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DIRECT TORQUE CONTROLLED
INDUCTION MOTOR DRIVE
BASED ON CASCADED THREE
TWO-LEVEL INVERTERS

Thippiripati V. Kumar* and Sandepudi S. Rao*

Abstract

In this paper, a new and an effective voltage switching-state
algorithm to Direct Torque Control (DTC) of induction motor drive
is proposed, which makes less torque and flux ripple at various
operating frequency conditions. In conventional DTC, the torque
and flux ripples are difficult to reduce as the applied voltage
vector is independent of rotor speed especially at low speeds. To
overcome this problem, the proposed technique introduces a voltage
switching-state algorithm for four-level inversion using cascading
three two-level inverters, in which choice of inverter voltage states
is the function of rotor speed. From simulation results, the
torque and flux ripple are decreased with proposed DTC when
compared with the conventional DTC technique at various operating

frequencies.
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1. Introduction

In the recent past there has been a tremendous research
in the Direct Torque Control (DTC) of Induction Motor
(IM) drives. Conventional DTC envisages high dynamic
performance and with an ease to control the torque and
flux separately by choosing proper voltage switching states
of inverter compared to Field-Oriented Control method.
The choice of inverter voltage switching states restricts
the torque and flux errors within the given hysteresis
bands [1]-[3]. In conventional DTC, inverter operating
switching frequency is uncontrolled and in turn depends
on rotor speed, flux and torque hysteresis bands [4], [5].
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To maintain the switching frequency as constant and
independent of rotor speed, a new control technique using
Space Vector Modulation (SVM)-DTC was proposed [6],
which gives less torque and flux ripple. Further to reduce
the flux and torque ripple various authors have proposed
different techniques based on SVM [7]-[13]; but the design
of proportional-integral (PI) controllers is complex. The
alternative method is to solve the torque and flux ripple
problem by using dithering technique [14]. But it requires
high frequency triangle carrier signal. A control technique
was proposed in [15] to reduce the torque and flux ripple
without SVM technique. The switching frequency is un-
controlled which requires calculating several complicated
equations in real time and also it requires high sampling
frequency to reach the desired performance. In [16], the
limitations of the stator flux and rotor speed estimation
methods were discussed and a more accurate estimation
method was proposed which has been concluded from
sensitivity analysis. In [17], the authors use the fuzzy
logic in estimating the motor parameters like stator and
rotor resistance. However, flux and torque control are
not considered in these papers. In [18], the authors
proposed a soft starting method for IM with reduced
energy losses using neuro fuzzy method. However, as
this paper is confined to starting transients, the perfor-
mance analysis in steady state has not been addressed.
The DTC of sensorless IM has been discussed in [19].
The effective alternative method to reduce the flux and
torque ripple is by using multilevel inverter topologies.
The objective of the multilevel inverters is high power
and voltage with less harmonics and optimum switch-
ing frequency. The three-level Neutral-Point-Clamped
inverter-based DTC methods were suggested in [20], [21].
But their neutral point is fluctuating due to DC link ca-
pacitor current. This drawback was rectified by H-bridge
topology, but it requires more than two isolated power
supplies. Later, a new topology by cascading two two-
level inverters was proposed in [22]. Using this cascaded
topology an impressive DTC algorithm was proposed in
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Figure 1. Proposed DTC scheme based on four-level inverter.
[23], but the selection of voltage vectors is inaccurate at Saf S Serd
low speed conditions. .
In this paper, a four-level inverter is used to have a Voel3 =7
lesser dv/dt as compared to a two-level and three-level Sad Sp Sed
inverter, thereby decreasing the bearing current and shaft
voltage problems. The objective of this research paper
is to propose a better scheme for DTC IM drive to re- s, _ﬁ} s, ‘K} 5., 'ﬂ:}
duce torque ripple and flux ripple, develop mathemati-
cal models for the proposed scheme, carry out simulation a )
studies on the proposed scheme and compare the simu- Viel3 —_ﬁ ‘e
lation results of proposed scheme with existing scheme. ) ) )
The main contribution of this paper is that a new volt- S“‘{} S”:{K% S“’{}
age switching table is designed for four-level inverter con-
figuration by cascading three two-level inverters, method ) )
of selection of voltage switching states at various oper- Sar Sp Sed
ating frequency conditions. Finally, it is noted that the Vo3 _+
torque and flux ripples impressively decrease when com- pe b i ,
pared with the conventional DTC at various operating T Sot Sy Sed
frequencies. m

2. Proposed Four-Level Direct Torque Control
(DTC) Method based on Cascaded Three Two-
Level Inverters

The proposed four-level DTC-based IM drive is shown in
Fig. 1, where w; is the speed reference in rad/s, w, is
the actual rotor speed in rad/s, T is the reference torque
generated from speed PI controller, T, is the estimated
torque in N-m, || is the reference stator flux magnitude
in Wb, 15 is the estimated stator flux magnitude in Wb,
s is the estimated stator flux angle, Vpe is the DC link
voltage of the inverter, and 7, and i, are the stator currents
in amps.

The four-level inverter configuration is explained in
the following section in detail.

2.1 Four-Level Inverter Configuration

The four-level inverter configuration by cascading three
two-level inverters is shown in Fig. 2.
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Figure 2. Four-level inverter configuration using cascading
three two-level inverters.

The switching states for phase “a” are represented in
Table 1.

Table 1

Switching State for Phase “a”

Switching States Pole Voltage
Sur | Som | S | S [Su [se | "™
ON |OFF| ON |OFF| ON |OFF Vbe
OFF| ON | ON |OFF | ON |OFF| 2Vpc/3
ON |OFF|OFF| ON | ON |OFF| Vpe/3
ON |OFF |OFF| ON |OFF | ON 0

where S, is the first inverter “a” leg top switch, S, is
the second inverter “a” leg top switch and S, is the third
inverter “a” leg top switch.

Table 2 depicts the inverter individual states and the
switches turned ON to realise those states, for the all three
inverters.



Table 2
Switching State of Inverters 1, 2 and 3
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Figure 3. Voltage space vectors and their locations for a four-level inverter.
Figure 3 shows the states of the voltage space vectors Vi=Vo@

for four-level configuration using cascading three two-level
inverters. The four-level inverter produces 36 space vector
locations.

An example is presented in this paragraph to deter-
mine the resultant space vector location for a combination
(2/3, 2/3, 0) of the three inverters. The combination
(2/3, 2/3, 0) implies that the switching state for inverter-1
is (0, 0, 1), for inverter-2 is (1, 1, 0) and for inverter-3
is (0, 0, 0), where “1” indicates that a upper switch in
an inverter leg is turned ON and a “0” indicates that the
lower switch is an inverter leg is turned ON. The resultant
space vector Vy composed by the pole voltages V,n, Vin
and V,y is defined as:

Vi =Van + Vin - e727/3 + Vo - e747/3 (1)
2 2 j27/3
Vs = gVDC‘i‘gVDC'e +0 (2)

From (2), it represents the (2/3, 2/3, 0) location, that is,
Vg vector, which is shown in Fig. 4.

Further, the resultant space vector (from Fig. 3) can be
divided into 18 sectors for high frequency operation and 12
sectors for low and medium frequency operation. For high
frequency operation, each sector occupies 20° (degrees)
space location. Sector-1 indicates the space vector location
from 350° to 10° with respect to a-axis, sector-2 indicates
the space vector location from 10° to 30°, sector-3 indi-
cates the space vector location from 30° to 50°, sector-4
indicates the space vector location from 50° to 70°, sector-5
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(2/3, 2/3,0)

Figure 4. Realization of V4 vector from all the three in-
verter states.

indicates the space vector location from 70° to 90°, sector-
6 indicates the space vector location from 90° to 110°,
sector-7 indicates the space vector location from 110° to
130°, sector-8 indicates the space vector location from 130°
to 150°, sector-9 indicates the space vector location from
150° to 170°, sector-10 indicates the space vector location
from 170° to 190°, sector-11 indicates the space vector
location from 190° to 210°, sector-12 indicates the space
vector location from 210° to 230°, sector-13 indicates the
space vector location from 230° to 250°, sector-14 indicates
the space vector location from 250° to 270°, sector-15 indi-
cates the space vector location from 270° to 290°, sector-
16 indicates the space vector location from 290° to 310°,
sector-17 indicates the space vector location from 310° to
330° and sector-18 indicates the space vector location from
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Figure 5. Voltage space vectors used for different frequency operations of four-level inverter DTC scheme.

330° to 350°. For low and medium frequency operation,
each sector occupies 30° (degrees) space location, which
is shown in Fig. 5. Sector-1 indicates the space vector
location from 345° to 15° with respect to a-axis, sector-2
indicates the space vector location from 15° to 45°, sector-3
indicates the space vector location from 45° to 75°, sector-
4 indicates the space vector location from 75° to 105°,
sector-5 indicates the space vector location from 105° to
135°, sector-6 indicates the space vector location from 135°
to 165°, sector-7 indicates the space vector location from
165° to 195°, sector-8 indicates the space vector location
from 195° to 225°, sector-9 indicates the space vector loca-
tion from 225° to 255°, sector-10 indicates the space vector
location from 255° to 285°, sector-11 indicates the space
vector location from 285° to 315° and sector-12 indicates
the space vector location from 315° to 345°.

The analysis of the proposed method is explained under
consideration of the stator flux space vector v, is in sector-
1 (space vector location from 350° to 10° for high frequency
range and space vector location from 350° to 10° for low
and medium frequency range). Based on the operating
frequency of the inverter, the switching voltage vector
states are divided into three parts namely high frequency,
medium frequency and low frequency conditions.

2.1.1 High Frequency Operation (above 66% of the
Rated Speed)

In high frequency range to control the torque and flux,
the active voltage space vectors such as Vig to V36 and
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null vector Vy are utilized to realize the resultant space
vector. From Fig. 5, if the resultant stator flux vector ¢
lies in sector-1, the stator flux magnitude can be increased
by using Vag, Va1, Vs and Vg voltage vectors, whereas
Vou, Vas, V3o and V3; voltage vectors are used to decrease
the stator flux magnitude. Again in the same sector, the
positive torque error can be reduced by choosing Va1, Voo
and Vo3 voltage vectors, and negative torque error can be
reduced by choosing V34, V35 and V3g voltage vectors. In
this frequency range, the choice of V;-Vig voltage vectors
is not preferable due to insufficient voltage magnitude to
maintain the constant V'/ f ratio.

2.1.2 Medium Frequency Operation (between 83% and
66% of Rated Speed)

In medium frequency range to control the stator torque
and flux, the active voltage space vectors such as V;—Vig
and null vector 1} are utilized to realize the resultant space
vector. From Fig. 5, if the resultant stator flux vector g
lies in sector-1, the stator flux magnitude can be increased
by using Vg, Vo, Vi7 and Vig voltage vectors, whereas
Vi1, Via, Viq and Vi5 voltage vectors are used to decrease
the stator flux magnitude. Again in the same sector, the
positive torque error can be reduced by choosing Vg, Vg
and Vig voltage vectors, and negative torque error can be
reduced by choosing of V14, V17 and Vg voltage vectors. In
this frequency range, the choice of V3—Vg voltage vectors
is not preferable due to insufficient voltage magnitude to
maintain the constant V'/f ratio.



2.1.8 Low Frequency Operation (Less than 83% of the
Rated Speed)

In low frequency range to control the stator torque and
flux, the active voltage space vectors such as V;3—-V5 and
null vector Vj are utilized to realize the resultant space
vector. From Fig. 5, if the resultant stator flux vector lies
in sector-1, the stator flux magnitude can be increased by
using V5 and Vi voltage vectors, whereas V5 and V3 voltage
vectors are used to decrease the stator flux magnitude.
Again in the same sector, the positive torque error can
be reduced by choosing V5 and V3 voltage vectors, and
negative torque error can be reduced by choosing V5 and
Vi voltage vectors. In this frequency range, the choice of V7
to V3¢ voltage vectors is not preferable due to insufficient
voltage magnitude to maintain the constant V'/f ratio.

2.2 Reduction of Flux Ripple and Torque Ripple
Principle

The low flux and torque ripples are achieved based on the
reduction of voltage ripple, because flux and torque ripples
are functions of voltage. This voltage ripple technique
is useful for low and medium operating frequencies. The
inverter voltage equation can be expressed as:

v(k) = Ris + Lsdis/dt + eg (3)

where v(k) is the output voltage of the inverter, and
there are 36 locations of inverter output voltage vectors
for four-level voltage source inverter, corresponding to the
ON-OFF state of the inverter switching states shown in
Table 2, ey is the induced voltage on the IM side, which
depends on the operating frequencies (rotor speeds), L is
the stator leakage inductance and i, is the stator current.
Equation (3) can be written as:

diy/dt = 1/Ls(v(k) — eo) (4)

where Ris drop is neglected.

Equation (4) shows that the rate of change in the
stator current dis/dt is determined by the selection of
inverter voltage vector v(k) for particular operating fre-
quency. From (4), dis/dt is the significant variable which
controls the current harmonics in the steady state and the
stator current response in the transient state. To get the
low current ripple at steady state, it is required to select
a suitable voltage vector such that Aig is minimum (from
(4), 1/Ls(v(k) —ep)). From [24], the rotor flux can be
written as:

by = (LT/Lm)ws - ((LSLT - L%)/Lm)is (5)

where 1, is the stator flux vector, 1, is the rotor flux
vector, L, is the rotor leakage inductance, L is the stator
leakage inductance and L,, is the stator and rotor mutual
inductance. Differentiating (5) with respect to time,

dipy/dt = (Ly/Lu)dis /dt — odis /dt (6)
dis/dt = [/{31‘/3 — jkgwer] (7)
where ky =L, /oL, and ks =1/0.
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Figure 6. Incremental change in stator current to increase
the flux and torque at high frequency operation.
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Figure 7. Incremental change in stator current to increase
the flux and torque at medium frequency operation.
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Figure 8. Incremental change in stator current to increase
the flux and torque at medium frequency operation.
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Figure 9. Incremental change in stator current to increase
the flux and torque at low frequency operation.

From (7), dis/dt is the rate of change in stator current,
k1Vy is the applied voltage vector and jkow,w, is back
e.m.f of the stator winding. The change in stator current
dis/dt depends on applied voltage and speed of rotor flux,
and is independent of rotor flux magnitude. Rotor flux
magnitude is maintained constant by choosing suitable
inverter voltage vector. The back e.m.f jk21),w, magnitude
depends on rotor flux speed and independent of rotor
flux magnitude. The rotor flux is maintained constant
indirectly by controlling the stator flux using suitable
voltage vector. Figures 6-10 give the deviation of the
current ripple for different operating speeds. At high speed
operating conditions, if the stator flux vector is assumed to



be in sector 1, then the required voltage vector magnitude
should be high because it maintains V/f as constant. If
voltage vector Vog is selected in the place of Vas, then load
angle changes rapidly. Hence, V53 should not be applied to
reduce the flux and torque errors for any position in sector-
1. Depending on the rotor speed value, the selection of
favourable voltage vectors to increase or decrease in the flux
and torque ripple values are illustrated from Figs. 6 to 10.

For medium frequency operation, the choice of Vag
voltage vector is not preferable to increase the flux and

kW Vs
—jky,®,,

.

‘ di, at
Y, 0,

a-axis
|-
Ll

Figure 10. Incremental change in stator current to increase
the flux and torque at low frequency operation.

torque values in sector-1, because of current ripple dis/dt
increases which is shown in Fig. 7. To decreases the dis/dt
value, the Vy voltage vector is more preferable than Vs,
voltage space vector, the variation of dis/dt value after
applying Vg is shown in Fig. 8.

For low operating frequency, the choice of V4 voltage
vector is not preferable to increase the flux and torque
values in sector 1, because of current ripple dis/dt increases
which are shown in Fig. 9. To decreases the dis/dt value
under low speed conditions, the V5 voltage vector is more
preferable than the Vy voltage space vector, the variation
of dis/dt value after applying V5 is shown in Fig. 10.
Depending on the rotor speed conditions, the selection of
suitable voltage space vectors to increase or decrease the
flux and the torque values are illustrated in Tables 3-5.

3. Simulation Results
After analysing, the mathematical and graphical picture

of the proposed algorithm is applied to four-inverter con-
figuration based on cascading three two-level inverters

Table 3
Choice of Active Vector for High Frequency Operation (above 66% of Rated Speed)
Flux | Torque Sector Number
Error) Error |- o Ta Ty s 67800112 3]1a]15]16]17]1s
>0 >0 | Voo | Vaz | Vag | Vas | Vag | Va7 | Vag | Vao | Vao | Var | Vaz | Vas | Vag | Vas | Vag | Vig | Vao | Vo
<0 | Vaq | Va5 | Vae | Vig | Voo | Va1 | Voo | Vag | Vag | Vas | Vag | Va7 | Vag | Vag | Vao | Var | Vaz | Vas
<0 >0 | Vas | Vag | Var | Vag | Vag | V3o | Va1 | Va2 | Vaz | Vaa | Vas | Vae | Vig | Vao | Var | Vaz | Vaz | Vo
<0 | V31| V32| V33| V34| V35| V36| Vig| Voo | Va1 | Vaz | Vag | Vau | Vas | Vag | Var | Vag | Vag | Vag
Table 4
Choice of Active Vector for Medium Frequency Operation (between 33% and 66% of Rated Speed)
Flux | Torque Sector Number
Error | Frror =T s Ty [ 5[ 6 7] 8]0 10]11]12
>0 >0 | Vo [ Vio | Vi1 | Viz | Vis | Via | Vis | Vie | Vir | Vis| Vi | Vs
<0 Vi | Vig| Vo | V& | Vo | Vig| Vi1 | Viz | Vis | Via | Vis | Vis
<0 >0 | Vig [ Viz | Viz | Via | Vis | Vie | Vir | Vis| V| Vs | Vo | Vio
<0 | Vis|Vie | Vir | Vis| V7 | V& | Vo | Vio| Vi1 | Viz|Viz|Via
Table 5

Choice of Active Vector for Low Frequency Operation (Less than 33% of Rated Speed)

Flux | Torque Sector Number

Error] Error |y 19 13 506 |7]8[9]10]11|12

>0 >0 | Vo | Vo |Va |V | Vi | Vi | V5| V5| Ve | Vs V1| V1
<O | Ve | Ve |Vi|Vi|Va|Va|Va|Va|Va|Va V5| V5

<0 >0 | V3| Va|Va|Vy| V5| V5|V |Ve|Vi|Vi|Va|Va
<O |\ V5| V5|V |Ve| Vi |Vi|Va|Va| V5| Vs |Vy|Vy
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Figure 11. Simulation results of conventional DTC: (a) variation of rotor speed from 0 to 280rad/s; (b) a load torque of
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Figure 12. Simulation results of proposed DTC: (a) variation of rotor speed from Orpm to 280rad/s; (b) a load torque of
8 N-m is applied at 0.5s and removed at 0.8s; (c) stator flux; and (d) a-phase current I,.

simulated at different speed conditions for three-phase IM
drive using MATLAB/SIMULINK. The steady-state and
transient-state simulation results for conventional DTC
and proposed DTC based on four-level inverter schemes
are shown from Figs. 11 to 22. The simulations are carried
out for various loads but the results are shown for 60% of
rated load as a sample. Figures 11 and 12 show the forward
motoring operation of IM drive at 280rad/s for conven-
tional DTC and proposed DTC schemes, respectively. Fig-
ures 13 and 14 show the torque and stator flux ripples at
280rad/s rotor speed for conventional DTC and proposed
DTC schemes, respectively. Figures 15 and 16 show the for-
ward motoring operation of IM drive at 140rad/s for con-
ventional DTC and proposed DTC schemes, respectively.
Figures 17 and 18 show the torque and stator flux ripples
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at 140rad/s rotor speed for conventional DTC and pro-
posed DTC schemes, respectively. Figures 19 and 20 show
the forward motoring operation of IM drive at 40rad/s
for conventional DTC and proposed DTC schemes, respec-
tively. Figures 21 and 22 show the torque and stator flux
ripples at 40rad/s rotor speed for conventional DTC and
proposed DTC schemes, respectively.

The simulation results of motor operation are shown
in Fig. 11, and Fig. 12 represents the motor speed at
280rad/s, corresponding developed torque, stator flux and
current for conventional DTC and proposed four-level
DTC, respectively. From Fig. 14, an electromagnetic
torque and flux ripple less compared with conventional
DTC (Fig. 13) at 280rad/s rotor speed is observed.
Figures 15 and 16 represent the motor speed at 140rad/s,
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Figure 14. Simulation results of proposed DTC at 280rad/s: (a) steady-state torque ripple in N-m and (b) steady-state flux
ripple in Wh.
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Figure 17. Simulation results of conventional DTC at 140rad/s: (a) steady-state torque ripple in N-m and (b) steady-state
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corresponding developed torque, stator flux and current for
conventional DTC and proposed four-level DTC, respec-
tively. From Fig. 18, an electromagnetic torque and flux
ripple less compared with conventional DTC (i.e., Fig. 17)
at 280rad/s rotor speed is observed. Figures 19 and 20
represent the motor speed at 40 rad /s, corresponding devel-
oped torque, stator flux and current for conventional DTC
and proposed four-level DTC, respectively. From Fig. 22,
it is observed that the electromagnetic torque and flux
ripple are less when compared with the conventional DTC,
that is, Fig. 21 at 40rad/s rotor speed. From the above,
at 280rad/s (high speed), 140rad/s (medium speed) and
40rad/s (low speed) motor speeds the torque and flux rip-
ples are minimized using proposed four-level-based DTC
using cascading three two-level inverter, when compared
with the conventional DTC method.

4. Conclusion

In this paper, a new voltage switching-state table is pro-
posed to four-level inverter configuration by using cas-
cading three two-level inverters for DTC of IM drive to
reduce the flux and torque ripple at different operating
frequencies. This control technique was tested at high,
medium and low speed operating conditions. In all the
operating frequency conditions, the flux ripple and torque
ripple are decreased, when compared with the conventional
DTC. Particularly at low speed operation, the proposed
technique significantly reduced the flux ripple and torque
ripple. Hence, the proposed technique ensures high per-
formance in high power applications for low, medium and
high speed operations.
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