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Abstract— Direct torque control (DTC) suffers from flux droop
owing to the long zero-voltage vectors at low motor speeds.
Previous studies were able to attain flux regulation by imposing
the continuous switching of forward and reverse active voltage
vectors by causing torque overshoots in the torque hysteresis
bands (THBs). This led to an excessive increase in the switching
frequency and larger torque and current ripples, thus reducing the
drive efficiency. In this paper, a modified flux regulation method
is proposed for the classical DTC using a single THB when flux
droop occurs in a low-rotor-speed range. The proposed method
can protect the DTC from flux droops at low speeds by reducing
the duration of zero-voltage vectors and minimizing the number
of reverse-voltage vectors. In addition, the proposed strategy is
efficient in reducing torque and current ripples while operating at
low motor speeds. Furthermore, a significant reduction in the
switching frequency is obtained. The effectiveness of the proposed
strategy is confirmed by simulation and experimental results.

Index Terms— Direct torque control, flux regulation, induction
motor, low speed.

I. INTRODUCTION

CT torque control (DTC) of induction machines (IMs) has

ome a powerful and popular control scheme since it was
introduced by Takahashi and Noguchi [1] and
Depenbrock [2] in the 1980s. DTC has become a leading
technology in motor drives and therefore was adopted and
marketed by ABB in 1995 [3]. Owing to its merits of
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straightforward implementation, quick dynamic response, and
robustness against motor parameters, the DTC has received
significant attention in the research community. Nevertheless,
the classical DTC also has some drawbacks, and torque ripples
and flux droop at low speeds are the two most notable problems.

In the literature, many DTC variations have been proposed to
solve the problems of torque ripples and to maintain a fixed
switching frequency. A common method is to integrate space
vector modulation (SVM) in the DTC, denoted as DTC-SVM.
As opposed to the classical DTC, which has a limited number
of voltage vectors, SVM can produce random voltage vectors
and regulate the torque and flux with a constant switching
frequency. Nevertheless, obtaining the reference voltage vector
for DTC-SVM is a crucial issue. Various methods have been
introduced in this regard such as deadbeat control [3], sliding
mode controller [4], and proportional-integral (PI) controller
[5]. Although lower torque ripple and constant switching
frequency are obtained using DTC-SVM, it requires a high
computational burden, knowledge of motor parameters, and
rotary coordinate transformation, resulting in more system
complexity. This negates the simplicity and robustness of the
conventional DTC.

Another DTC variation is based on model predictive control,
which has received increasing attention in research
communities [7—12]. Different from the conventional DTC, the
selection of voltage vectors is attained based on a predefined
cost function. There exist several types of predictive control
methods, which differ in the principle of voltage vector
selection, predictive horizon, and number of applied vectors.
Regardless of the intuitive nature and outstanding performance
of predictive control, it requires heavy computation and
depends intensely on the accuracy of the motor model and
parameters [10].

However, it is desired to obtain enhanced performance while
preserving the robustness of the classical DTC. To date, there
have been various techniques to improve the original DTC with
some modifications either in the hardware and control
configuration or in the lookup table. In [13]-[14], ABB has used
special inverter named ACS600 and included special functions
such as flux optimization and flux braking in their
commercialized DTC drive. This allows further performance
improvement at different speeds, including low speed regions.
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Moreover, multilevel inverter-based DTC with larger switching
tables has been introduced in the literature [14-22]. This DTC
method shows improved performance but causes higher system
complexity and intensive computation. The injection of high-
frequency triangular signals into the torque errors was proposed
by [23],[24], which is known by dithering method. However,
this results in an unpredictable switching frequency under
different operating conditions.

Over the last few years, flux regulation of the classical DTC
at low motor speeds has attracted increasing attention. Flux
magnitude droop occurs when the flux magnitude fails to be
regulated at low speed [24], thus degrading other motor
variables such as torque, speed, and current. Several variations
to the original structure [16-17],[25-28] were introduced to
solve this problem in the hysteresis-based DTC. For example,
the authors in [17] have focused on modifying the predefined
lookup table of DTC by adding more voltage vectors to improve
sector transitions where the voltage radial component is zero.
However, this has led to an increase in the size of the lookup
table, and the DTC has become computationally exhaustive. In
[25], this problem has been solved by replacing the torque
hysteresis controller with a constant switching torque controller
(CSTC). According to the analysis in [25], flux droops occur
because of the long duration of negative torque slope used to
reduce the torque. Consequently, the periods of zero-voltage
vectors become longer. However, the approach in [25] requires
a systematic design for the proportional integral (PI) controller
of CSTC. Recently, a very simple but effective method was
proposed in [27],[28] that simultaneously altered the upper and
lower torque hysteresis bands in certain low-speed range.
Nevertheless, the reduction of both hysteresis bands results in
continuous active vector switching with no selection of zero-
voltage vectors to achieve flux regulation. This also resulted in
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Fig. 1. Structure of the three-level hysteresis comparator.

high and unnecessary switching frequencies and increased
torque and current ripples, thus reducing the efficiency of the
system.

In this paper, a single-THB control method based on DTC of
IMs is proposed to enhance the flux regulation at low-speed
operations and to reduce the switching frequency. Unlike
previous methods, the proposed scheme focuses on decreasing
the negative torque slope to reduce the zero-voltage vectors by
the control of a single hysteresis torque band. As such, this
method doesn’t require the overshoot of torque as in [28].
Hence, the selections of reverse-voltage vectors are minimized
and, therefore, the switching frequency is reduced. Moreover,
the torque and current ripples are decreased. Simultaneously,
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the simple configuration of the original hysteresis-based DTC
is preserved.

II. PRINCIPLES OF DTC OF INDUCTION MACHINE

A. Model of Induction Machine and variable estimation

The dynamic modeling of an IM can be described through
space vector equations in a stationary reference frame where
complex space phasors are expressed with vector signs as
follows

Us = Rg.Ts + dd_"is 0

0= Rr-?r_jwr.$r+dd_‘€r )
Po = Lo Ts + Lyn. Ty (3)

Do = Ly + L. Ty @

T =3 ai:zr |5 | |sinds, 5)

S T, .
where v (= [vsd vsq] ) is the stator voltage vectors,
which is obtained based on the selection of the switching states
(Sa, Sp, and S,) attained from the switching table [27]. T, (=

T > .. qT
[isd isq] ) and 7, (= [er qu] ) are the stator and rotor

currents, and 1/_))5 (= [lpsd l/)sq]T) and er (= [l/)rd lprq]T) arc
the stator and rotor flux vectors, respectively. w, is the rotor
motor speed in rad/s. R and R, are the stator resistance and
rotor resistance, respectively. Ly, L, and L,, are the stator self-
inductance, rotor self-inductance, and mutual inductance,
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Fig. 2. Effect of voltage drop on the stator flux at low speed.

respectively. p is the number of pole pairs. &y, is the load angle
between the stator and rotor flux vectors. ¢ = 1 — L2, /L;L,.

TABLE I
Voltage Vectors Selection
Flux Torque
Demand  Demand Voltage Selection
( Wstat) ( Tsml)
1
1 -1
Zero voltage vectors
1
0 -1
Zero voltage vectors
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In this paper, the conventional current model is employed for
the stator flux and torque estimations.

B. DTC at Low Speed

This DTC for a two-level voltage source inverter (2L-VSI)
scheme offers a straightforward control configuration. Two
hysteresis comparators are employed to separately control the
torque and flux. The output from each comparator is sent to a
switching table as shown in Table I [1], to determine the
appropriate voltage vectors to control both the torque and flux.
Fig. 1 shows the structure of a three-level torque hysteresis
comparator, which contains an upper hysteresis band (47% ypper)
and a lower hysteresis band (47, rower). It is worth mentioning
that in most designs of previous DTC schemes, the widths of
ATeupper and ATeiower are equal. The output of the torque
comparator or torque error status (7 ) has three states: 1 for
forward active-voltage vector, -1 for reverse active-voltage
vector, and 0 for a zero-voltage vector.

With a nominal setting of A7 ypper and A7Te zower that is usually
between 10-15% of the rated torque, the DTC drive works
effectively at medium and high speeds. It is well known that a
2L-VSI produces eight voltage vectors U = {Ug g, Ug1 * * * Ug 7}
Two switching combinations (¥ o and ¥ ;) determine the zero-
voltage vectors, and the remaining combinations generate six
active-voltage vectors. Generally, the proper voltage vector is
selected in order to preserve the torque and the stator flux within
the bounds of two hysteresis bands.

It is possible to obtain the change in the stator flux by
rearranging (1) as follows:

dfs > o
T Vs — IRy (6)

N
A'L/)s.xélctive =

Where AlZJ)S_ACtive is the stator flux variation based on the
active voltage vectors. By taking into account the ohmic drop,
the flux variation when selecting the zero or null voltage vectors
yields

B, - At 7

Mg yun = —TsRs - At (8)

Where AJ;s.Null indicates that the change of stator flux is
attained when null voltage vectors are chosen. Nevertheless,
when the speed decreases to a certain low level, the selection of
the null-voltage vectors becomes dominant and significantly
reduces the space vector magnitude of the stator flux. An
example for the effect of voltage drop on the flux drooping at
low speed is illustrated in Fig. 2 when the stator flux vector
1/_))”0 moves into J;s,t0+At in the anti-clockwise direction in
Sector 3. The indices, t, and t, + At denote the initial and
second time instants, respectively. It can be noted that the stator
flux magnitude at t, + At is decreased strongly below the stator
reference flux (Ys,of) owing to the voltage drop across the
stator resistance.

The nominal setting of THB used in the torque-hysteresis
comparator contributes to the degradation of flux in very-low-
speed regions because electric torque slopes have a much
greater influence on the stator flux magnitude [23], which are
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given by
= T o) e i (O ) e (B
i) ®

1 1

T, (= +2) =222 i (oo, (P - ) (10)

o0Tg oTy 22 0LgLy

T,

where T, and T, are the positive and negative torque slopes,
respectively. .= [/R, and 7,= [/R,.

According to [25], a proper and stable flux regulation is
attained when |A$S,Active| > |A1ZJ>S'NU_”|. Hence, this condition
can be written as:

|ﬁs'At51|>|_sts'At52| (11)

In (11), Aty and Atg, are the time durations in which the
active and null voltage vectors are employed to increase and
reduce the torque slopes, respectively as shown in Fig. 3. It is
worth noting that the condition given by (11) is achieved in the
medium and high-speed regions, however, cannot be fulfilled at
low speeds owing to the negative torque slope.

The duration of negative torque slope T, gets very large [see
Fig. 3(a)] at very low motor speeds under light load torque after
touching the reference torque [25]. This causes a long zero-
voltage vector to reduce the torque, as depicted by the torque

error status (7« ) in Fig. 3(b). Consequently, Al/js.zvuu becomes

(a) A
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Fig. 3. Waveforms of (a) torque, (b) torque error status, and (c) stator flux.

highly influenced by the stator resistance effect [24], and thus
the stator flux magnitude |$s| cannot reach its reference value

of flux; hence, this causes condition (11) not to be fulfilled, as
seen in Fig. 3(c).

C. Impact of Torque Hysteresis Band on Flux Magnitude and
Torque at Low Speeds

Since the DTC scheme is implemented in a digital controller,
the width of THB and the sampling time must be appropriately
designed [27]. It is well-known that the structure of hysteresis-
based DTC schemes is very simple, and thus doesn’t need large
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computation time. Therefore, the sampling time can be chosen
to be small enough to avoid long time duration of torque slopes.

To simplify our discussion in the next section, the nominal
and small torque hysteresis bands will be denoted as ANT, (i.e.
ANTe upper & ANTe rower) and ASTe (i.e. ASTe ypper & ASTe Lower),
respectively. The DTC is typically operated with a nominal
THB, ANT,, which is obtained within 10-15% of the rated
torque [29] to guarantee that zero-voltage vector is selected, as
shown in Fig. 4(a). Nevertheless, if the torque exceeds the upper
band of the torque hysteresis owing to the small size of the

Torque (Nm) Torque (Nm)

Upper Hysteresis Band .
Upper Hysteresis Band

JANTFW, Tref Te\|—

4

with the applied voltage vectors. In this illustration, the stator
flux vector 1,55,% is short and below ¥ ;.. within Sector 3, and
hence there are four possible voltage vectors in Sector 3; two
vectors for the forward direction and two vectors for the reverse
direction depending on whether to increase or decrease the
stator flux. By considering the small THBs, the voltage vector
Vg 4 is initially used (see Fig. 5a) to increase the flux and load
angle Jd,-. According to (5), the rise in the load angle will lead
to the increase of torque. However, the resultant 1ﬁs_t1 is still
below the reference flux .. at #; and if zero voltage vector
is chosen, this will cause additional shortening of the flux
magnitude. In this case, it is desirable to select the reverse

Trer ]
— % P T 45T, e TABLE II
‘ " — [l Induction Motor and DTC Parameters
1 | JANTE.L.M, _I—l | l_'—' \\L
3 B i i ! Lower Hystaresis Band Rated power 3.7kW Stator resistance 0.934 ohm
| Lower HysiStesis Band Time } | | Time Rated current 828 A Rotor resistance 1.225 ohm
} | | | ! } Rated speed 1750 r/min Stator inductance 146.213 mH
Torque eI 0 i 3 TR CTEr SEAB () i 3 Rated Torque 20.36 Nm Rotor inductance 146.213 mH
, L b | Tyar | Rated flux 0.6 Wb Mutual inductance 139.516 mH
,,,,,,, s o
0 Time Time Pole pairs 2
, Tita DTC Parameters
B it J5 78 [N IS S L _
DC Link Voltage, Vpc 300V
. .(a) ®) . Torque hysteresis band (nominal), ANT. 2.5 Nm
Fig. 4. Comparison of torque and torque error status for (a) nominal THB and Torque hysteresis band (small), AST, 0.01 Nm
(b) small THB. Flux hysteresis band, AHB, 0.0015 Wb

THB, torque overshoot will occur. As a result, reverse-voltage
vectors will be selected, as shown in Fig. 4(b).

According to [25], the selection of reverse-voltage vectors
rather than zero-voltage vectors is a suitable solution to fulfill
(11) where negative torque slope becomes much steeper with
shorter time interval. This is done by using the small THB. It is
worth noting that the reverse voltage vectors play a vital role in

t; =ty + At
ty =t +At

Psref
/

Sector 3

Vst

Fig. 5. Behavior of stator flux vector and load angle at low speed of DTC with
(a) forward voltage vector followed by (b) reverse voltage vector.

the magnitude of flux and torque ripple. This can be explained
and analyzed with the illustration of space vectors of the stator
and rotor flux linkages which are moving in the
counterclockwise direction at time t,, t; (i.e ty, + At), and t,
(i.e. t; + At) as shown in Fig. 5. Considering that, the rotor flux
moves continuously, while the stator flux moves irregularly

voltage vector U, (see Fig. 5b) which will also increase the

stator flux ll;s,tz at £, and reduces J resulting in a fast reduction
of torque according to (5). However, rapid decrease in the
torque owing to the reverse voltage vector results in increased
torque ripple and higher switching frequency [29].

III. PROPOSED FLUX REGULATION METHOD

The conventional DTC uses a fixed and nominal torque
hysteresis band throughout its operation. Therefore, the
magnitude of the stator flux becomes significantly affected in a
low-speed range, causing the induction machine to be
demagnetized. Recently, the work in [28] introduces a simple
method that utilizes the alteration of torque hysteresis band to
solve this issue. A compromise solution is used to avoid the
selection of a small THB at medium and high speeds. In a
previous study, the upper and lower bands were simultaneously
switched, resulting in continuous active vector switching with
no selection of zero-voltage vectors owing to torque overshoot.
Although it is capable to regulate the flux, it causes a significant
increase in the switching frequency and torque ripple. In order
to solve the problems in the previous work, this paper proposes
a single THB control that focuses on lessening the negative
slope of the torque. Hence, the duration of zero-voltage vectors
is reduced, and the number of reverse-voltage vectors is
minimized. In this proposed method, the torque overshoot will
be reduced by maintaining one of the nominal THBs. An
example for the proposed method can be seen in Fig. 6. In the
figure, a critical flux point (y.) is used to limit the flux droop
region at low motor speeds. The speed w, is used in this paper

2168-6777 (c) 2018 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.



This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/JESTPE.2019.2897064, IEEE Journal
of Emerging and Selected Topics in Power Electronics

> JESTPE-2018-05-0433.R3< 5

for its easy implementation, as shown in Fig. 7. The critical  (0.5% ofrated torque), which is not an optimum threshold value

for a small THB. However, this value is chosen to ensure that

Stator flux (Wb) W the duration of negative torque slope does not become very
Activation of single
band control
ws.ref
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Fig. 6 Schematic of stator flux, torque, and torque status by using single THB 2
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Fig. 8 Simulation results for the original DTC of IM under light load.

large, and hence, increasing the time interval of zero voltage
vectors.

For ease of comparison, the conventional DTC schemes with
controlled bands are referred to as follows:

1) DTC-HB1: DTC with controlled THB using both upper

e
Flux and torque .
L esimations Usd. current

Fig. 7. Diagram of DTC-hysteresis-based IM with the proposed control
strategy.

speed with respect to the critical flux point can be denoted as
w,¥¢. As such, the proposed dynamic THB of the DTC will
operate in the forward direction based on (12) and in the reverse
direction based on (13).

AN Te.Upper & AN Te.Lower 5 @, > a)ﬁ” ¢
HITB = Ve ( | 2)
A]\/Te.Upper & AST@,LOW@«: 0< @, < ;.
HTB = AST@-UPPW & ANT, 1 pyvers -l <m. <0 (13)
¢
ANT&UPPGV & ANT@.Lower > o), < —C():,//

IV. SIMULATION RESULTS

Simulation of a DTC-hysteresis-based induction machine is
developed in the PSIM software platform to validate the
effectiveness of the proposed flux regulation method. The
system parameters and DTC values are listed in Table II.

The nominal THB is selected at 2.5 Nm, which is within 10
to 15% of the rated torque. The small THB is set at 0.01 Nm

Reference speed (r/min)

Measured speed (r/min)

0
2 AN

Stator flux (Wb)

Torque (Nm)

Torque error status ()

Upper THB (Nm)  Lower THB (Nm)

0.46 048 05 0.52 0.54
Time (s)

Fig. 9 Simulation results at 20 and -20 r/min for DTC-HBI1 of IM under light
load.
and lower THBs [24].

2) DTC-HB2: Proposed DTC with controlled THB using
either upper or lower THBs according to (12) and (13).

The sampling time of the classical DTC, DTC-HBI1 and
DTC-HB1 schemes is 50 ps. It is worth noting that in both
simulation and experiments, the critical flux droop was found
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empirically for the system tested in this paper. Therefore, the

Reference speed (r/min) Measured speed (r/min)

20
20 -
-40 T
Stator flux (Wb)
0.8
06
04
02
0
Torque (Nm)
4 ;
AL YU N Y Y 'y P
0 i ¢ = T
4 :

Torque error status ()

, .
o M 1l

- T

Upper THB (Nm)  Lower THB (Nm i

046 048 05 052 054
Time (s)

Fig. 10 Simulation results at 20 and -20 r/min for DTC-HB2 of IM under
light load

critical speed w,”“is 70 r/min.

Figs. 8, 9, 10 depict the results of speed, stator flux, torque,
torque error status, and upper and lower torque hysteresis bands
under light load for the classical DTC, DTC-HB1 and DTC-
HB2, respectively. It is noteworthy that light load is the worst-
case condition for flux droop because the duration of negative
torque slopes gets larger [27]. Fig. 8 shows the response of the
classical DTC with nominal THBs at 200 rpm, 20 rpm, and -20
rpm. It can be observed that at 200 rpm the stator flux is well
established; however, when the speed reference steps down to
20 r/min, which is below the speed critical region, the flux
droop begins, and hence causing serious oscillations on the

Torque (Nm)

Torque reference (Nm)

Torque error status ()

Time (s)

Fig. 11 Simulation result of the torque step response from 2 to 8 Nm at 60
r/min for DTC-HB1 of IM.

speed waveform. The stator flux continues to drop and becomes
even worse when the speed reverses to - 20 r/min. It can be
noted that the duration of zero voltage vectors keeps
incrementing owing to the increase in the time duration of

6

negative torque slope.
Figs.9 and 10 illustrate the performance for DTC-HB1 and
DTC-HB?2 below the critical speed region in forward (20 r/min)

Torque (Nm)

Torque reference (Nm)

Torque error status ()

02 04 06 08 1 12
Time (s)

Fig. 12 Simulation result of the torque step response from 2 to 8 Nm at 60
r/min for DTC-HB2 of IM.

and reverse (-20 r/min) motor directions. When reducing both
torque hysteresis bands in DTC-HBI, excessive switching of
torque error statuses is generated. This leads to large torque
ripples and very high switching of voltage as indicated by the

Torque (Nm) Torque reference (Nm)
2

T H
10 0.361 ms

H. 1L MH“ n%‘ Hm”n -
8 ’rw Ldv
6
. /

Torque status ()

0
El L
0.696 0.698 07 0.702 0.704
Time (s)
(@
Torgue (Nm) Torque reference (Nm)
2 T
10 0.363 ms
8 PRI "
LNV AT
6
4 /
2 " " "
— o~ &

Torqueerror status ()

05

05

0.696 0698 07 0.702 0704
Time (s)

(b)

Fig. 13 Zoomed simulation results of the torque step response from 2 to 8 Nm
for (a) DTC-HBI1 and (b) DTC-HB2 of IM.
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torque error status as shown in Fig. 9. By contrast, in the
proposed DTC-HB2 method one of the THBs is switched

Fig. 14 Experimental setup.

depending on the motor direction according to (12) and (13). It
can be seen that when the speed is in the forward direction, the
ANTe.ypper and AST.rower are selected as show in Fig. 10.
However, when the speed reference became less than 0 r/min,
the positions of THBs automatically switched with respect to
(13). As a result, the proposed DTC-HB2 can still regulate the
stator flux, and in addition, reduce the torque ripple, as seen in
Fig. 10. This agrees with our analysis, which focuses on

) \“’r t-l‘OOHrp‘rﬁ/d‘ivj‘ o ‘ll“”""‘mw
/It[)s [[2 Wh/div] Flux droop
m‘ oo /Te [10 Nm/div]
iq[10 A/div]
i TVVITTRERTTYRRYEE Y W T

Time (s)
Fig. 15 Experimental results of the classical DTC with nominal THBs.

minimizing the duration of the zero-voltage vectors and thus
decreasing the switching frequency of the reverse-voltage
vectors. Hence, the proposed method exhibits higher efficiency
by inspecting the reduction in the switching signals indicated
by the torque error status while maintaining the flux regulation.

Figs. 11 and 12 show the dynamic responses for DTC-HBI1
and DTC-HB?2 at a speed load of 60 r/min when the reference
torque changes from 2 to 8 Nm. The waveforms (from top to
bottom) are the torque, torque error status, and stator phase
currents (ias, iss, ics). The phase currents in both methods show
good sinusoidal waveforms. However, it is clear that the torque
ripple in the proposed DTC-HB2 is reduced when compared to
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that of DTC-HB1. The areas within the dashed rectangular in
both Figs. 11 and 12 are zoomed in Fig. 13 for better
comparison between the two methods. It can be observed that
both DTC-HB1 and DTC-HB2 control algorithms exhibit fast
dynamic response as the torque response times of DTC-HBI1
and DTC-HB2 approaches are very close with 0.361 ms versus
0.363 ms, respectively. Once again, it is seen that DTC-HB1
exhibits very high switching of active voltage vectors as
indicated by the torque error status as shown in Fig. 13 a. In
contrast, the proposed DTC-HB2 exhibits less switching by
including the zero voltage vectors as seen in Fig.13 b. However,
when the torque reference changes to 8 Nm in the proposed
DTC-HB2 approach, this results in shorter time duration of
negative torque slope. In fact, higher level of torque reference
causes shorter zero voltage vectors and, hence, higher torque
switching when compared to low level of torque reference as
discussed in [27].

V. IMPLEMENTATION AND EXPERIMENTAL
VERIFICATION

To investigate the feasibility of the proposed flux regulation

L~ @r[100 rprﬁ/div]

sl wordiv

iq [10 A/div]

0 0.2 04 06 08 112 14 16 18 2
Time (s)
Fig. 16 Experimental results of DTC-HB1 at 20 r/min under light load.

.~ [100 rpm/div]

sl wo/divg

T . [10 Nm/div]

i, [10A/div]

o

0o 02 04 06 08 1 12 14 16 18 2
Time (s)

Fig. 17 Experimental results of proposed DTC-HB2 at 20 r/min under light
load.
strategy on DTC-hysteresis-based induction machine, the
experimental setup shown in Fig. 14 is realized. It consists of a
DSP 28335 control board and a three-phase intelligent power
module equipped with IGBTs. A 2000 PPR encoder was used
to obtain the measured speed. To load the machine, a 5.5-kW
IM controlled by a commercial Yasukawa inverter was used.
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The sampling time of the DTC algorithms, including the
proposed method is 50 ps. The parameters of the IM motor are
listed in Table II, which are similar to the simulation.

Before applying the proposed method, first, the performance
of a conventional DTC with nominal THB is illustrated in Fig.
15 when the speed steps below the critical speed region (i.e.,

0
X ] "
@, [-100 rpm/div] /|¢s|[ /div]

Teraf el |

- i, [10A/div]

o =

0.6 0.8 1 1.2 1.4 1.6 1.8 2
Time (s)

Fig. 18 Experimental results of DTC-HBI at -20 r/min under light load.

0 0.2 0.4
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. _bslia woydiv)
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i, [10 A/div]

0~ w -
WVWWFWWM -
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
Time (s)

Fig. 19 Experimental results of proposed DTC-HB2 at -20 r/min under light
load.

from 80 to 20 r/min). Simultaneously, the applied load torque
decreases from 6 to 2 Nm. It is clearly seen that the performance
of the stator flux starts to deteriorate at very low speeds,
especially when the load torque becomes light. As a result, the
corresponding waveforms of the speed, torque, and current
become significantly distorted and aggravated

A. Steady-State Operation

In this subsection, the experimental results of the steady-state
responses for the DTC-HB1 and proposed DTC-HB2 methods
are presented. It is worth noting that the experiments are carried
out below the critical speed region. Figs. 16—19 show (from top
to bottom) the rotor speed, stator flux, electrical torque, and
stator current when the IM operates at 20 and -20 r/min with a
light load torque of 2 Nm. Figs. 16 and 18 show the
experimental results of DTC-HBI; as in the simulation, both
THBs are switched to AST.. It can be observed that DTC-HB1
can provide a well-regulated stator flux in both motor directions
owing to very high switching of the active voltage vectors.

Nevertheless, this results in higher torque and current ripples
and decreases the efficiency of the system, as indicated by the
waveforms of the torque error status in Fig. 9. Conversely, the

8

proposed method DTC-HB2 shows almost comparable results
in terms of flux regulation and rotor speed for both motor

/(Ur [100 rpm/div]

*I‘HIMHE LECROY
Evnyropmiok
0] + PRV G U B EDOUTI IO GO TOUr! | AT UVMIT (IR BT
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‘ ) N N
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Time (ms)
Fig. 20 Experimental results at 60 r/min with torque step response from 2 to 8
Nm for DTC-HBI.
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Fig. 21 Experimental results at 60 r/min with torque step response from 2 to 8
Nm for the proposed DTC-HB2.

directions, as shown in Fig. 17 and 19. In addition, the proposed
method can contribute to less torque and current ripple in both
motor directions, as shown in Fig. 17 and 19. More importantly,
the proposed DTC strategy contributes to a reduction of the
switching frequency by incorporating the zero-voltage vectors
as discussed in the simulation (see Fig. 10).

B. Transient-State Operation

Figs. 20 and 21 show the dynamic torque responses for the
DTC-HB1 and proposed DTC-HB2, respectively. The load is at
60 r/min (i.e., below the critical speed region) with a torque
change from 2 to 8 Nm. It is apparent that the performance of
the proposed DTC-HB?2 is smaller than that of the conventional
DTC-HBI in terms of the torque ripples. Nevertheless, it can be
observed that DTC-HB1 and DTC-HB2 have a comparable
dynamic response time with 0.7ms because both methods
require only active forward voltage vectors during transient
state (see Fig. 13). It is worth noting that there is a bandwidth
limitation in the data acquisition system. This is why the torque
response times for simulation and experimental results are not
the same. Nevertheless, both methods can still maintain the
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quick dynamic torque performance of the original DTC. It is
due to the fact that the selection of forward-voltage vectors
during the transient state can enlarge the load angle in (5), thus
increasing the torque response, as previously explained.
Furthermore, the speed and current waveforms show good
robustness and stability against the disturbance in both DTC
strategies.

VI. CONCLUSION

In this paper, a simple flux regulation strategy during low-
speed operation is proposed for the direct torque control of an
induction motor. Narrowing the upper and lower widths of the
torque hysteresis bands from nominal to small values at low
speeds will obtain flux regulation at the cost of very high
switching of active voltage vectors owing to the torque
overshoot. As a result, the torque and current ripples will
increase. Conversely, the proposed method controls only a
single torque hysteresis band strategy to reduce the period of
the zero-voltage vectors. This minimizes the torque ripple and
flux regulation. The main benefit of the proposed method is its
simplicity and ability to improve the efficiency of the system.
Simulation and experimental results were presented to verify
the effectiveness of the proposed single-THB control strategy.
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