-A at high speeds and ST-D at
low speeds). The advantages of this solution are a better torque
response over the whole speed range and a reduction in the
torque ripple.
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Fig. 10. Torque variations at rated speed (rated torque)

9. DSC scheme
In high power electrical drives the semiconductor devices can-
not be switched at high frequency. As a consequence, a precise
control of both the stator flux amplitude and the motor torque
is not achievable.

The DSC scheme is aimed at minimizing the inverter
switchings in each supply period to the detriment of the control
of the stator flux amplitude [4–6]. As a matter of fact, this strat-
egy commands the stator flux space vector every sixty degrees
of the supply period so as to move it along an hexagon. The
motor torque, instead, is controlled in a precise way by means
of a hysteresis controller like in the DTC scheme.

The block diagram of an IM drive controlled with DSC is
drawn in Fig. 11.

Fig. 11. DSC IM drive block diagram

The flux estimator allows calculating the instantaneous val-
ues of the stator phase fluxesϕas, ϕbs, ϕcs and the motor
torque. The fluxes are calculated and compared with the ref-
erence flux. The results of the comparison provide the switch
signals corresponding to a given voltage space vector. On the

basis of the torque error, the modulator selects the active volt-
age vector or the zero voltage vector in order to keep the torque
within the hysteresis band.

Fig. 12. DSC principle

Fig. 13. Stator flux space vector trajectory and current waveform of a
DTC scheme with∆ϕs = 0.14ϕ∗s

According to the principle of operation outlined in Fig. 12
and for a counterclockwise rotation of stator flux, before point
A is reached, the active voltage vector utilised isV̄3. After point
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A the active voltage vector utilised is̄V4. The basic rule is that
when a phase flux exceeds the lower limit the corresponding
switch stateS is set to 1; when a phase flux exceeds the upper
limit the corresponding switch stateS is set to 0. This control
method is no longer valid when the reference flux is changed.
It is possible to verify that in this case the trajectory described
by the flux leaves the hexagon. However, with an opportune
implementation, it is possible to prevent this occurrence.

It can be noted that the behaviour of a DSC scheme can be
reproduced by a DTC scheme with an opportune value of the
flux hysteresis band∆ϕs. As an example, Fig. 13 shows the
trajectory of the stator flux space vector and the stator current
waveform as obtained from a DTC drive with∆ϕs = 0.14ϕ∗s.

10. Improved DTC schemes

In this section some improvements to basic DTC scheme that
allow increasing the pull-out torque, to reduce the sensitivity
to parameter deviation and to obtain a constant switching fre-
quency operation, will be analyzed. Many efforts have been
made in order to reduce the main drawbacks of DTC [19–28].

10.1. Rotor flux reference. A new DTC scheme can be de-
veloped assuming torque and rotor flux as references [9]. In
this way, the highest pull-out torque is obtained and it is pos-
sible to combine the advantages of rotor flux orientation and
stator flux control. The strategy adopted needs neither the ro-
tor resistance of the machine nor the coordinate transformation
based on the rotor flux position, leading to a high performance
drive using a simple control scheme.

From the IM equations, the following expressions of the
electromagnetic torque can be found at steady state as a func-
tion of either the rotor flux or the stator flux:

T =
3
2
pωr

ϕ2
r

Rr
(16)

T =
3
2
p

(
M

Ls

)2
Rrωr

R2
r + ω2

r(σLr)2
ϕ2

s. (17)

Note that (16) is valid also during transients. By (16)–(17), the
torque characteristic of an IM under constant rotor flux op-
eration increases linearly withωr, and the maximum torque is
constrained by the maximum current allowable for the inverter.
On the contrary, the torque characteristic under constant sta-
tor flux operation exhibits a maximum value at an angular slip
speed which depends on the machine parameters. This sug-
gests to control the amplitude of the rotor flux instead of that
of the stator flux in order to increase the overload torque capa-
bility of a ST scheme [29].

From the IM equations, written in a reference frame syn-
chronous with the rotor flux and aligned with thed-axis, the
space vector of the stator flux can be expressed as [30].

ϕ̄s =
Ls

M

[
(1 + sστr) ϕr + j

σLr

ϕr

2
3

T

p

]
. (18)

Its amplitude furnishes the reference for the stator flux am-
plitude needed by a DTC scheme, as a function of the rotor flux

and torque references. Under constant rotor flux operation, it
becomes

ϕ∗s =
Ls

M

√
(ϕ∗r)

2 +
(

2
3

σLr

p

)2 (
T ∗

ϕ∗r

)2

. (19)

To emphasize the high overload capability of a DTC 220V,
4 kW, 2-pole IM drive, with constant rotor flux, Fig. 14 shows
the output torque and stator current magnitude for a step
change in torque command from 50% to 300% of the rated
motor torque. Figure 15 shows the stator and rotor flux loci
during the same time interval.

As it is possible to see the rise time of the torque is about
3 ms and the rotor flux locus is a circle. The stator flux locus
shows the increase in flux magnitude required to maintain the
rotor flux magnitude fixed to the commanded value.

Fig. 14. Torque and current magnitude during torque step response

Fig. 15. Stator and rotor flux loci during torque step response
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10.2. Improved stator flux estimator. In sensorless applica-
tions the stator flux is evaluated by stator voltages and cur-
rents. At low speed this estimation deteriorates owing to stator
resistance variations and current sensor offsets, leading to un-
desired oscillations of the stator flux magnitude, torque oscil-
lations and acoustic noise.

Some possible solutions are given by the use of high ac-
curacy current sensors and on-line stator resistance estimation.
However, these solutions increase cost and computational time
without achieving sometimes the expected results.

To maintain good performance at low speed, improved flux
estimators have been devised [19,24,25,31,32].

A possible solution is based on correcting the flux estimate
on the basis of the rotor flux command. This flux estimator can
be applied to both DTC and FOC schemes.

The stator flux can be determined integrating the following
stator voltage equation:

dϕ̄s
s

dt
= v̄s

s −Rsī
s
s +

(
ϕs∗

r ejθ − ϕ̄s
r

)

τ
. (20)

whereθ is the phase angle of the rotor flux vector,ϕs∗
r is the

reference magnitude of the rotor flux vector, andτ is the ob-
server time constant.

The rotor flux can be estimated as follows

ϕ̄s
r =

Lr

M
(ϕ̄s

s − σLsī
s
s) (21)

whereasθ can be derived from (21) as follows

θ = arg ϕ̄s
r = arg (ϕ̄s

s − σLsī
s
s) . (22)

It is evident from (20) that the estimation of the stator flux
vector can be affected by stator resistance mismatch, sensor
offsets and the inverter non-linearity (inverter dead-times, volt-
age drop on the conducting switches, etc.). However, at high
speed the estimation error is lower than that at low speed, be-
cause the input voltage becomes the most relevant term in the
second member of (20). The estimation error on the phase an-
gleθ depends on the stator flux estimation error, the mismatch
on the leakage inductanceσLs and the offset of the current sen-
sors. The leakage inductance shows moderate variations with
the stator currents and it will be assumed practically constant.

In conclusion, the rotor flux observer depends on three ma-
chine parameters, namelyRs, σLs, andLr/M but the effects
of this dependence can be considered negligible in the high
speed range. In the low speed range, instead, the closed loop
scheme of the flux observer can reduce the effect of the param-
eter and model mismatch, and sensor offsets.

The low-speed performance of the drive depends on the
parameterτ . An appropriate value ofτ greatly improves the
dynamic robustness of the scheme. By selectingτ to be very
large the filter approximate a pure integrator and the estimation
at low speed becomes difficult. On the other hand, by selecting
τ to be very small reduces the contribution of the rotor back-
emf and the estimation at high speed becomes difficult. As a
consequence, in drive systems operating in a wide speed range,
good results can be achieved choosing a speed dependent value
of τ .

A block diagram of a DTC IM drive with the improved
stator flux estimator and the control of the rotor flux ampli-
tude is drawn in Fig. 16. In order to emphasize the benefits of
the improved stator flux estimator Fig. 17a) shows the system
response to a step torque command from 0 to the rated torque.

It can be noted that using a pure integrator it is not pos-
sible to magnetize the machine if a zero torque command is
applied. As a consequence, a slow torque increase is observed
owing to the transient required to magnetize the machine when
the torque command is applied. Fig. 17b) shows the results ob-
tained when the improved flux estimator is used.

Fig. 16. Block diagram of a DTC scheme with improved stator flux
estimator

Fig. 17. Torque step response during the start-up, upper trace: phase
current, 20 A/div, lower trace: measured torque, 20 Nm/div, (a) pure

integrator, (b) improved flux estimator,τ = 0.01 s
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In this case, with zero torque command, the phase current
assumes a constant value, corresponding to the magnetizing
current. As the torque command is applied to the control sys-
tem the output torque reaches the reference value in few mil-
liseconds.

10.3. Constant switching frequency DTC schemes.In DTC
schemes, the presence of hysteresis controllers for flux and
torque determines variable switching frequency operation for
the voltage source inverter. This problem can be overcome by
different methods[33,34].

A solution based on Stator Flux Vector Control (SFVC)
scheme has been proposed [30,35–37]. This scheme, presented
in Fig. 18, may be considered as a development of the basic
DTC scheme with the aim of improving the drive performance.
The input commands are the torque and the rotor flux, whereas
the control variables are the stator flux components, according
to (18). It should be noted that the real and imaginary parts
of (18) are quite similar to the corresponding equations of the
traditional field oriented control based on stator currents.

The principle of operation is based on driving the stator
flux vector toward the corresponding reference vector defined
by the input commands. This action is carried out by the Space-
Vector Modulation (SVM) technique, which applies a suitable
voltage vector to the machine in order to compensate the sta-
tor flux vector error. In this way it is possible to operate the
induction motor drive with a constant switching frequency.

Fig. 18. Block diagram of the scheme based on Stator Flux Vector
Control

Fig. 19. Motor current (10 A/div) and estimated torque (18 Nm/div) in
the locked rotor test with rated torque and flux commands (50 ms/div)

Fig. 20. Motor current (10 A/div) and estimated torque (18 Nm/div)
in steady state conditions at rated current, 1120 rpm (5 ms/div)

10.4. Stator flux regulator. The flux regulator determines the
voltage vector, which has to be applied to the motor in order to
obtain, at any instant, a stator flux vector equal to its reference
valueϕ̄∗s. This can be properly obtained by using a regulator in
which the input variable is the difference between the reference
and the estimated flux vectors

∆ϕ̄s = ϕ̄∗s − ϕ̄s. (23)

The flux regulator equation can be expressed as follows

v̄∗s = Rsīs + jωsϕ̄s + Kp∆ϕ̄s. (24)

This equation shows that the flux regulator behaves as a
proportional controller, with some additional terms compen-
sating the stator back emf and the stator resistance voltage
drop, according to (A6). In (24)Kp represents the gain of the
regulator.

10.5. Experimental results. The control algorithm has been
implemented on a low cost, fixed point DSP, which performs
the calculations and produces the PWM signals. Dead time
compensation has been included in the control algorithm.

Several experimental tests have been carried out and good
results have been achieved in both steady state and transient
operating conditions. Figures 19 and 20 show the motor current
and the estimated torque in the locked rotor tests and in steady-
state conditions, respectively. As it can be seen, the motor cur-
rent is practically sinusoidal. The estimated torque matches the
measured as well as the reference torque.

10.6. Sensitivity investigation of a speed sensorless induc-
tion motor drive based on stator flux vector control. Reli-
able operation of SFVC schemes depends on how closely the
estimations of the stator flux and motor torque approximate
their actual values, particularly in the low speed range.

In order to evaluate the performance of the drive and its
sensitivity to stator parameter deviations and current sensor
offsets, a detailed analysis is necessary, considering the equa-
tions of the whole system. In particular, the equations of the
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machine, the control system and the flux estimator can be de-
veloped through the linearization at a steady state operating
point. Then, the relationships linking the stator resistance devi-
ations and the current sensor offsets with the rotor flux may be
determined. In this way, both the control system stability and
the effects of parameter sensitivity on the drive performance
can be examined.

To estimate the sensitivity of the control system, the sta-
tor resistance and the measured stator current are related to the
actual values by

R̂s = Rs + ∆Rs
ˆ̄is = īs + ∆īs. (25)

The system equations have been linearized around the
steady-state operating point of the motor drive considered
without parameter mismatch.


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whereθ̂s

r0
is the argument of the estimated rotor flux.

10.7. Stability analysis. The stability analysis can be carried
out determining the eigenvalues of matrix [A] [37].

The results show that in the case of a pure integration to
estimate the flux leads to limit operating conditions for the
system stability. When the flux estimation is performed by the
“improved estimator” the system stability can be investigated
by solving the characteristic equation of matrix [A]. As an ex-
ample, Fig. 21 shows the contour lines of the surface repre-
senting the real part of the dominant pole as function of andτ .
The figure is related to a slip angular frequency of 5 rad/s. In
Fig. 21 the dashed area represents instability regions. It can be
noted that for positive values ofωs the system is always stable.
For negative values ofωs the instability region can be avoided
choosing a suitable value ofτ .

From the analysis carried out it can be noted that the sta-
bility of the control system is increased using the improved
estimator.

10.8. Sensitivity analysis.The system of equations (26) can
also be used to investigate the sensitivity of the control sys-
tem. In particular, solving (26) in steady-state conditions yields

the relationships linking the stator resistance deviation and the
current measurement error with the variables∆ϕrd, ∆ϕrq and
∆ϕ̂r.

Fig. 21. Contour lines of the surface representing the real part of the
dominant pole for a slip angular frequency of 5 rad/s

Stator resistance error.Considering a stator resistance devia-
tion it can be verified that the rotor flux error is practically in-
dependent of the value ofτ (Fig. 22). However, the use of the
improved estimator with low values ofτ increases the system
stability. In fact, using the improved flux estimator, the over-
estimation ofRs leads to a steady state error of the rotor flux
magnitude equal to that predicted by the theoretical approach,
as shown in Fig. 23.

On the contrary, the basic flux estimator exhibits an oscil-
latory response with increasing amplitude. This behavior has
been observed also during experimental tests with an evident
increase of the noise level and the generation of a pulsating
torque.

Fig. 22. Rotor flux error due to 10% underestimation of the stator re-
sistance,ω = 1 rad/s,τ = 0.01 s, T = 100% rated torque

Current measurement error. Considering a current measure-
ment offset, it can be verified that large values ofτ , which
transform the improved estimator in a pure integrator, increase
the steady-state error in the rotor flux magnitude.
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Fig. 23. Rotor flux error due to 10% overestimation of the stator re-
sistance,ω = 1 rad/s,τ = 0.01 s, T = 100% rated torque

Fig. 24. Rotor flux error due to 0.01 A offset,ω = 1 rad/s,τ = 0.01
s,T = 100% rated torque

Fig. 25. Transient response of the drive system, top trace: rotor angu-
lar speed, middle trace: measured torque, bottom trace: line current, 2

s total acquisition time∆Rs = −10%, ω = 0 rad/s,τ = 0.01 s

Figure 24 illustrates the rotor flux error obtained in pres-
ence of a current sensor offset. With the improved flux esti-
mator the rotor flux magnitude oscillates around the reference

value and both the amplitude and the frequency of the oscilla-
tion are equal to that predicted by the theory.

The basic flux estimator shows an oscillation with the same
frequency of that obtained by the improved estimator, but
with increasing amplitude. This oscillation in turn determines
torque pulsations as it has been verified by experimental tests.

The results obtained show that in all cases the improved
estimator leads to stable operating conditions, even if the flux
level is not properly maintained and the torque is not the com-
manded value.

10.9. Experimental results. Figure 25 illustrates the exper-
imental results when a machine is firstly accelerated from 50
rpm to 220 rpm, then decelerated to 0 rpm to show the drive
behaviour during regenerative braking.

11. Discrete space vector modulation for DTC
induction motor drives

The possibility to compensate, at each cycle period, the torque
and flux errors is strongly dependent on the number of avail-
able voltage vectors.

A high number of voltage vectors can be generated using
non-traditional power circuit topology as proposed in literature
[3,38–40].

In effect, the number of voltage vectors can be increased
using a standard VSI topology and introducing a simplified
space vector modulation technique [41–44].

According to the principle of operation, new voltage vec-
tors can be synthesized by applying, at each cycle period, sev-
eral voltage vectors for prefixed time intervals. In this way
a sort of Discrete Space Vector Modulation (DSVM) is em-
ployed which requires only a small increase of the computa-
tional time. The number of the voltage vectors that can be gen-
erated is directly related to the numbers of time intervals by
which the cycle period is subdivided. 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.

In basic DTC schemes, 5 voltage vectors are usually em-
ployed to compensate flux and torque errors. Using the DSVM
technique, with three equal time intervals, 19 voltage vectors
can be used, as represented in Fig. 26.

As an example, the label “332” denotes the voltage vector
which is synthesized by using the voltage space vectorsV3, V3

andV2 , each one applied for one third of the cycle period.
The voltage vector selection strategy should be defined us-

ing all the 19 voltage vectors on the basis of the criteria dis-
cussed in the Section 8. In particular it has been verified a large
influence exerted by the dynamic emfωkϕsk

. So this quantity
together with the actual outputs of flux and torque comparators
must be assumed as input variable to the switching tables.

The results of the analysis can be summarized in seven
switching tables for the stator flux lying in a given sector.

The first switching table is valid for low speed operation,
the second for medium speed and the last two for high speed.
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The speed ranges are defined with reference to the value as-
sumed by the dynamic emfωkϕsk

, as represented in Fig. 27.

Fig. 26. Voltage vectors obtained by using DSVM with three equal
time intervals per cycle period

Fig. 27. Speed range subdivision, p.u. of the rated voltage

Fig. 28. Representation of the voltage vectors used by the DSVM
technique in the high speed range

In the high speed range two switching tables have been de-
fined, each one valid for half a sector (1+ and1−). This means
that the argument of the stator flux vector has to be estimated
with a resolution ofπ/6, corresponding to a 12-sector angular
representation. The two switching tables are necessary at high
speed to fully utilize the available voltage vectors.

Fig. 29. Basic DTC,∆t = 80 µs,BT = 5%, Bϕ = 2%, fs = 2450
Hz, 100 rpm

Fig. 30. DSVM,∆t = 160 µs,BT = 2.5%, Bϕ = 1%, fs = 2450
Hz, 100 rpm

Fig. 31. Measured motor current (8 A/div)

In order to explain how the synthesized voltage vectors are
selected at high speed, we assume for the machine a counter-
clockwise rotation and a torque increase demand. In this case
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the bold-faced line of Fig. 8, is located in the high speed range
of Fig. 28. Then 4 voltage vectors can be employed, i.e. “333”,
“332”, “223” and “222”. Depending on whether the flux has
to be reduced or increased, the first two vectors or the last two
vectors respectively should be selected. For the last step we
have to verify the position of the flux vector. If the flux is in
sector1+ the vector “333” is selected, while with the flux in
sector1− it is opportune to select “332”.

The speed value required to choose the different switching
tables is not critical so, in sensorless applications, the speed
range can be selected from the estimation of the stator angular
frequency.

Figures 29 and 30 show a comparison of the steady state
behaviour obtained using the basic DTC scheme and the new
DSVM scheme. The machine is running at 100 rpm. As it is
possible to see an appreciable reduction of current ripple has
been obtained using the DSVM technique. It should be noted
that the performance improvement has been achieved with a
mean switching frequency (fs) practically equal to that of ba-
sic DTC scheme.

Figure 31 shows the experimental results obtained with a
rotor speed of 100 rpm and rated torque command. The perfor-
mance of the DSVM drive system is satisfactory, showing an
acceptable level of torque and current ripple and a reduction of
the acoustic noise with respect to that of basic DTC scheme,
particularly in the low speed range.

12. DTC in the high speed range

In flux controlled drives the selection of the flux reference and
of the base speed is very critical, particularly with reference to
the dynamic performance [45–50].

A very interesting effort toward a robust flux weakening
strategy has been proposed in [51]. However, that method re-
quires large computing time and needs the tuning of several PI
regulators.

In DTC induction motor drives, a new strategy for the flux
weakening operation, suitable for electric vehicle applications,
can be adopted [52]. The main features of the proposed flux
weakening strategy include no dependency on machine param-
eters and smooth transition into and out of the flux weakening
mode.

12.1. Basic equations.If the stator flux magnitude is assumed
constant, from (17) it appears that the torque reaches its maxi-
mum value

TM = kT φ2
s (29)

for the following value of the rotor angular frequency

ωr = Rr/σLr. (30)

where

kT =
3
4
p

M2

σLrL2
s

. (31)

The torque expression (29) emphasizes an intrinsic torque
limit related to the value of the stator flux magnitude. Fur-

thermore, the stator voltage equation, written in balanced si-
nusoidal steady-state conditions, leads to

∣∣φ̄s

∣∣ 6
∣∣V̄s −RsĪs

∣∣
ωs

. (32)

The inequality (32) represents a constraint on the stator flux
magnitude, which is a consequence of the stator voltage limit,
and depends on the stator flux angular frequency and the stator
current.

In the high speed range the DTC algorithm keeps the torque
within the hysteresis band generally applying direct configura-
tions and zero vectors. As the back emf approaches the stator
voltage limit, the flux still remains inside the corresponding
hysteresis band, whereas the torque demand may be not sat-
isfied. This happens because the DTC algorithm, in the high
speed range, gives priority to flux tracking over torque track-
ing, owing to its intrinsic characteristics. In this case, several
consecutive failures of the DTC algorithm occur in driving the
torque within the hysteresis band and the torque decreases.

12.2. Flux weakening algorithm. On the basis of the pre-
vious considerations it has been found that a suitable acoustic
microscope analysis of the output of the torque hysteresis com-
parator can provide useful information to evaluate if the drive
is approaching the base speed.

In a practical implementation of the flux-weakening algo-
rithm the motor behaviour is analysed for N consecutive cycle
periods. If no zero vector is applied during that time, then the
control algorithm assumes that the flux level is too high for
the actual operating conditions. Then, a small decrease of the
flux reference is performed. On the contrary, if the DTC al-
gorithm applies at least one zero voltage vector during theN
cycle periods, it means that the torque demand is satisfied. As a
consequence the control algorithm makes a trial to increase the
flux reference. Of course, the flux cannot become lower than a
prefixed minimum value or greater than the rated value.

This type of algorithm is useful for traction drives where
the input commandTcommand is represented by the gas pedal
position. This last in the low speed range corresponds to a con-
stant torque command, whereas in the flux weakening region
represents a torque command variable with the speed, so that
the output power is constant. For this purpose, the torque ref-
erence of the DTC scheme must be adjusted according to the
following relationship

T ∗ = Tcommand
ϕ∗s

ϕs,rated
. (33)

In the very high speed region, this method could determine
a torque demand higher than the maximum torque (29) corre-
sponding to the actual fluxϕ∗s. As the maximum torque is pro-
portional to the square of the flux, the torque reference should
be set not greater than the following value

T ∗max = kT (ϕ∗s)
2
. (34)

The parameterkT is nearly constant in the whole flux
weakening region and can be determined as the ratio between
the maximum torque at the rated flux and the square of the
rated flux itself.
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12.3. Experimental results. In order to achieve good perfor-
mance, it has been verified that the DTC sampling frequency
should be at least 20 times greater than the update frequency
of the flux reference.

Figure 32 shows the behaviour of a motor during a start-up.
The final speed is about 400% of the base speed. Initially, the
torque command is zero, the motor is at standstill and the flux
reference corresponds to the rated value.

Fig. 32. Starting transient from 0% up to 400% of the base speed.
(1) Motor current (20 A/div). (2) Flux reference (0.30 Wb/div). (3)

Torque command (10 Nm/div). 4) Torque reference (10 Nm/div)

After the application of a step torque command of rated
value, the motor starts up. Until the speed is lower than the
base speed, the torque reference equals the torque command.
As soon as the base speed is reached, the motor can no more
generate the requested torque, and the flux weakening algo-
rithm automatically reduces the flux reference and proportion-
ally the torque reference.

In the constant power speed range, the current is almost
constant, according to the operation principle of the flux weak-
ening algorithm. Above the constant power speed range, the
torque reference does not follow the behaviour of the flux refer-
ence, but decreases proportionally to its square value, accord-
ing to (34). As can be seen, from a certain speed, the torque ref-
erence assumes constant value corresponding to the maximum
torque reference, and then the current amplitude decreases.

The experimental results confirm the validity of the pro-
posed flux weakening algorithm whose main advantages can
be summarized as follows:

– no need of machine parameters knowledge,
– no need of calculation of the stator flux reference as function

of the operating conditions,
– no need of calculation of the base speed, which in general

depends on the machine parameters, motor current and DC-
link voltage.

13. Comparison between DTC, DSC and FOC
schemes

Thirty years ago, in 1971 F. Blaschke presented the first paper
on FOC for induction motors. Fifteen years later, in 1984-86
M. Depenbrock and I. Takahashi, presented the first papers on
a new control technique called Direct Self Control and Direct
Torque Control. Both FOC and DTC-DSC are today becoming
the industrial standards for induction motors torque control.

This Section is aimed to give a contribution for a fair com-
parison between the two control techniques, emphasizing ad-
vantages and disadvantages [53]. Because DTC is intrinsically
sensorless, a Direct FOC (DFOC) scheme will be considered,
instead of a general FOC scheme.

13.1. DFOC and DTC comparison lines.For a fair com-
parison of the two schemes the following criteria have been
adopted.

– The same DSP board for implementing DFOC and DTC
schemes.

– The same average switching frequency of the inverter.

A comparison carried out with the same cycle period is not
fair enough. In fact, the same cycle period does not allow a
suitable use of the basic characteristics of DTC scheme that
are the easy implementation and the reduced calculation time.

In both DFOC and DTC schemes the flux estimator has
been considered ideal, being the effects due to parameter vari-
ations at low speed out of the main aim of this comparison. The
quantities employed to evaluate the performance of DFOC and
DTC, in steady state and transient conditions, are:

– current and torque ripple values in steady-state operating
conditions,

– time response to a step variation of the torque command, at
different rotor speeds.

A detailed comparison between the two solutions can be
carried out by means of numerical simulations, where sec-
ondary effects that could mask the switching behaviour are not
present. However, the effects of time discretization and delay
caused by the sampling of signals must be taken into account.

The parameters used in the simulations are shown in Ta-
ble 4. The amplitude of the hysteresis bands have been adjusted
in order to achieve a mean inverter switching frequency prac-
tically equal to that of DFOC scheme. It is worth noting that,
due to the particular modulation strategy adopted, the mean
switching frequency of the DFOC scheme is defined as 2/3 of
the carrier frequency (6.1 kHz). For DTC, the switching fre-
quency can be defined as the number of switch state changes
per second divided by six. With these definitions, the switching
frequency of DTC and SVM are directly comparable.

Table 4
Simulation parameters

DFOC Scheme DTC Scheme
Cycle period = 160µs Cycle period = 40µs
Two-phase modulation Basic switching table
Technique Resulting switching frequency = 4.1 kHz
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Steady-state performance.With reference to the three-phase
rms current ripple the results are shown in Table 5.

Table 5
Three-phase rms current ripple

Torque
DFOC DTC
Speed Speed

1440
rpm

720
rpm

144
rpm

1440
rpm

720
rpm

144
rpm

26.5 Nm 0.64 A 0.63 A 0.58 A 1.10 A 1.57 A 1.46 A
13.25 Nm 0.64 A 0.94 A 0.47 A 1.09 A 1.56 A 1.27 A
0 Nm 0.65 A 0.93 A 0.34 A 1.18 A 1.46 A 1.21 A

As it is possible to see, in all the operating conditions the
behaviour of DFOC scheme is characterized by lower values
of the three-phase rms current ripple with respect to the DTC
scheme. Furthermore, it should be noted that in the high-speed
range the DTC scheme 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 moderate effect produced by the
voltage vectorsV 2 andV 3 when the torque has to be increased
at high speed.

Under the assumption 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.

With reference to the current waveforms it can be noted
that the harmonic spectrum of DFOC (Fig. 33) shows only
the harmonic component corresponding to the modulation cy-
cle period, whereas with DTC scheme the spectrum (Fig.
34) shows a series of harmonics with lower values, but dis-
tributed all over the frequency range. According to the current
spectrum, DFOC generates a high frequency uniform noise,
whereas DTC produces an irregular noise level, which is par-
ticularly maddening at low speed.

Fig. 33. Stator current harmonic spectrum (DFOC), rated speed, rated
torque

Fig. 34. Stator current harmonic spectrum (DTC), rated speed, rated
torque

Transient performance. Figures 35 and 36 show the results
obtained for a step variation of the torque command, at 100

rpm. Thee results show that using the DTC scheme a better
torque response can be achieved in terms of settling time and
maximum overshoot. The different dynamic behaviour is due
to the presence of PI regulators in DFOC scheme, which delay
the torque response.

From the results obtained it can be concluded that the
whole performance of the two schemes is comparable.

DTC might be preferred for high dynamic applications, but
it shows higher current and torque ripple. This last drawback
could be partially compensated by adopting a DTC-DSVM
scheme that requires only a small increase of the computation.
Furthermore, the DTC scheme is simpler to be implemented,
requiring a very small computational time. Even in low cost
DSP platforms, with respect to FOC, it leaves more resources
for other tasks (reference generation, communication, manage-
ment of the user interface, etc.), that nowadays are the promi-
nent part of an industrial drive.

Fig. 35. DFOC torque step response

Fig. 36. DTC torque step response

14. Conclusions
The concept of the DTC-DSC technique for IM has been an-
alyzed by means of physical considerations, analytical devel-
opments, simulations and experimental results, demonstrating
how the stator flux amplitude and the motor torque can be kept
under control through the application of the voltage space vec-
tors generated by a VSI.

As in any sensorless IM drive, the performance of a DTC
drive deteriorates al low speed. However, it has been illustrated
that the use of an improved flux estimator gives the drive good
performance even in those operating conditions.

Some improvements to basic DTC scheme have been dis-
cussed and a viable solution for flux weakening operation has
been presented.

A fair comparison between FOC and DTC, performed on
the basis of suitable criteria, concluded that the whole perfor-
mance of the two schemes is comparable. DTC might be pre-
ferred for high dynamic applications. Its higher current and
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torque ripple may be partially compensated by adopting a
DTC-DSVM scheme. Furthermore, DTC is simpler to be im-
plemented, requiring a very small computational time and low
cost DSP platforms.

Appendix

Space vector representation.The “space vector” is a com-
pact and powerful tool for describing a three-phase system of
variablesa1, a2 anda3.

The instantaneous space vector representation is based on
the following transformation:

ā =
2
3

[
a1 + a2 ej 2 π

3 + a3 ej 4 π
3

]
. (A1)

The zero component is defined as

a0 = a1 + a2 + a3. (A2)

The inverse transformations are

a1 =
a0

3
+ <e [ā] (A3)

a2 =
a0

3
+ <e

[
āe−j 2π

3

]
(A4)

a3 =
a0

3
+ <e

[
āe−j 4π

3

]
. (A5)

Space vector representation of the in equations.Under the
assumption of no hysteresis, eddy currents and saturation of the
magnetic circuit, and the additional assumption of sinusoidal
distribution of the stator and rotor windings, the equations of
an IM, written in terms of space vectors in a stator reference
frame are

v̄s = Rsīs +
dϕ̄s

dt
(A6)

0 = Rr ī
s
r +

dϕ̄s
r

dt
− j ωϕ̄s

r (A7)

ϕ̄s = Lsīs + M īsr (A8)

ϕ̄s
r = Lr ī

s
r + M īs (A9)

T =
3
2

p īs · jϕ̄s (A10)

Combining (A10) with (A8) and (A9), the expression of the
torque can be rewritten as follows:

T =
3
2

pM

σLsLr
[ϕ̄s · jϕ̄s

r] (A11)

where· represents the scalar product andω is the rotor angular
speed expressed in electrical radians.
Voltage source inverter.A three-phase voltage source inverter
can be schematized as in Fig. A1, whereVc is the dc link
voltage. The number of the available inverter configurations
is 23 = 8.

Fig. A1. Schematic representation of a three-phase voltage
source inverter

The line-to-neutral voltage vectors corresponding to the 8
inverter states are shown in Fig. A2.

Fig. A2. Inverter voltage space vectors
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