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Abstraet — More than ten years have passed since direct
torque control strategy of an induction motor was first
reported. The strategy hus featured direct control of a stator
flux vector and an ocutput torque instead of the conventional
current control technique which has been emploved in the
field-oriented control, and has given a systemuatic solution to
improve operating characteristics of not only the moter but
also the PWM inverter. In the paper, looking back upon the
fruitful past decade and looking at the present stute of the
strategy, severul key techniques are reviewed., One of the
techniques is improvement of the basic performance which
was enabled by means of a double parallel PWM inverter, and
it has made an ultimately quick torque response paossible.
Another technique is relevant to robust control, which makes
the system insensitive to both stator and rotor resistance. Also,
the lutest technique which contributes to enhunce further
svstem performance is referred, which is a dither signal
application to the direct torque control for acoustically silent

drive.
[ INTRODUCTION

DIRECT torque controt of an induction motor was first
reported about ten vears ago. and it was inherently
developed for the purpose of breaking through a common
sense in those davs, which was like that “There is nothing
but field-oricnted control to obtain a quick torque responsc
bv the induction motor™ [1]. The direct torque control has
been demonstrating its potential (0 oplimize operating
characteristics of the induction motor drive fed by a PWM
tnverter ever since [2]-f4]. As for the motor, the direct
torque controf has achicved as quick torque responsc as a dc
motor, although the motor s not controlled by a
conventional field-orientation method. Also. ripples of the
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stator flux and the output torque which are caused by PWM
waveforms have been reduced effectively in the motor. On the
other hand. from another viewpoint of the inverter, almost
perfectly optimized PWM waveforms have been obtained
owing to relay control of both the stator flux and the output
torque by using an optimum switching table. The selection of
the inverter outpul voltage vecters is performed so that the
switching frequency of the inverter can be reduced and the
optimized PWM wavelorms can be generated. [t 1s considered
that there has never been such a concept 1o unprove the
various kinds of performance in the motor-inverter system at
the same time.

In the paper. looking back upon the past decade and looking at
the present state. several key techniques are reviewed. wluch
have been adopted to the direct torque control to realize
further improvement of the operating characteristics
Probliens with regard to the improvement can be divided into
two categories. one is enhancement of the basic control
performance of the stator flux and the output terque [3]. The
other is improvement of estimation technique of the stator flux
and the output torque. which must be performed with less
sensitivity to the motor parameters {6]. In what foilows. not
only solutions to those problems but also an up-to-date topic (o

make further improvement are described (7]

IT. INMPROVEMENT OF BASIC PERFORMANCE
BY DOUBLE PARALLEL PWM [NVERTER

Fig. 1 shows a power circuit of a double parallel PWM
imerter adopted to the direct torque control. Two voltage
source inverters are commonly connected to a de power sousce.
while their outputs are connected to each other through inter-
phase reactors. The inverter feeds an induction motor from
center taps of the reactors. {t is found that there are sixty-four
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Fig. 1. Induction motor drive fad by double parallel PWM inverter.
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Fig. 2. Output voltage vectors of double parallel PWM inverter.
combinations of the inverter switching modes . whercas the
number of possible output voltage vectors v, is only

nineteen as shown in Fig. 2.

In order to obtain a smooth locus of the stator flux vector .

it is necessary to divide a stationary plane for flux control.
what is called « -/ coordinates. inlec twelve sectors

because the nen-zero voltage vectors v ~wvg have phase
displacement of 30 degrees from each other. By alternating
two of the wy~wy. the p can be controlled smoothly as
illustrated in Fig. 3. On the other hand. the output torque T’
should be controlled as shown in Fig. 4 bv appiving the
voltage vectors alternately to the motor as follows. When the
output torque level is low. the zero and one of the non-zero
voltage vectors are alternately output from the inverter to
restrict the torque error within specified hysteresis band
width. In this case. the non-zere vectors which have smaller
amplitudes v, ~ v, are selected to rotate the y . and the zero
vector vy is selected to stop the . Once the output torque

level becomes high enough. two kinds of non-zero voltage
vectors vy ~v; and ve~wyg are alternately selected. [n order

to reduce the 7' gradually within the hvsteresis band. one of
the v,~v; is applied to the motor instead of vy. which

makes the y, rotate slowly.
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Fig 3. Stator flux vector contrel.
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Fig. 5 Flux and torque controller of double parallel PWM inverter.
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Fig 6. Step torque response (experimental result). S ir
Fig. 5 shows a schematic diagram of the flux and torque
control block which incorporates several hysteresis T ‘-\\
comparators and a multi-stage swiiching table. The \‘\
switching table consists of four sets of the voltage vector A ‘{:\“\
selector according to the condition of the output torque level '
as previously described. i
Fig. 6 shows an experimental result of step terque respense

in time domain. From the figure. it can be scen that the
settling tume to the rated torque is only 0.6 (ms) and there is
neither overshoots nor undersheots in the response. Fig. 7 Frequency responses of torque contrel (experimental results).
Frequency characteristics for several conditions of the output

torque level arc shown in Fig. 7. According to the results in O
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frequency domain. although a cut-off frequency varies with ' Eq.(3)
the output torque level due to the limit of the inverter output e
voltage, it is approxunately [ (kHz) for the rated torque.

II1. [MPROVEMENT OF PARAMETER SENSITIVITY
BY ADVANCED ON-LINE TUNING TECHNIQUE

[t is verv important even for the direct torque control to

estimate the stator flux with robustness against the motor (a) Leakage inductance identifier.

parameters. espectally against the stator and rotor resistance.
. - . . ¥—3ng
In this section. a techmque which enables to estimate the l Eq. (5) @

flux with less sensitivity to the motor parameters is i

described.

It is well-known that there are two manners to estimate the
stator flux with a machine model which includes the motor i
parameters, One is a stator voltage model. and the other is a Lon

rotor current model. The stator voltage model is based on
integral calculation of the detected stator voltage vector v,

Roter Pl
Sumdator

and current vector i as follows :
N 1 L
¥\ =E(V1‘R1‘1)- (h

where R s the stator reststance. The above model is very {b) Magnetizing inductance and rotor time constant identifier.
Fig. & Robust identifiers of motor parameters.
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Fig. 9. Paramwter identification characteristic (experimental result).
useful because of its simplicity, but can not estimate the
at extremely low speed. especially at zero frequency, because
the integration can actually cause errors accumulated in the
calculation. On the other hand. the rotor current model can
be expressed by the following equation

Vs
l+(p .](Um)TZ
where A/ is magnelizing inductance, 7,

Vi=ytyr= ’1*“1 )

i$ TOtor time
constant and ¢ is leakage inductance. This model requires
to detect the rotating speed w,,. but can estimate the ¢,

even at zero frequency because of mo pure integrator
However. in order to estimate the g accurately, the on-line

identification of the parameters in {2) has to be performed
without any sensitivity to the R, .
Fig. 8 shows schewatic diagrams of the parameter identifiers

for {2). One of the identifiers is composed for estimation of
the ¢.and the otheris forthe Af and r.. Whenthe ¢ is

identified. a harmonic voltage vector v, of which frequency
is 500 (Hz) and amplitude is 8 (V) is intentionally injected to
the motor, Under this condition. instantaneous harmonic
reactive power ), is calculated as a reference model
according to the following equation :

Oy = Im(v;ﬂ)‘ (3
where £, is a harmonic current vector corresponding to the
v,. On the other hand. the estimated value of (3) is
calculated to identifv the ¥ as follows :

Q;, = E‘[ln(pih a) . 4
The above equation can be derived from an equivalent
circuit of the motor for harmonics. The error between (3)
and (4) makes it possible to identify the ¢ as shown in Fig.
8(a). Since the ¢, has little sensitivity to any other

parameters as shown in (3) and (4). it is possible to carnv out
the robust identification.
When the A/ and the r, arc identified. the instantaneous

reactive power () is utitized in the identifier as shown tn Fig,
8(b) detecting fundamental components of the v, and the i
A true valuc of the @ can be calculated by

¢ = I"‘("l ‘—1.) (3

In a similar way. the estimated value of (3) can be obtained by
the following equation :
0= Im(py}l l_l_) (6)

It should be noted that both (5} and {6} never require the value
of the R,. Therefore. it is possible to identifv the A7 and the
7, by the error between (5) and (6) without any sensiiviey 1o
the R,
while the

Fig. 9 shows an example of parameter identification process
and step torque response. [t can be seen that the torque

_In Fig. 8(b). the 7, is identified at loaded condition.

A7 is at no load condition.

response is dramatically improved as the identified parameters
converge 1o the true values. Also. it should be noted that this

improvement of the torque response can be realized even
under the condition of varied R; from its nominal value.

IV. EMERGING TECHNOLOGY
FOR FURTHER PERFORMANCE IAPROVEMENT

Switching frequency of the inverter depends on hvsteresis
band widths for the stator flux and output torque control. and
in principle an acoustically silent motor operation can be done
by reducing the hysteresis band widths and using high speed
switching devices, for example IGBTs. MOSFETs and so
forth. However. the switching frequency of the inverter can
not practically be raised even though the band widths are
sufficiently reduced because of the delav time in detecting
circuits of the stator voltages and currents and in estimating
circurts of the flux and torque. Fig. 10 shows the averaged
inverter switching frequency against the hvsteresis band
widths which have been normalized with respect to the rated
flux amplitude and the rated output torque per pole pair. If
there is no time delav in the feedback signals, the switching
frequency is inversely proportional to the hvsteresis band
width for the flux control as shown in Fig. 10(a). Even in case
of only 10 (45) delay time shown in Fig. 10(b), however, the
switching frequency can not be raised although the hysteresis
band widths are sufficiently reduced. In order to overcome the
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(a) No delay time. (b) 10 {m) delay time.
Fig. 10. Switching frequency of conventional direct tarque control.

problem. dither signals have been introduced into the
conventional svstem, which enable the controller to raise the
switching frequency regardless of the delay time.

Fig. 11 shows a schematic diagram of the svstem. In the
figure. triangular waves which are intentionally injected to
the flux and torque control blocks correspond to the dither
signals. The frequency of the signals is more than 30 (kHz)
so that the switching frequency can be approximately 13
(kHz). and their amplitudes are as small as hysteresis band
widths for the flux and torque control. Although the
hyvsteresis bund inherently acts as a non-sensitive band, the
switching operation can be performed in each hvsteresis
elemeni by superposing the triangular wases even though
minute variations of the errors occur.

Fig. 12 shows characteristics of the averaged switching
frequency when the dither signals are injected. From the
figure. it is known that the switching frequency can be raised
more than 15 (kHz) even though there is defay time in the
feedback signals. Also, as long as the hvsteresis band widths
are not so small. the switching frequency can be kept almost
constant ewing to the dither signals.

Several experimental tests have been conducted under the
following four conditions : (a) no dither signal injection, (b)
dither signal injection onlv to the torque error, (c) dither
signal injection only to the flux error, and (d) dither signal
injection to both errors. Fig. 13 shows the error waveforms
for the conditions of (a) and (d). Comparing (d) with {a).
both of the flux ripple and the torque ripple are reduced
down 10 30 (%) when the dither signals are applied to the
system. Fig. 14 shows the experimental rcsults of acoustic
noise level when the test motor was operated at no load from
100 (rpm) to 1500 (rpm). From the figure. it is clear that the
noise level can be reduced to less than 55 (dBA) in case of
(d) over the whole speed range,

_f\\‘iluhing Frequency (kilz)
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(b) 10 (&) delay time.
Fig. 12. Switching frequency with dither signal injection.

(a) No delay time.

V. CONCLUSION

The paper has reviewed several key techniques to improve
operating characteristics of the direct torque control system.
The direct torque control strategy offered a new alternative to
obtain a quick torque response with an induction motor, and
its basic concept has been established for comprehensive
optimization of the motor-inverter system. This aspect is quite
different from that of the conventional field-oriented control.
because the strategy has been inherently designed assuming
compound svstem of the motor drive fed by the PWM inverter.
The direct torque control system fed by a double parailcl
PWM inverter is one of the solutions to make further
umprovement of the flux and torque contrel. The resultant
torque respense was approximately 1 (kHz). which
distinguishes the method from any other control techniques.
Furthermore. it should not be forgotten that even the direct
torque control has to estimate the stator flux and the output
torque, because the system is based on their feedback control.
Therefore. the accurate and robust estimation of the feedback
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Fig. 13. Stator flux error and torque error waveforms (expenimental results).

signals 15 a substantial problem which can not be avoided.
The paper has described an estimation method with
robustness against both the stator resistance and the rotor
resistance as one of the solutions. Finally. a technique to
make the drive acoustically silent has been presented, and 1t
has been shown that the dither signal injection is very
effective to reduce the acoustic noise of the motor as well as

—— (a)

(b)

—— () )

B

30 (Hz) sinuscidal wave

'@

the ripples of the stator flux and the output torque.
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APPENDIN

Specifications of the induction motors tested in the

simulations and experiments of cach section are as follows :

TABLE I SPECIFICATIONS OF TESTED MOTORS
Section of the paper Il {Il and IV
Rated Power (kW) 1.5 1.5
Rated Torque (Nm) 10.1 8.64
Rated Voltage (V) 200 180
Rated Current {A) 6.8 8.1
Rated Frequency (Hz) 50 —
Rated Speed (rpm) 1420 1650
Number of Poles 4 4
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