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This paper presents a novel controller based on Direct Torque Control (DTC) strategy. This controller is de-
signed to be applied in the control of Induction Motors (IM) fed with a three-level Voltage Source Inverter
(VSI). This type of inverter has several advantages over the standard two-level VSI, such as a greater number of
levels in the output voltage waveforms, lower d}/dt, less harmonic distortion in voltage and current waveforms
and lower switching frequencies. In the new controller, torque and stator flux errors are used together with the
stator flux angular frequency to generate a reference voltage vector. Experimental results of the novel system are
presented and compared with those obtained for Classical DTC system employing a two-level VSI. The new con-
troller is shown to reduce the ripple in the torque and flux responses. Lower current distortion and switching fre-
quency of the semiconductor devices are also obtained in the new system presented.
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1 INTRODUCTION

Direct Torque Control (DTC) is a method that
has emerged to become one possible alternative to
the well-known Vector Control of Induction Motors
[1-3]. This method provides a good performance
with a simpler structure and control diagram. In
DTC it is possible to control directly the stator flux
and the torque by selecting the appropriate VSI
state. The main advantages offered by DTC are:

— Decoupled control of torque and stator flux.

— Excellent torque dynamics with minimal respon-
se time.

— Inherent motion-sensorless control method since
the motor speed is not required to achieve the
torque control.

— Absence of coordinate transformation (required
in Field Oriented Control (FOC)).

— Absence of voltage modulator, as well as other

controllers such as PID and current controllers
(used in FOC).

— Robustness for rotor parameters variation. Only
the stator resistance is needed for the torque
and stator flux estimator.

These merits are counterbalanced by some draw-
backs:

— Possible problems during starting and low speed
operation and during changes in torque com-
mand.
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— Requirement of torque and flux estimators, im-
plying the consequent parameters identification
(the same as for other vector controls).

— Variable switching frequency caused by the hy-
steresis controllers employed.

— Inherent torque and stator flux ripples.

— Flux and current distortion caused by sector chan-
ges of the flux position.

— Higher harmonic distortion of the stator voltage
and current waveforms compared to other met-
hods such as FOC.

— Acoustical noise produced due to the variable
switching frequency. This noise can be particu-
larly high at low speed operation.

A variety of techniques have been proposed to
overcome some of the drawbacks present in DTC
[4]. Some solutions proposed are: DTC with Space
Vector Modulation (SVM) [5]; the use of a duty-
-ratio controller to introduce a modulation between
active vectors chosen from the look-up table and
the zero vectors [6-8]; use of artificial intelligence
techniques, such as Neuro-Fuzzy controllers with
SVM [9]. These methods achieve some improve-
ments such as torque ripple reduction and fixed
switching frequency operation. However, the com-
plexity of the control is considerably increased.

A different approach to improve DTC features is
to employ different converter topologies from the
standard two-level VSI. Some authors have presen-
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ted different implementations of DTC for the
three-level Neutral Point Clamped (NPC) VSI
[10-15]. This work will present a new control sche-
me based on DTC designed to be applied to an
Induction Motor fed with a three-level VSI. The
major advantage of the three-level VSI topology
when applied to DTC is the increase in the num-
ber of voltage vectors available. This means the
number of possibilities in the vector selection pro-
cess is greatly increased and may lead to a more
accurate control system, which may result in a re-
duction in the torque and flux ripples. This is of
course achieved, at the expense of an increase in
the complexity of the vector selection process.

2 THE THREE-LEVEL NPC INVERTER

The standard VSI traditionally used in electrical
drive systems is the two-level VSI, which unfortu-
nately has a number of inherent limitations. For
example the maximum voltage that can be suppor-
ted by the semiconductor switching devices in the
inverter limits the maximum value of DC bus vol-
tage. Similarly the output voltages and currents
from the inverter can contain high harmonic distor-
tion. The output voltage waveforms can also con-
tain large values of d}/d¢, which contribute to the
degradation of the machine windings insulation and
also produce considerable electromagnetic interfe-
rence during operation. New multilevel VSI topolo-
gies however can considerably reduce many of the-
se limitations [16].

The three-level NPC VSI, presented in Figure 1,
is one of the most commonly applied multilevel
topologies [17]. This type of VSI has several advan-
tages over the standard two-level VSI, such as a
greater number of levels in the output voltage
waveforms, lower dV/d¢, less harmonic distortion
and lower switching frequencies. The main draw-
back of this type of converter is the voltage imba-
lance produced in the capacitors of the DC-link
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Fig. 1 Three-level NPC VSI
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Fig. 2 Voltage space vectors for a three-level NPC VSI

when one of the phases is connected to the middle
point or Neutral Point (NP).

In Figure 2, the different vectors or VSI states
available in a three-level VSI are presented. As it
can be seen, there are 4 different kinds of vectors
depending on the module:

— Zero vectors: Vz (with 3 possible configurations).
— Large vectors: V11, V21, V3I, V4l, V5], Vel

— Medium vectors: Vlim, V2m, V3m, V4m, V5m,
Voém.

— Small vectors: V1s, V2s, V3s, V4s, V5s, Vb6s.
(with 2 possible configurations for each).

The state of the switches for each leg (C4, Cp
and C) is shown in brackets (2: phase connected
to the positive of the DC-link; 1: phase connected
to the middle point of the DC-link (NP); 0: phase
connected to the negative of the DC-link). The out-
put voltage vector is defined by the following ex-
pression:

a:V%C@cA +bCp+b'Ce); C4,Cp,Ce €0,1,2)
2n (1)
where a:el? and b=2a -a2-1.

3 DTC PRINCIPLE REVIEW

In order to understand DTC principle some of
the equations of the Induction Motor need to be
reviewed. The electromagnetic torque can be ex-
pressed as a function of the stator flux and the
rotor flux space vectors as follows:

3 L I
[,=—ZP— " __4) xip.. (2)
e 2 LSLr _ L%n s r

If the modulus of the previous expression is

evaluated it is obtained:
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Considering the modulus of the rotor and stator
fluxes constant, torque can be controlled by chang-
ing the relative angle between both flux vectors.
Stator flux can be adjusted by the stator voltage
according to the stator voltage equation in stator
fixed coordinates:

- - dy
u,=Ri +—2%. 4
A §°s dt ()

If the voltage drop in the stator resistance is
neglected the variation of the stator flux is directly
proportional to the stator voltage applied:

S duy - Ay,
7N i 7N Ar 5)

Because the rotor time constant is larger than
the stator one, the rotor flux changes slowly com-
pared to the stator flux. Thus torque can be con-
trolled by quickly varying the stator flux position
by means of the stator voltage applied to the
motor. The desired decoupled control of the stator
flux modulus and torque is achieved by acting on
the radial (x) and tangential (y) components respec-
tively of the stator flux vector. According to (5)
these two components will depend on the compo-
nents of the stator voltage vector applied in the
same directions. The tangential component of the
stator voltage will affect the relative angle between
the rotor and the stator flux vectors and in turns
will control the torque variation according to (3).
The radial component will affect the amplitude of
the stator flux vector.

Figure 3 shows the stator flux in the a-f plane,
and the effect of the different states of a two-level
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Fig. 3 Influence of the voltage vector selected on the variation of
stator flux modulus and torque
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VSI regarding torque and stator flux modulus varia-
tion. The a-f plane is divided into six different sec-
tors. As an example, for sector 1 (K=1), V2 can
increase both stator flux and torque.

According to the considerations illustrated in
Figure 3 the generic or Classical DTC scheme for
a VSI-fed Induction Motor was developed [1] as
shown in Figure 4.

Direct Torque Control (DTC)
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Fig. 4 Classical DTC scheme

As it can be seen, there are two different loops
corresponding to the magnitudes of the stator flux
modulus and torque. The reference values for the
stator flux modulus and the torque are compared
with the estimated values, the resulting error values
are fed into a two-level and a three-level hysteresis
block respectively. The outputs of the stator flux
error and torque error hysteresis blocks, together
with the position of the stator flux are used as in-
puts to the look-up table (Table 1). The position of
the stator flux is divided into six different sectors.
The output of the look-up table is the VSI state
that will be applied during a sampling period. The
stator flux modulus and torque errors tend to be
restricted within its respective hysteresis bands.

The principle of DTC operation can also be ex-
plained by analysing the Induction Motor stator
voltage equation in the stator flux reference frame.

u =Ri +

N s7Ss

Tt joi. ©)

Table 1 Classical DTC look-up table

K(y) 1| 2 | 3 |4 5 16

dr=1 V2 | V3 V4 | V5 V6 | V1
d,=1 dr=0 V7 | VO V7 | VO V7 | VO
dr=-1] V6 | V1 V2 | V3 V4 | V5

dr=1 V3 V4 V5 | V6 Vi V2
dr=0 Vo | V7 Vo | V7 Vo | V7
dr=-1] V5 A Vi V2 V3 | V4

dy=-1
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If this expression is separated into de direct (x)
and the quadrature component (y) of the stator
voltage, the following expressions are can be ob-
tained:

. dy
Uy, =R, +—= 7
X §TSX dt ( )
Uy = Ry, + 0. (8)

In the same reference frame fixed to the stator
flux vector the electromagnetic torque can be ex-
pressed as:

Fe:%Pa)leTs (9)

3 . . 3 .
Fe :EP(wsxlsy _wsylsx) :Epwsxlsy' (10)

Combining expression (8) with (10) the following
torque expression is obtained:

:épwsx(usy_wswsx)' (11)
2 R

)

FC

From expression (7) it can be concluded that sta-
tor flux amplitude can be controlled by means of
the direct (or radial) component of the stator volta-
ge. It is also evident from equation (11) that the
electromagnetic torque can be controlled by means
of the quadrature (or tangential) component of the
stator voltage, under adequate decoupling of the
stator flux. From equation (11) some other conside-
rations can be made:

— Torque depends on the stator flux amplitude as
well.

— It also depends on the stator flux angular speed,
which depends on the operating point of the
machine. It can be seen that as the speed of
the machine and the slip increase the effect of
the voltage vectors applied on the produced tor-
que is lower. It is also obvious that zero vectors
will produce a high torque decrease at high
speeds.

DTC requires the estimation of stator flux and
torque, which can be performed by means of two
different phase currents, the state of the VSI and
the voltage level in the DC-link. This estimation is
based in the stator voltage equation [3]:

i[)s = j( ﬁs _Rs;s) dr. (12)

Torque expression is then obtained using (9).

4 NEW DTC SCHEME

In the new controller, shown in Figure 5, a refe-
rence voltage vector (V) in a4 coordinates is ge-
nerated according to the DTC basic principle ex-
plained in the previous section, rather than using
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Fig. 5 New DTC scheme

the inverter state look-up table as used in classical
DTC. This approach adopted is close to the DTC
with Space Vector Modulation (SVM) scheme with
closed-loop flux and torque control, and Stator Flux
Oriented Control [4]. The inputs to the controller
are the stator flux error, the torque error and ad-
ditionally the stator flux angular speed, which is in-
corporated to improve the torque response at diffe-
rent operating points. The reference voltage gene-
rated as a control action can be synthesised using
different techniques with different degrees of com-
plexity such as choosing the nearest vector avail-
able or using modulation techniques. This controller
can be applied to any topology because the type of
VSI will only affect the way the reference voltage
vector has to be synthesised.

Following the conclusions extracted from (7)
and (11), when calculating the reference voltage (in
x-y coordinates fixed to the stator flux vector) the
radial or x component will depend on the stator
flux error, while the tangential or y component will
depend on the torque error. A feed-forward action
depending on the stator flux angular speed is added
in the calculation of the stator voltage y compo-
nent. This action will compensate the effect of the
operating point on the torque production. Initially
a preliminary reference vector in x-y coordinates is
calculated; where some gain factors have been in-
troduced to tune the controller.

V f}c - Klpsews (13)

re

I/;,efy :Kreere“l‘Kwsws. (14)

Then a transformation x-y to a-8 is performed
to obtain the reference vector in fixed coordinates.
In this point, the new controller synthesises the re-
ference voltage vector by choosing the nearest vec-
tor available that can be delivered by the VSI. The
nearest vector is found by means of calculating the
minimum distance of the voltage vectors that can
be delivered by the VSI to the reference voltage
vector.
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Fig. 6 Experimental setup

A different possibility instead of choosing the
nearest vector and applying it for the whole sam-
pling period is to use modulation techniques such
as Space Vector Modulation (SVM) or some active-
-null vector modulation like in a duty-ratio con-
troller. These possibilities will also provide a higher
but constant switching frequency.

5 EXPERIMENTAL SETUP

The novel controller has been tested in an expe-
rimental setup. This setup contains the following
components as shown in Figure 6:

— A dSpace DS1103 board that performs the con-

trol tasks. This board contains a PowerPC and a

DSP.

— A 30 A three-level NPC VSI with Insulated Gate

Table 2 Induction Motor parameters

Rated power 1.1 kW (Y: 380 V/4.43 A)
Poles 4

Nominal speed 1415 rpm=148.17 rad/s
Nominal torque 7.4 Nm

Nominal Flux 0.96 Wb

R, 921 Q

R, 6.644 Q

L, 0.44415 H

L, 0.03207 H

L, 0.00847 H
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Bipolar Transistors (IGBT) to supply an Induc-
tion Motor.

— A 1.1 kW Induction Motor to be controlled. Tab-
le 2 shows the parameters of this motor.

— Apermanent magnet synchronous motor (PMSM)
attached to the Induction Motor shaft and sup-
plied with an industrial rectifier and inverter.
Torque load can be controlled with this equip-
ment by sending the load torque reference sig-
nal from the control board.

— The control algorithm has been created using
Matlab/Simulink.

6 EXPERIMENTAL RESULTS

Some experimental results have been obtained
for the Classical DTC control system with a two-
-level VSI (DTC2L) and the new control technique
with a three-level VSI (NDTC3L) to establish a
comparison between both systems. Figure 7 and
Figure 8 show the torque response, stator flux re-
sponse and stator currents at 50 rpm and no load
conditions for both systems respectively. Figure 9
and Figure 10 show the torque response, stator flux
response and stator currents at 200 rpm and nomi-
nal torque conditions (7.4 Nm) for both systems re-
spectively.

The sample time used in the control system is
100 ps. In order to assess the performance of both
systems, the torque standard deviation and stator
flux standard deviation are calculated to evaluate
the ripple of both variables. The expression for the
standard deviation of a generic variable employed
is as follows (being n the number of samples):
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Fig. 7 Torque response (left), stator flux response (centre) and stator currents (right) for DTC2L at 50 rpm and no load
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Table 3 Use of the different types of vector in the NDTC3L system

Operating point % zero vectors % small vectors % medium vectors % large vectors
50 rpm and no load 49.52 49.17 1.28 0.04
200 rpm and nominal load 12.51 40.57 26.6 21.32
50 rpm and nominal load 11.85 37.07 28.79 22.31
600 rpm and no load 0.06 9.74 50.08 40.12

| & 1/2 Lo
—2 —
o=|—) (x;-X x=—)>x;. (15
(H;(, )J nzl (15)
Additionally the Total Harmonic Distortion
(THD) of the stator current is calculated and the
mean switching frequency of the inverter IGBT de-
vices has been obtained for both systems. These re-
sults are shown in Table 4, where two additional
operating points are incorporated: 50 rpm and no-
minal load, and 600 rpm with no load.

From the experimental results presented in Figu-
re 7 to Figure 10 it is apparent that the torque and
flux ripple for the new system utilising a three-level

Table 4 Summary of the experimental results at different
operating points

50 rpm and no load

SYSTEM DTC2L NDTC3L
Torque Standard Deviation 0.44 Nm 0.17 Nm
Flux Standard Deviation 0.0065 Wb 0.003 Wb
Stator current THD 11.89 % 5.07 %
Mean Switching Frequency 6350 Hz 1380 Hz
200 rpm and nominal load
SYSTEM DTC2L NDTC3L
Torque Standard Deviation 0.46 Nm 0.22 Nm
Flux Standard Deviation 0.0059 Wb 0.0029 Wb
Stator current THD 2.62 % 1.17 %
Mean Switching Frequency 4078 Hz 1977 Hz
50 rpm and nominal load
SYSTEM DTC2L NDTC3L
Torque Standard Deviation 0.45 Nm 0.34 Nm
Flux Standard Deviation 0.0059 Wb 0.0027 Wb
Stator current THD 320 % 2.04 %
Mean Switching Frequency 5484 Hz 3090 Hz
600 rpm and no load
SYSTEM DTC2L NDTC3L
Torque Standard Deviation 0.30 Nm 0.13 Nm
Flux Standard Deviation 0.0091 Wb 0.0028 Wb
Stator current THD 6.58 % 143 %
Mean Switching Frequency 1869 Hz 940 Hz
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VSI is considerably reduced. Stator current wave-
forms also show less distortion for the new system.
Measurements made on the results obtained (see
Table 4) also show that the THD of the stator cur-
rents and the switching frequency of the inverter
switches in the proposed system can be both re-
duced by more than 50 %. Switching frequency is
reduced due to the utilisation of a three-level VSI
topology. In this type of inverter some transitions
between the three possible states of a leg do not
involve the commutation of all the semiconductors
of the leg. With the new proposed system, NDTC3L,
a higher efficiency can be achieved due to the re-
duction of switching frequencies and THD. This
feature together with the improved torque control
makes this system an interesting alternative in ap-
plications such as electrical vehicles [18].

In Table 3 it is shown the percentage of utilisa-
tion for every different type of vector that can be
delivered by the three-level VSI at different opera-
ting points. It is interesting to see how the small
and medium vectors, which do not exist in the two-
-level topology, play an important role in reducing
the torque ripples. This is particularly important for
small vectors at low speed and low load operation.
It can be seen that in this condition (50 rpm and
no load) medium and large vectors are hardly ever
employed.

Bl ADTCH.CHA S0 M, |, O mS | i L 1 1

Fig. 11 Stator phase voltage for DTC2L (up) and NDTC3L (down)
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Finally, in Figure 11 it can be seen the stator
voltage waveforms captured with the oscilloscope in
the star-connected motor phases. The number of
voltage levels delivered by the two-level VSI is 5,
while in the case of the three level VSI this num-
ber is increased to 9 voltage levels, achieving a
more sinusoidal and motor-friendly waveform. It is
evident that voltage dl/dt is reduced with the
three-level VSL

7 CONCLUSIONS

A novel controller based on the DTC principle
is presented and it is shown that it can be easily
implemented in a three-level VSI drive system. The
inputs of the controller are the stator flux error,
the torque error and additionally the stator flux an-
gular speed. A reference voltage vector is then ge-
nerated instead of choosing the inverter state
through a look-up table as in the Classical DTC
system. The reference voltage generated at the out-
put of the controller is then synthesised applying
the nearest vector available. This controller can be
easily applied to different VSI topologies. The novel
controller equations do not involve the use of
motor parameters. Motor parameters are only used
in the inherent torque and stator flux estimation
necessary in any DTC system. The experimental re-
sults obtained for the new DTC scheme with a
three-level VSI illustrate a considerable reduction
in torque ripple, flux ripple, harmonic distortion in
stator currents and switching frequency when com-
pared to the existing Classical DTC system utilising
two-level VSIL.

LIST OF SYMBOLS

I, - electromagnetic torque

I'; - torque reference

I'. - estimated torque

er, — torque error

dr - torque error label

¥, — stator flux vector

Y, — x component of the stator flux vector
Yy, — y component of the stator flux vector
Y, — stator flux module reference

Y, — estimated stator flux

)93. — estimated stator flux angle

o, — stator flux angular speed

@; - estimated stator flux angular speed
ey, — stator flux error

K - stator flux sector position

d, — stator flux error label
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P - pole pairs

L,, - magnetising inductance

L, - stator inductance

L, - rotor inductance

R, - stator resistance

R, - rotor resistance

Y. - rotor flux vector referred to the stator
u; - stator voltage vector

u, — x component of the stator voltage vector
ug, — y component of the stator voltage vector
I, — stator current vector

i,, — x component of the stator current vector
Iy, ~— y component of the stator current vector
i, — stator current phase a

iy, — stator current phase b

Vpe — DC-link voltage

Vs — x component of the voltage reference
Viesy — y component of the voltage reference
V.. — a component of the voltage reference
Vi — B component of the voltage reference
Ky, - torque gain

K, - stator flux gain
K, - stator flux angular speed gain.
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Nova shema za izravno upravljanje momentom asinkronih motora napajanih iz trofaznog izmjenjivaca. U
ovome se clanku opisuje novi regulator zasnovan na strategiji izravnog upravljanja momentom i razvijen za pri-
mjenu u upravljanju asinkronim motorima napajanim iz trorazinskih izmjenjivaca napona. Taj tip izmjenjivaca ima
nekoliko prednosti u odnosu na standardne dvorazinske izmjenjivace napona, kao §to je veci broj razina u izlaznom
valnom obliku napona, nizi du/dt, manja distorzija harmonika u valnim oblicima napona i struje i nize frekvenci-
je komutacije. U novom regulatoru moment i pogreske u statorskom toku koriste se zajedno s kutnom frekvenci-
jom statora za tvorbu referentne vrijednosti vektora napona. Eksperimentalni su rezultati novog sustava prikazani
i usporedeni s rezultatima klasicnog sustava koji koristi dvorazinski pretvara¢ napona. Novi regulator pokazuje
smanjeni Sum u odzivima momenta i toka motora. U predlozenom je sustavu takoder postignuta i manja distor-
zija struje i manja frekvencija komutacije poluvodickih sklopova.

Kljucne rijeci: elektromotorni pogoni promjenljive brzine, izravno upravljanje momentom i tokom, asinkroni mo-

tori, viSerazinski pretvaraci

AUTOMATIKA 46(2005) 1-2, 73-81

AUTHORS’ ADDRESSES

Xavier del Toro Garcia*, Antoni Arias**, Marcel G. Jayne*, Phil
A. Witting*, Vicen¢ M. Sala**, Jose Luis Romeral**

%

ek

School of Electronics, University of Glamorgan,
Pontypridd, Wales, United Kingdom.

Electronic Engineering Department, Universitat Politécnica
de Catalunya, Terrassa, Catalunya, Spain.

Received: 2005-12-01

81



