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Direct Torque Control of Double-Star Induction Motors
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Abstract - The object of this paper is to study a new control structure for sensorless double-star induction
motors (DSIM) dedicated to electrical drives using a two-level voltage source inverter (VSI). The output
voltages of PWM inverter can be represented by 8 space vectors in (d , q) plane, two zero vectors and six non-
zero vectors which divide the (d , q) plane into 6 regions. Then the amplitude and the rotating velocity of the
flux vector can be controlled freely, Both fast torque and optimal switching logic can be obtained. The selection
is based on the value of the stator flux and the torque. A novel DTC scheme of double-star induction motors is
proposed in order to develop a suitable dynamic. Compared to classical Field Oriented Control (FOC), which
necessitates generally three feedback loops with PI regulators, a current-regulated PWM converter, and two
coordinate transformations, Direct Torque Control (DTC) uses only a couple of hysteresis comparators to
perform both torque and flux dynamic control [1]. The results obtained show superior performances over the
FOC one without need to any mechanical sensor.

Key Words: Double-star induction motor, Direct torque control, Fast torque response, Sensorsless control,
Voltage source inverter.

providing a very quick and robust response with a
simple control construction in ac drives[3],[4]. This

1 Introduction
The rapid development of the capacity and

switching frequency of the power semiconductor
devices and the continuous advance of the power
electronics technology have made many changes in
static power converter systems and industrial motor
drive areas. The conventional GTO inverters have
limitation of their dc-link voltage and switching
frequency. Hence, double-star induction motors
provide an attractive solution for high power
process. The vector control of induction motor drive
has made it possible to be used in applications
requiring fast torque control such as traction [2]. In
a perfect field oriented control, the decoupling
characteristics of the flux and torque are affected
highly by the parameter variation in the machine.

The scheme proposed in this paper is also based on
direct torque and flux control of induction machines
fed by two three-phase VSI using a switching table.
In this method, the output voltage is selected and
applied sequentially to the machine through a look—
up table so that the flux is kept constant and the
torque is controlled by the rotating speed of the
stator flux. The direct torque control (DTC) is one
of the actively researched control scheme which is
based on the decoupled control of flux and torque

type of system associated to the DSIM presents
particular advantages to naval ship propulsion
systems which rely on high power quality,
survivable drives.
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2 Converter DC/AC Model

Fig.2 shows the schematic diagram of two-level
voltage source inverter (VSI), where Sa, Sb, Sc are
switching function with value “1” when the switch
is set to the positive voltage or “0” when the switch
is set to the negative voltage. In this case, the
voltage applied to the machine are determined only
by the inverter switching mode and regarded as
discrete values.

Table.1 shows the switching states of this inverter,
since two kinds of switching states exist in each
phase, a two-level inverter has 8 switching states.
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Fig. 2 : Schematic diagram of VSI Inverter

(a)

Switching states S. Sy S.
Vo 0 0 0
\Z 1 0 0
V, 1 1 0
V; 0 1 0
V, 0 1 1
Vs 0 0 1
Vs 1 0 1
Vv, 1 1 1

Table 1: Switching states of VSI inverter

A two-level inverter is only capable to produce six
non-zero voltage vectors and two zero vectors. Fig.5
shows the representation of the space voltage
vectors for all switching states. The instantaneous
vector of stator voltage can be expressed as follows:

o j& . (k-1).7
Vs=Vs.e =\/%.Vdc.ej'—3 for k=1,2,.....6

B (1)
Vs=0 for k=0,7

\75:\/% Vde (Sa +aSh +a’*Sc) )

3 Modelling of a Double-Star

Induction Motor
The double-star induction motor consists of a
standard simple squirrel-cage rotor and two separate
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three-phase stator windings. The windings of the
DSIM are shown in Fig.3.

(Rotor)

(Stator2)

(Stator1)

Fig.3 : Windings of the DSIM

The following assumptions are made :

e Motor windings are sinusoidally distributed,
e The two star have same parameters,
e Flux path is linear.

Since the two three phase windings wye-connected
with isolated neutrals, zero-sequence harmonic
currents are non-existent. So, only harmonics of
order 3j+1 ( j=0,1,2,3...) are considered, by this
way a complex model can be derived [5]. The
scheme proposed in this paper is also based on
direct torque control of DSIM, while being
interested in the angle a=mn/6 or a=0.

Torque control can be achieved on the basis of its
model developed in a two axes (d , q) reference
frame stationary with the stator winding, fig.4 . In
this reference frame and with conventional notations
(appendix), the electrical mode is described by the
following equations:
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Fig. 4 : DSIM Model in the stationary reference



%ZVsdl—Rslisdl 3)
d(ijstql =Vsq1—Rs1isql 4)
d%#ﬂsdz—Rszisdz (5)
dqod%ZZVsqz—Rszisqz (6)
¢sd1=Ls1isd1+Lm (isd1+isd2+ird ) (7
¢sq1=Ls1isq1+Lm (i5q1+isq2+irq) (®)

¢sd2=Ls2 isd2+Lm (isd1+isd2+ird ) )
Psq2=Ls2 isg2+Lm (isq1+isq2+irq) (10)

ord =Lr ird +Lm lisq1 +isd2 +ird ) (11)
orq=Lr irq+Lm (isq1+isq2+irg) (12)

Tem=p|(isq10sd1-isd 195q1)+(isq2osd2 —isd20sq2)] (13)

The mechanical mode associated to the rotor motion
is described by :

19 o (@) (14)

Iv(Q)and Tem are respectively the load torque and

the electromagnetic torque developed by the
machine.

4 Stator Flux and Torque Estimation
Basically, DTC schemes require the estimation of
the stator flux and torque. The stator flux evaluation
can be carried out by different techniques depending
on whether the rotor angular speed or (position) is
measured or not. For sensorless application, the
“voltage model” is usually employed [6]. The stator
flux can be evaluated by integrating from the stator
voltage equation.

ps(H=](Vs—Rslg)dt (15)

This method is very simple requiring the knowledge
of the stator resistance only. The effect of an error in
R,.i; usually quite negligible at high excitation
frequency but becomes more serious as the
frequency approaches zero [6].
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Fig. 5 : Flux deviation

The deviation obtained as the end of the switching
period Te can be approached by the first order
Taylor Seri as below.

Apg =V Ty.cos(6, —65)
Vs.sin(8, — 65) (16)
Pso

Al =T,

Considering the combination of states of switching
functions Sa, Sb, Sc. Fig.5 shows the adequate
voltage vector selection we can increase or decrease
the stator flux amplitude and phase to obtain the
required performances. The electric torque is
estimated from the flux and current information as

[1]:

Tem1=Pp (isq1¢sd1-isd 19sq1) (17)

5 Principle Of Direct Torque Control
Fig.1 shows a block diagram of the DTC scheme.
The reference values of flux, (ps* , and torque, Cem »
are compared to their actual values and the resultant
errors are fed into a two level comparator of flux
and torque.

The stator flux angle, 6;is calculated by :

?sq
Os=arctan—— 18
S osd (18)

And quantified into 6 levels depending on which
sector the flux vector falls into. Different switching
strategies can be employed to control the torque
according to whether the flux has to be reduced or
increased. Each strategy affect the drive behavior in
terms of torque and current ripple, switching
frequency and two or four-quadrant operation
capability. Assuming the voltage drop R.iy small,
the head of the stator flux (s moves in the direction



of stator voltage V; at a speed proportional to the
magnitude of V according to

A(PS = Vs Te (19)

The switching configuration is made step by step, in
order to maintain the stator flux and torque within
limits of two hysteresis bands. Where T. is the
period in which the voltage vector is applied to
stator winding. Selecting step by step the voltage
vector appropriately, it is then possible to drive @
along a prefixed track curve.

Assuming the stator flux vector lying in the k-th
sector (k=1,2,3,4,5,6) of the (d , q) plane, in the case
of two level inverter, to improve the dynamic
performance of DTC at low speed and to allow four-
quadrant operation, it is necessary to involve the
voltage vectors Vg, and Vg, in torque and flux
control. In the following, Vi, and Vi, will be
denoted  “backward”  voltage  vectors in
contraposition to “forward” voltage vectors utilised
to denote Vg4 and Vi, A simple strategy which
makes use of these voltage vectors is shown in table
2.

Tewm T Tem ¥
(Ps T VK+1 V K-1
s s Vi Vi

Table 2: Selection strategy for four-quadrant
operation

For steady operating conditions, equations (17)
describing the machine torque can be transformed to
a sinus function :

Feimo = Imaxo-sin2y, (20)

I'maxo and yo are equation respectively torque and

the difference angle between stator and rotor flux
vectors.

l1-o
I, =p.
maxo = P 2oL,

~€0520 5 Yo =050 —bho (2D

Equations (20) and (21) are established with the
assumption that stator flux and rotor closed values
in steady state. For disturbed states, the stator flux
angle 6, has in practice a fast dynamic mode as
compared to the rotor flux angle 0,. If these two
assumptions are hold the effect of stator vector
voltage on the machine torque can be expressed by
the first order Taylor expansion as below :
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ATgim ~ K, Apg + K. A (22)

The sensitivity coefficients K¢ et KO are defined
by :

dlgm 2
Kgo = V = (p_ elmo
dr S SO (23)
Kg = d%p:” = 2T hax0-€082y,
linking equations (16), (22) and (23) leads to :
V. T
Algm = 2.8 Toimo-cos(6, — bso)
w T e
+ =L rl’%laxO - re2Imo -sin(6, — O50)
Pso

This shows the feasibility torque control by a well
selected vectors voltage Vs [7].

According to this strategy, the stator flux vector is
required to rotate in both positive and negative
directions. By this, even at very low shaft speed,
large negative values of rotor angular frequency can
be achieved, which are required when the torque is
to be decreased very fast. Furthermore, the selection
strategy represented in table.2 allows good flux
control to be obtained even in the low speed range.
However, the high dynamic performance which can
be obtained utilising voltage vectors having large
components tangential to the stator vector locus
implies very high switching frequency.

6 Switching Strategy

The switching strategy in the order of the sector Os,
is illustrate by table 3. The flux and torque control
by vector voltage has in nature a desecrate behavior.
In fact, we can easily verify that the same vector
could be adequate for a set of value of 0;. The
number of sectors should be as large as possible to
have an adequate decision.

The appropriate vector voltage is selected in the
order to reduce the number of commutation and the
level of steady-state ripple.

Sectors (0,) 112] 3 4 |56

1 |[V2|/V3]| V4 |[V5]V6|V1
cepl |1 cflx | 0 [V3|V4| V5 |V6|V1|V2
1 |[V6|V1| V2 |[V3|V4]|V5S
cepl |0 cflx | 0 |[V5|V6| VI | V2|V3]|V4

Table 3 : Switching Strategy
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For flux control, let the variable E, (E,~o, -0s) be torque reaches the new reference torque in about
located in one of the three regions fixed by the Ims, fast torque response is obtained.
contraints: From this analysis high dynamic performance, good

stability and precision are achieved.

E(p < E(p min » E(p min < E(p < E(p max » E(p > E(p max - 25 40

nN
o

Torque (N.m)
B B
a o ol
stator current isd1 (A)

The switable flux level is then bounded by E,, min and

Egmax. The regions defined for torque location are
also noted by :

20

VAT

-20

EF < Erlnin 5 El"min < EF < Erlnax 5 EF > El"max

o

-40
0.1 0.2 0 0.1 0.2

time (s) time (s)

o

And then controlled by an hysteresis comparator.
We apply the principle of the control while 500
estimating the flux and the couple of every stators,
what allows us to get an equivalent machine with
the made previously assumptions.

stator voltage vsd1 (v)
o
phisd (phisq)
[N o [ N}

7 The Simulation Results 200 01 02 2T 1 o 1

The validity of the proposed DTC algorithm for ime

three-phase voltage source inverter is proved by the Fig. 6 Torque response, stator current in the phase Sal
simulation results using Matlab-Simulink. The stator voltage, vector flux locus for a=30°

parameters of motors are given in the Appendix.

400

The used flux and torque mismathes for the 220 -
approach are expressed in percent with respect to th Z Ezoo
[}
flux and torque reference values. 210 g
e &
0 0
Epmax =2.14 % , Eg min =-2.14 % , Ermin=- 2.5 %, 0 01 0z 0 2 4 6
E —259% time (s) < time (s)
I'max . 0. gl.S %: 20
. . . 5 1 =
The simulation results illustrates both the steady 505 g0 W
state and the transient performance of the proposed 8 g%
. 0 & 40
torque control scheme. However, the machine has 0 01 02 % 0 o1 0.2
been supposed to run at load. < 500 time (s) 2 time (s)
% %
| Tem _ z Zz
Fr_(Qref Kf).Q (25) E? o o
Fig.6 shows the phase current and flux for steady g s
state operation and transient régime at 14 N.m with § 500 01 02 2 0 2

1.4 Wb. The wave form of the stator current is time (s)
closed to a sinusoidal signal. The trajectory of the
flux in the case of a=0° is nearly a circle and
answers more quickly compared to the flux response
in the case of a=30°.

The phase current generated by the three-phase
inverter have low harmonic components. Fig.8
shows the current harmonics in the phase Isal
(11.50 % THD).

Low torque ripple is observed in the fig.6 and fig.7.
One nearly has the same rate of harmonic for the
two approaches.

Fig.9 shows the torque reverse response from + 14
N.m to - 14 N.m and flux for 1.4 Wb. The output

Fig. 7 Torque, flux, speed response, stator current in the
phase isal, Stator voltage, vector flux locus for a=0°
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Fig. 8 : Current harmonics Isal
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Fig. 9 Stator current in the phase sal, flux response
and electric torque reverse response of the
motor for a=0°

8 Conclusions

The direct torque control DTC was introduced to
give a fast and good dynamic torque and can be
considered as an alternative to the field oriented
control FOC technique.

High reliability is required, the in-line diagnosis or
off-line diagnosis have to be considered in the case
of the control using the field-oriented control. For
this reason, The simulation results illustrates the
feasibility torque control using a two three-phase
inverter.

Two problems usually associated with DTC drives
which are based on hysteresis comparators are:
variable switching frequency and inaccurate stator
flux estimation which can degrade the drive
performance. The effect of proposed method has
been proven by simulations. It is concluded that the
proposed control produces better results for transient
state operation then the conventional control.

In this paper, a DTC systems is presented it is
suitable  for  high-power and high-voltage
applications.
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Appendix

Induction Motors Parameters
Rated power : 4.5 kW

Rated voltage : 220 V

Rated speed : 2840 rpm

Rated frequency : 50 Hz

Rotor resistance R, : 2.12 Q

Stator inductance Ly : 0.011 H
Stator inductance Ly, : 0.011 H
Rated current : 6.5 A

Stator resistance Rg; = Ry : 1.86 QO
Rotor inductance : 0.274 H
Magnetizing Inductance : 0.3672 H
Number of pairs of poles : p=1
Rotor inertia : 0.0625 Kg.m”
Friction Coefficient : 0.008 N.m.s/rd
Sampling time Te : 100 ps

dc-link voltage V4: 514 V
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