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Abstract

This paper describes a hybrid induction motor drive system incorporating DTC-hysteresis and Direct Self Control (DSC)
schemes to achieve excellent dynamic performance. The control scheme is switched from a circular to a hexagonal flux locus
whenever a dynamic condition is encountered. On the other hand, when the motor operates under steady state conditions, a
circular flux locus is used. Without major modifications to the simple structure of a basic DTC, hexagonal flux locus operation is
established by modifying the flux error status, before it is fed to the look-up table. The feasibility of the proposed hybrid scheme
to achieve excellent control performance 15 verified by experimental results.
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[. INTRODUCTION

In recent years, the Direct Torque Control (DTC) scheme
for induction motor drives has received an enormous amount
of attention in industrial motor drive applications. The main
reason for its popularity is due to its simple structure, espe-
cially when compared with the field-oriented control (FOC)
scheme, which was introduced a decade earlier. Since DTC
was first introduced [1], several variations on its original
structure have been proposed to overcome the inherent disad-
vantages in any hysteresis-based controller such as, a variable
switching frequency, a high sampling requirement for digital
implementation and a high torque ripple [2]-[9].

The most pop ariation on the DTC of induction motor
drives is one that 1s based on space vector modulation (SVM),
which is normally referred to as DTC-SVM [10]-[16]. Contin-
uous improvements utilizing this technique have gained much
momentum in order to facilitate DTC to operate in overmodu-
lation mode to fully utilize the available DC voltage. In DTC-
SWM it is possible to operate in overmodulation mode which
is defined based on the reference voltage vectors generated
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by controller. However, in DTC-hysteresis based control, this
is not possible simply because there is no reference voltage
available.

In SVM, overmodulation mode starts whenever the refer-
ence voltage vector goes beyond the hexagonal boundary of
the voltage vector plane. It is well known that the operation
of overmodulation is very important in many electric drive
applications in order to improve the power output and dynamic
performance. In fact, the fastest torque dynamic and the
high capability of the torque in a flux weakening region can
be achieved if the stator voltage is able to operate in six-
step mode. For these reasons, many researchers had shown
significant interest in developing methods for estimating the
maximum possible reference voltage during torque dynamic
[15]-[17]. For examples, [16] utilized predictive control of the
stator flux error vector to estimate the reference voltage and
[15] used dead-beat control with several complicated equations
to generate the reference voltage in real-time. Among the
various schemes proposed, only [16] and [18] can achieve
fast torque dynamic control and maximum torque capability
in the flux weakening region with six-step voltage operation.
Unfortunately, all of the proposed methods [15]-[17] increases
the complexity of the DTC control structure and deviates from
the simple drive structure as originally proposed in [1].

This paper proposes a simple way to achieve a fast torque
dynamic and a high torque capability by using a hybrid
scheme. The working principle of the proposed hybrid scheme
is to switch the DTC operation to DSC operation when
a dynamic condition encountered. The main benefit of the
proposed hybrid scheme is its simplicity since the merits of
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Fig. 1. Structure of Direct Self Control based induction machine.

[ AR WA AR

Torque 4|

0

1

1]
Switching 1
status o

1

o -

Va3 Fa vy - Franea
W3- JT
d- and g-axis -\'40-3 P[ !
rompmlTuaof -.\.d: 3 ~Prated
stator voltage Vv B,
and stator flux e Vy Fa ‘
0 - o
Vel V3 “Hiated
A i
Phase slatnrJ o W ML\ M
current l W rw ‘N‘\"\ /JVV
Wp Ay
= Time

Fig. 2. Typical waveforms in direct self control operation.

each scheme can be performed without the need for major
modifications to the structure of basic DTC. In this paper,
the principle of basic DTC will not be explained since this
scheme is well-known and has been widely discussed in many
technical papers. However, the principle of direct self control
(DSC), which has similar operation to the hexagonal flux
control in the hybrid scheme, will be briefly explained in
Section II. In Section III of this paper, a detail explanation
of the construction and operation of the proposed hybrid
scheme will be presented. Section IV demonstrates the high
performance of the hybrid scheme. Section V presents both its
implementation and experimental results. Finally, a conclusion
is given in Section VL
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Fig. 3. Control of flux vector to a hexagonal shape with the appropnate voltage
vectors. (a) Stator flux plane (b) Voltage vector plane.
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II. BASIC PRINCIPLE OF DIRECT SELF CONTROL

The control structure of the direct self control (DSC)
proposed by M. Depenbrock [18] is depicted in Fig. 1. Unlike
DTC, DSC does not require sector identification and a lookup
table for selecting the voltage vector. Moreover, it operates
on the basis of hexagonal flux control where the active
voltage vectors (vy, vz, v3...,¥s) used to form the hexagonal
shape are determined according to the appropriate digitized
outputs (¥, 4", ¥, " and ¥,"). The digitized outputs
generated from three units of hysteresis comparators are based
on the command of the stator flux (Vs ,.r) and the phase
flux components (\ea, Wep and W), Meanwhile, the torque
hysteresis comparator produces the signal that determines zero
voltage vector (vp or v7) when the output torque satisfies its
demand (I'y, = 0). For a constant flux region, the generation
of the switching states (5,5;5,) which determine the voltage
vectors can be described by the following equations:

Sa=Wl,, Sy=Wl,, Sc=Wi forTyu=1 (1)

S,=0, S, =0, S, =0 for Ty = 0. 2)

Fig. 2 illustrates typical waveforms in DSC when the
torque and the flux are operating under rated conditions. The
generation of switching status is based on (1) and (2), as
described above. As can be seen, the finite slope of the flux
components in Fig. 2, was created when the active voltage
vectors employed, which in turn results in a hexagonal flux
locus as depicted in Fig. 3(a). Fig. 3(b) shows the switching
states for each voltage vector (e.g. v,(S,555.) = v4(010))
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which is useful for identifying the application of the voltage
vector (by examining the switching pattern in Fig. 2). The use
of the zero voltage vector, which represents the satisfaction of
the torque demand, is ideally halting the flux vector, thus it
will not affect the flux trajectory.

It is well known that DSC is suitable for high power
applications since it offers a lower switching frequency (for
high power efficiency) and is superior in torque dynamic
response. The lower switching frequency corresponds to a
lower numbers of commutation in the switching states (i.e.
the switching state S, only commutates for a half cycle of
the flux), which decreases as the hysteresis band of the torque
increases. However, this scheme produces a high current total
harmonic distortions (THD) even when operating in steady
state conditions.

III. THE PROPOSED HYBRID SCHEME

The hybrid scheme is proposed to facilitate operation of
the conventional DTC scheme in dual-mode flux control. This
section will discuss how the hexagonal flux locus is obtained
with minor modifications to the conventional DTC control
structure. The mechanisms and conditions for the transitions
between a circular and a hexagonal stator flux locus will also
be presented.

A. Hexagonal Flux Control in the Proposed Hybrid Scheme

In general, it is possible to establish hexagonal stator flux
locus control using the conventional DTC control structure.
To accomplish this one has to modify the lookup table as
well as redefine the stator flux sector. This means that it is
possible to interchangeably operate between DTC and DSC
using the same control hardware. However, this method is
not suitable, especially when frequent switching and smooth
transitions between the two schemes are required. To overcome
this, the proposed hybrid scheme in this paper uses a simple
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technique to establish a hexagonal flux locus without the need
to modify the lookup table and redefine the stator flux sector.
Fig. 4 shows the control structure of the hybrid DTC, which
is similar to the conventional DTC control structure, but with
an inclusion of the ‘modification of flux error status’ block.
‘When the ‘modification of flux error status’ block is activated,
the output of the hysteresis controller (i.e. the input to the
block), ¥ is modified to W™ and the stator flux locus
will be transformed to hexagonal. Otherwise, the block is not
activated, W™ = W™ and the flux locus remains circular.
The activation of the block is performed whenever a dynamic
condition is encountered and this is discussed further in part
B of this section.

As can be seen in Fig. 5, each sector in the stator flux plane
is divided into two sub sectors; subsector I (unshaded area) and
subsector II (shaded area). The border of the sectors and the
subsectors can be easily calculated using the threshold values
of ¥ ,%, denoted as Wy, jand Wy, 2, which are given as:

Wy =5 tan(m/6) (3

W2 =¥ gotan(m /3). (4)

In this way, the generation of the appropriate flux error
status and the detection of the six sectors, as required in
conventional DTC operation, can be merged into the same
block. Hence, the DTC algorithm, including the modification
of the flux error status can be simplified to retain the simple
algorithm.
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generated by the same magnitude of appropriate voltage vectors.

Ideally, to produce a hexagonal flux locus, the stator flux
error has to be set according to W™ as illustrated in Fig. 5. For
example, the voltage vector v4 should be selected whenever the
flux is located between the middle of Sector II and the middle
of Sector III. From the middle of Sector III to the middle
of Sector IV, the voltage vector vs should be chosen, and so
forth. However, in practice the use of ;™ to attain the desired
hexagonal flux locus as described above will not work. The
locus of the flux may “shrink™ as the speed increases although
the motor should be operated in a constant flux region. This
problem is illustrated by a simulation result as shown in the
Fig. 6(a). In the simulation, the transition from a circular to
a hexagonal locus starts at a (the middle of Sector II). At
point b (the middle of Sector III), the flux fails to reach its
reference. The reduction will continue as the flux moves from
one vertex to another, and eventually, the size of the hexagonal
is reduced. The shrinking of the hexagonal stator flux is due to
the effect of the ohmic voltage drop that causes the trajectory
of the flux motion to not align with the direction of the applied
voltage vector. To explain this, consider the motion of the flux
from point a (the middle of sector II) to point b (the middle

Hybrid scheme
Basic DTC scheme
Note:
*achieved inthe
hivbrid scheme
Stator flux *Bly; Stator flux plane
reference g
Finet
P,
[ Time
s
*Extension  *Six-step Flux
ofconstant  mpode weakening d
torque region Tegion

Fig. 12. More rapid motor acceleration achieved with the hybrid scheme when
a step change of reference speed applied at time ;.

of sector III) as the vector v4 employed. A phasor diagram of
the related component vectors (i.e. change of the flux vector,
applied voltage vector and ohmic voltage drop) is drawn based
on the stator voltage equation, as depicted in Fig. 6(b). In this
case the change of the flux vector from a to b can be expressed
as:

AY,_p = v AT, + va. ATy — i1 AT (5)

where v is the zero voltage vector (this can be either vo or
v7), and AT, and AT, are the respective switching periods of
v. and v4. Hence, the time taken for the flux vector to travel
from a to b is given by:

AT = AT, + AT.. (6)

According to (5) and (6), the effect of the ohmic voltage
drop (isrs), which causes the reduction of the flux, is affected
by AT, which is the summation of v, and v4. This indicates
that, the operation described above (the selection of ¥~ as
given in Fig. 5) can still become problematic even in the
absence of the zero voltage vector. In fact, no matter how
small the deviation angle between the vectors of the applied
voltage and the flux change (9), the locus of the hexagonal
will still shrink (gradually) as the flux moves from one vertex
to another.

It is desirable to keep the size of the hexagonal locus such
that all six of the vertices are located on the circular reference
in order to achieve proper torque control and hence maximum
torque capability. The problem indicated in Fig. 6(a) can be
solved if the applied active voltage for increasing the flux
magnitude in subsector I is maintained until the flux reaches
the circular reference, as illustrated in Fig. 7. In this case, the
flux travels from point a to the point b by applying the flux
error status as given in Fig. 5 (i.e. W noq = W ). However,
the flux error status, as given in Fig. 5, is modified to 0 (i.e.
Womod = 0) as the flux enters subsector II, until the flux
reaches point ¢. The generation of the modified flux error
status ¥ 00~ to overcome the problem can be described by
a state diagram of a finite state machine as shown in Fig. 8.

B. Definitions of the dynamic conditions.

The proposed hybrid scheme will change the control of the
circular flux locus to hexagonal when a dynamic condition is
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(b} the proposed hybrid drive (for one complete flux wave cycle) when a
torque dynamic condition occurs at the middle of sector I1.

encountered. By doing so, the stator voltage will change to
a six-step and hence the available DC voltage will be fully
utilized. As will be discussed later, this will results in a better
torque response and a faster motor acceleration. In this paper,
two dynamic conditions are defined as follows:

1) Torque dynamic condition: this condition is detected
when the torque error Er. is greater than twice the
hysteresis band of the torque controller, HBr.. It is
asserted that the definition of the torque dynamic used in
the proposed method is straightforward enough to detect
any sudden large change in the torque reference. In this
case, the hybrid scheme works with the torque control
loop as depicted in Fig. 4.

2) Motor acceleration condition: this condition is detected
when the speed error E, is greater than 5 rad./s. In this
case, the hybrid scheme works with the speed control
loop, where the references of the torque and the flux are
generated as depicted in Fig. 9.

On the other hand, the proposed hybrid scheme will change

the control of the flux from the hexagonal to the circular locus
when the error of the torque Er, (in the case of the torque
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control loop) or the speed Eg(in the case of the speed control
loop) reduces to zero. This means that the proposed hybrid
scheme will be operated using the conventional DTC scheme
when the motor runs in steady state conditions. Therefore, the
current distortion due to the hexagonal flux shape (as explained
in Section II) will only occur during torque transient or motor
acceleration, which happen in a relatively short period of time.

Fig. 10 illustrates the selection of flux error status in the
block of modification of flux error status. The detection of the
dynamic condition as explained earlier is determined using
a two-level hysteresis comparator. For the torque dynamic
condition (or the motor acceleration condition), the comparator
output signal denoted as dyn will be equal to 1 when the error
of torque E,=Er, (or speed E,=E) 1s greater than £,=2HB7,
(or g,=5rad./s). If not, the signal dyn will be equal to 0 when
the torque (or speed) error is reduced to zero. The selector
will pick up the modified flux error status Wy .0~ as ‘",
when dyn = 1, otherwise it will pick up the original flux
error status W," as ¥,". Then, the new flux error status
W™ along with the sector information, is fed to the lookup
table to determine the most optimized voltages for excellent
performance of induction machine drives.

IV. PERFORMANCE OF THE HYBRID DTC

This section explains on how the operation of a hexagonal
flux locus utilizing the hybrid scheme can achieve excellent
dynamic performance. For ease of explanation, the reasons
will be given according to the conditions of the dynamic.

A. Fast torque dynamic control

It is well known that, the original DTC scheme proposed by
Takahashi [1] offers fast instantaneous torque and flux control
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due to the optimized voltage vectors selection in controlling
simultaneously both the flux and the torque. During a large
torque demand, hence a large torque error, the hysteresis
torque comparator produces a single status that requires an
increase in torque. This means that under this condition,
no zero vectors are selected to reduce the torque. At the
same time, the flux hysteresis will regulate the flux to follow
a circular path using two active voltage vectors. Since no
zero voltage vectors are applied, rapid changes in the flux
vector position and hence a quick dynamic torque response
is achieved. However, this method does not give the fastest
dynamic torque response simply because two active voltage
vectors are switched during the dynamic condition. In order
to achieve the fastest dynamic torque response only a single
vector should be switched and held instead of two active
voltage vectors.

For the purpose of studying the effect of the voltage mjl‘a
on the torque in DTC hysteresis-based drives, the torque
equation will be expressed in terms of the stator flux and rotor
flux magnitudes as given in (7).

3_ Ln

Tc = E mqﬁjs\yrﬂna“ (7)

where o is the total leakage factor and &, is the angle
difference between the stator flux and the rotor flux vectors,
which plays a vital role in controlling the @ul torque. The
relationship between the rotor flux vector and the stator flux
vector in the rotor flux reference frame can be written as:

La/L, .,

P — p (8)

"7 14por
where T, is the rotor time constant. If the ohmic drop in the
stator voltage equation is neglected, then we can approximate
the change in the stator flux as:

A, = VAL, &)

Equation (9) indicates that the instantaneous angular veloc-
ity of the stator flux is irregular due to the switching voltage
vectors. According to (8), the rotor flux will follow the stator
flux, but with the irregular motion removed due to the low
pass filtering action.

Fig. 11 shows the space vectors of the stator flux and rotor
flux linkages moving in the counterclockwise direction. The
motion of the stator flux is dictated by the voltage vectors
visrand viyp. Case 1 is when the stator flux is about to
enter sector k (at @y = 0 rad.) while case 2 is when the
stator flux is about to leave sector k (at oy = m/3 rad.). The
dynamic torque response can be studied by looking at the
effects of applying the two voltage vectors on the angle Ad ;.
For this purpose, the vectors are redrawn as shown in Fig.
11(b). From Figs.11(a) and (b), it can be seen that v;., has
a larger tangential component to the circular flux locus, while
Vi has a larger radial (negative) component in case 1. On
the other hand, v;1; has a larger radial component while vi.2
has a larger tangential component to the circular flux locus in
case 2. Fig. 11(b) highlights the effect of selecting different
switching states on Ad,. Based on the continuous rotation
of the rotor flux, as opposed to the irregular rotation of the
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stator flux, it can be seen that Ad,.; is larger when v, is
switched for case 1 and that Adg,; is larger when vi.o is
switched for case 2. In fact, if the sector 1s subdivided into
subsectors I and II based on (10), vector vp) will result in a
larger Ad, throughout subsector I and vy, will give a larger
Ad, throughout subsector IL

0< oy < m/6rad. for subsector I

10
/6 < o < /3 rad. (19)

for subsector 1T .

According to (7), with a larger Ad,, viy and v will
give faster dynamic torque responses in subsectors I and
II, respectively. For this reason, the fastest torque dynamic
control can be achieved with the proposed hybrid scheme since
the optimized active voltage vector, which is determined by
W mod . 1s switched and held (instead of selecting two active
voltage vectors) during the torque transient. For example, if a
torque dynamic occurs (i.e. the application of a step change
in the torque reference) when the flux is in the middle of
subsector II, the active voltage v4 is switched and held until
the output torque reaches its reference (i.e. Eg, is reduced to
ZET0).

B. Faster motor acceleration

Theoretically, in a constant flux region, the back-emf will
increase when the motor accelerates. Therefore, a larger stator
voltage is needed to satisfy the torque demand in accelerating
the motor. In the proposed hybrid scheme, whenever the speed
dynamic is encountered, as define in part B of Section III, the
stator flux locus will be transformed to a hexagonal shape.
The torque demand will be naturally fulfilled by the controller,
which will gradually drop the applications of the zero-voltage
vectors as the speed increases. By transforming the stator
flux locus to a hexagonal shape, room will be provided for
the stator voltage to increase beyond the hexagonal boundary
(overmodulation mode) and the torque demand will naturally
transform the stator voltage from PWM to six-step mode [19-
20]. Since the limit of the stator voltage increases to the six-
step mode (which also increase the limit of the stator flux
angular frequency), the constant torque region can be extended
and hence results in a higher capability of the torque in a flux
weakening region. This, consequently, provides faster motor
acceleration.

Note that, the improved capability of the torque in the hybrid
scheme uses a speed control loop, where, the reference torque
1s estimated by a PI controller, as shown in Fig. 9. However,
the generation of the reference flux is slightly different when
compared to the conventional method [21], where the flux
magnitude has a step reduction of 13.4% as the motor speed
reaches its reference (@,,,). This reduction is to ensure that
the output torque can be well-regulated to its reference with
the proper level of flux reference as reported in [22]. The
reference of flux (for flux weakening operation) is given by:
Ohase hex (11)

m

s ref = P rated (- (}.".COS(EHI(G))

where W, ,40q 18 the rated stator flux, @pgee per 18 the base
speed of the hybrid scheme, ®, is the motor speed and
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TABLE1
DTC-HYSTERES1S BASED AND HYBRID SYSTEMS AND INDUCTION
MACHINE PARAMETERS

Induction machine

Rated power 1.5 kW
Rated voltage 400 V
Rated current 339 A
Rated speed 1410 rpm
Rated torque 9 Nm
Rated flux 0.892 Wh
or resistance 55
r resistance 451
self inductance 306.5 mH
r self inductance 306.5 mH
utual inductance 291.9 mH
Number of poles 4
DTC-Hysteresis based or Hy-
brid System m
Flux hysteresis band, HB 045 Wh
Torque hysteresis band, HBy, 0.9 Nm
DC link voltage. V. 40V

& is used to activate the step reduction. That is, & is set
to 1 when the motor speed reaches its target; otherwise it
is 0. For convenience sake, an illustration on how the flux
reference 1s produced during motor acceleration, for both
the conventional DTC and the proposed hybrid scheme, is
shown in Fig. 12. The basic DTC uses the conventional flux
weakening method, where the variation of the reference flux
is inversely proportional to the mot@gd speed [21]. Note that,
the base speed for each scheme is defined as the maximum
speed at which the maximum torque can be retained under the
rated flux condition.

V. IMPLEMENTATION AND EXPERIMENTAL RESULTS

The feasibility of the proposed hybrid scheme in achieving
excellent dynamic performances is verified through experi-
mentation and comparison with the conventional DTC scheme.
The parameters for both schemes and the actual parameters of
an induction motor are as shown in Table I. The experimental
set-up consists of an IGBT inverter and a 1.5 kW, four-pole
squirrel cage induction motor. For safety reasons, the DC
voltage was limited to 240V, which means that the base speed
is reduced to 570 rpm. It should be noted that using a higher
DC voltage would further enhance the torque response since
a higher DC voltage will result in a higher rate of change of
torque. The control algorithm is implemented on a DSPACE
1102 and an Altera FPGA (APEX20KE). The sampling period
of the DTC scheme and the proposed hybrid scheme is 55 us.

The torque dynamic control is performed by applying a step
change in the reference torque from 1.5 Nm to 9.0 Nm when
the flux is in the middle of sector II (i.e. at point @ as defined
in Fig. 6 (a)). The experimental results under this condition
for each scheme are shown in Fig. 13. It can be seen that for
the conventional DTC scheme, two active voltage vectors are
selected during the torque dynamic. This is indicated by the
flux error status waveform which switches between 1 and 0.
For the proposed hybrid scheme, the single flux error status
is held. Therefore, only a single vector is selected during the
torque dynamic. The selected voltage vector, as discussed in
the previous section, provides the fastest torque response. The
effect of the proposed selection voltage on the stator flux locus
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can be seen from the experimental results, as shown in Fig. 14.
As the torque dynamic occurs in the middle of sector II, the
single voltage vector that produces the fastest torque response
is selected (i.e. v4). This vector also decreases the flux causing
the flux locus to momentarily deviate from a circular locus,
as shown in Fig. 14.

Fig. 15 compares the output torque capability obtained with
the conventional DTC and the proposed hybrid scheme, when
a step change in the reference speed is applied from 0.5 p.u
to 2.8 p.u. Note that the per unit (p.u) of speed is defined as
W[ @ pgge. Where @p,q 1s the base speed of the conventional
DTC scheme. From Fig. 15, it can be seen that the capability of
the output torque in the proposed hybrid scheme is higher and
hence gives faster motor acceleration. It can also be seen that
the hybrid scheme provides an extension of the constant torque
region and allows the stator voltage to operate in the complete
six-step mode, particularly in a flux weakening region (as can
be seen in the zoomed image). Fig. 16 highlights the locus
of the stator flux for the conventional DTC and the proposed
hybrid scheme and corresponds to the results obtained in Fig.
15.

Fig. 17 compares the output torque capability obtained with
both schemes when the motor speed is subjected to a change
from 1.25 p.u. to 2.33 pu. (in a flux weakening region). Ob-
viously, a higher capability of the torque and less acceleration
time (1.e. At,.» << At,.) is achieved in the proposed hybrid
scheme. Moreover, the proposed hybrid scheme is able to
produce the fastest torque dynamic response with the complete
six-step mode operation in a flux weakening region, as shown
in Fig. 18.

VI. CONCLUSIONS

A hybrid scheme for high performance motor control man-
ages to perform in dual-mode operation. The mode control
of a circular flux locus is utilized to get proper current
regulation during steady state conditions. Conversely, the mode
control of a hexagonal flux locus is employed to achieve
excellent dynamic performance. By controlling the locus flux
into a hexagonal shape, the DTC can be operated in the
overmodulation mode up to the complete six-step voltage. The
main benefit of the proposed hybrid scheme is its simplicity,
since the overmodulation mode can be performed without the
needs to estimate the reference voltage, unlike the DTC-SVM
approach.
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