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The Direct Torque Control (DTC) technique of the Permanent Magnet Synchronous Motor (PMSM) receives
increasing attention due to its simplicity and robust dynamic response compared with other control techniques.
The classical switching table based DTC presents large flux, torque ripples, and more mechanical vibrations in
the motor. Several studies have been reported in the literature on classical DTC. However, only limited studies
exist that actually discuss or evaluate the classical DTC. This paper proposes a simple DTC method/switching
table for PMSM, to reduce flux and torque ripples as well as mechanical vibrations and noise. In this paper,
two DTC schemes are proposed. The six sector and twelve sector methodology is considered in DTC Scheme
I and DTC Scheme II, respectively. In both DTC schemes, a simple modification is made in the classical DTC
structure by eliminating the two-level inverter available in the classical DTC and replacing it with a three-level
Neutral Point Clamped (NPC) inverter. To further improve the performance of the proposed DTC Scheme I, the
available 27 voltage vectors are allowed to form different groups of voltage vectors such as Large-Zero (LZ),
Medium-Zero (MZ), and Small-Zero (SZ), whereas in DTC Scheme II, all the voltage vectors are considered to
form a switching table. Based on these groups, a new switching table is proposed. The proposed DTC schemes
are comparatively investigated with the classical DTC and existing literatures from the aspects of theory analysis
and computer simulations. It can be observed that the proposed techniques can significantly reduce the flux, torque
ripples, mechanical vibrations, and noise and improve the quality of current waveform compared with traditional

and existing methods.

1. INTRODUCTION

Around 40 years ago, in 1972, Blaschke proposed the con-
cept of Field Oriented Control (FOC) for Induction Motor.'
Since then, the FOC dominates in the advanced AC drive mar-
ket, even though it has a complicated structure. Thirteen years
later, a new control technique for the Torque Control of In-
duction Motor was proposed by Takahashi and Noguchi as Di-
rect Torque Control (DTC).2 Two years later, Depenbrock pre-
sented another one control technique named Direct Self Con-
trol (DSC).3 The first follows circular trajectory, and later fol-
lows hexagon trajectory. Both of them proved that it is possi-
ble to obtain a good dynamic control of the torque without any
sensor on the mechanical shaft. Thus, DTC and DSC can be
considered a sensorless type control technique.

The DTC scheme is normally preferred for low and medium
power applications, whereas the DSC scheme is preferred
for high power applications. In this paper, attention is fo-
cused on the DTC scheme, which is best suited for low and
medium power applications. DTC overcomes the drawbacks of
FOC such as the requirement of current regulators, co-ordinate
transformations, and PWM signal generators. DTC also pro-
vides high efficiency, high power/torque density, and high reli-
ability. Due to its simplicity, DTC allows a good torque control

in steady states and start-up transient states.

In recent years, DTC has been popular for a variety of elec-
trical machines. In 1997, Zhong et al. proposed the concept of
DTC for PMSM.* Some of the researchers proposed this tech-
nique for Synchronous Reluctance Machines.> On the other
hand, the classical DTC has some disadvantages and major dis-
advantages are as follows:

1) Difficulty to control torque at very low speed;
2) High current/torque ripple;
3) More mechanical vibrations.

Most of the literature surveyed has analysed classical DTC
using two-level inverters, and all have presented a high degree
of torque ripple in the results under dynamic conditions; this
will reflect in the speed and current t00.9'% In this paper, the
possibilities for minimization of torque ripple and mechanical
vibration in DTC is focused. The minimization of torque ripple
is achieved by improvements in the areas such as inverters and
switching tables.

In this paper, the conventional two-level inverter is replaced
by the three-level Neutral Point Clamped (NPC) inverter which
will have 27 voltage vectors, where only 8 voltage vectors are
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available with the classical DTC. The 27 voltage vectors that
include large and medium voltage vectors have six numbers
each, small voltage vectors have twelve numbers and three
numbers of zero voltage vectors.

Some of the literature presents a three-level inverter with a
classical DTC, but it utilizes all of the 27 voltage vectors to
construct the switching table.!'~'® This paper proposes three
kinds of DTC schemes to reduce torque ripple and mechanical
vibrations. In the DTC Scheme I, only any two voltage vectors
(large-zero or medium-zero or small-zero) alone are utilized to
construct a switching table. All the voltage vectors are consid-
ered to form a switching table in DTC Scheme II.

Thus on the basis of the experience of the authors, the fair
comparison between all the schemes are presented in both
steady state and start-up transient state conditions. The com-
parison is useful to indicate to the users which one of the
schemes can be effectively utilized today for various applica-
tions that require torque control.

2. MODEL OF PMSM

2.1. Machine Equations
The mathematical model of a PMSM can be expressed as

1 1

Ua \/gUys + \/gUbs§ ey
Up = 2Urs — 3Uys — 5Uss @)
and the stator flux equations are
pas = [ (Ua = Ruia)dt; G
Pps = /(Uﬁ — Ryig) dt; @)

os| = \/¥2s + ¢35 Q)

and the electromagnetic torque developed by a PMSM in a sta-
tionary reference frame is expressed as:!”

3 .
T, = ip(@s X ig); (6)

or

3 . .
T, = ip (ZﬁSDas - Za@ﬁS) . @)

2.2. Voltage Vector Impact on Torque

According to the principle of DTC, an electrical angle be-
tween stator and rotor flux vectors, § can control the torque
developed by the PMSM. This can be achieved by controlling
the voltage vector. Hence, the voltage vector is the prime con-
trollable input variable in DTC. However, it is mandatory to
develop a relationship between the torque developed and the
voltage vector.

The voltage and stator flux equations in stationary frame are
expressed as
_ dps

Us
dt

+ Rt ®)

and
Ps = Lsis + ©r. (9)

From Egs. (8) and (9), we can get

dis . der
Lsi — Us — figls — 10
q = Us Bt (10
and
d.s . .
L,52 = U, — Ryiy — jwir. (1)

dt

From Eq. (6), the torque differentiation with respect to time ¢
is

dTe 3 dsﬁs . dls
=z s Ty s ) 12
dt 2p{<dtxz>+<dtxw>} 12)
Substituting Egs. (8), (9), and (11) in (12), we can get
dl, 3 3
s~ gPvr X Us G Pwpr - Ps RST. (13)
and
dT,
LSE =+ TeII + TeIH- (14)

It can be seen from Eq. (13) that the equation contains three
components.'>!8  The second component is negative and a
function of speed. The third component is also negative and
depends on stator resistance. The first component is always
positive and depends on the voltage vector. From this, it is
concluded that the non-zero vector always increases the torque
developed, and the zero vectors always decrease the torque de-
veloped.

3. CLASSICAL DTC METHOD

Based on the errors between the reference and the actual
values of torque and flux, it is possible to directly control the
inverter switching states in order to reduce the torque and flux
errors within the prefixed band limits. That is why this tech-
nique is called Direct Torque Control.'** The block diagram
of the classical DTC for PMSM is shown in Fig. 1.

The basic principle of DTC is to select stator voltage vectors
according to the differences between the reference and actual
torques. The reference and actual value of the stator flux is
processed through a two-level hysteresis comparator. If the
error is positive, the magnitude of the flux has to be increased,
and this is denoted as dp, = 1. If the error is negative, the
magnitude of the flux has to be decreased, and this is denoted
as dyps = 0. The flux comparator conditions are given as,

d‘Ps =1 for “Ps| < |@sref‘ - |A<Ps| (15)
and

dps =0 for |508| > |<Psref| + |Ag03|. (16)

The rotor reference speed is compared with the actual rotor
speed, and the error obtained is converted into reference torque
by using a suitable PI regulator.?3-26

The reference and actual torque is processed through a three-
level hysteresis comparator. If the error is positive, the mag-
nitude of torque has to be increased, and this is denoted as
dT, = 1. If the error is negative, the magnitude of torque has
to be decreased, and this is denoted as d71, = —1. If the error
is zero, the magnitude of torque has to be maintained constant,
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Figure 1. Block diagram of the classical DTC.

and this is denoted as dT, = 0. The torque comparator condi-
tions are given as,

dT. =1 for |T.| < |Tref| — |AT:|; 17
dT, = —1 for |T.| > |Tref] + |AT:|; (18)

and
dTe =0 for |Tiet| — |AT,| < |Te| < |Tret| + [ATe|. (19)

Finally, the most suitable voltage vectors are selected form
the switching table based on the flux and torque errors for all
the sectors.?—0

4. PROPOSED DTC METHOD

The classical DTC uses a two-level inverter and produces
only eight voltage vectors which includes six numbers of non-
zero vectors, and the rest of them are zero vectors. This does
not allow smooth variation in the flux and torque. This could
be one of the main reasons for large flux, torque ripples, and
mechanical vibrations. In this proposed DTC method, the two-
level inverter is replaced by the NPC three-level inverter. Due
to increment in the level of the inverter, there are 27 voltage
vectors available to construct the switching table, which in-
cludes six numbers of large vectors, twelve numbers of small
vectors, three numbers of zero vectors, and the remaining are
medium vectors. The inference from Section 3 is that the
switching table plays an important role in the DTC technique.
For a proper switching table, the best result can be obtained.
The structure of the proposed DTC schemes is shown in Fig. 2.
In the proposed DTC Scheme I, the available 27 voltage vec-
tors are allowed to form different groups of voltage vectors
such as Large-Zero (LZ), Medium-Zero (MZ), and Small-Zero
(SZ). Based on these groups, a new switching table is pro-
posed. In the proposed DTC Scheme II, all the voltage vec-
tors are considered for a switching table. The proposed DTC
methods provide satisfactory results as compared to classical
DTC. Table 1 provides the technical idea of the proposed DTC
schemes.

Figure 2. Block diagram of the proposed DTC schemes.

Table 1. Technical difference among the classical and proposed DTC schemes.

Proposed
Techniques | Classical Proposed DTC Scheme I DTC
used DTC Scheme II
DTC DTC DTC DTC
method 1 | method 2 | method 3 | method 4
Number of
Sectors Six Six Six Six Twelve
used
Inverter Two Three Three Three Three
Level
Nature of
Voltage
LZ LZ MZ Sz LMSZ
Vectors
used

4.1. Proposed DTC Scheme |

The proposed DTC Scheme I includes DTC method 1, DTC
method 2, and DTC method 3, and all follow the six sector
methodology.

4.1.1. DTC method 1

The proposed DTC method 1 utilizes large and zero volt-
age vectors. In this method, nine voltage vectors are used, in
which six of them are large voltage vectors, and three of them
are zero voltage vectors. This method is almost an imitation of
the classical DTC because, in both cases, only large and zero
voltage vectors are used. The switching table is constructed us-
ing these nine voltage vectors. The switching table developed
in this method is almost similar to the classical DTC switch-
ing table. The drawback obtained in the DTC is repeated in
this method also because of the non-availability of intermedi-
ate voltage vectors.

4.1.2. DTC method 2

In the proposed DTC method 2, the medium and zero volt-
age vectors are used to construct the switching table. There
are six medium voltage vectors and three zero voltage vectors
available. In DTC method 1, the large and zero voltage vectors
are used; that means the switching is between large voltage
vectors and zero voltage vectors. This will produce large rip-
ples in the flux and torque. However, in DTC method 2, the
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Figure 3. Response of classical DTC at 1000 rpm with an external load of
3 Nm.

medium and zero voltage vectors are used, so the ripples in the
flux and torque are considerably reduced as compared to DTC
method 1. This can be observed from Fig. 8 through Fig. 12.

4.1.3. DTC method 3

The DTC method 2 produces slightly lesser torque ripples
as compared to the classical DTC method. This is because of
no large voltage vectors are used in this method. From the
experience of previous methods, the switching of the vector
plays important role in the flux and torque ripple reduction.
The switching from zero voltage to large/medium voltage in-
creases the ripples in the flux and torque, harmonic content,
and stress across the switching devices.

To overcome these problems, an appropriate switching ta-
ble is constructed using only small and zero voltage vectors.
Equation (13) tells us that the large voltage vectors contribute
to a torque in the same direction, which will lead to large er-
rors in the actual torque. This is true for small voltage vectors
also. The lesser torque ripples can be expected by combining

Figure 4. Response of DTC method 1 at 1000 rpm with an external load of
3 Nm.

small and zero voltage vectors. There are twelve small voltage
vectors and three zero voltage vectors available in this method.
The small voltage vector exists in a redundant pair (i.e., six
positive small vectors and six negative small vectors). So, the
switching table is formed either by using a positive small vec-
tor or a negative small vector in order to balance neutral point
potential. The small voltage vectors are selected to meet the
demand of the flux and torque, as well as to reduce the flux,
torque ripples, and mechanical vibrations. So, this ensures the
safe operation of the entire system.

4.2. Proposed DTC Scheme i

The proposed DTC Scheme II is different in the view of the
number of sectors used and the techniques used in the switch-
ing table formation. In this scheme, all the voltage vectors are
used to form the switching table. This is referred to as DTC
method 4 in the future.
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Figure 5. Response of DTC method 2 at 1000 rpm with an external load of
3 Nm.

5. SIMULATION AND RESULTS

The MATLAB/Simulink is used to perform the simulation
for the proposed DTC methods and classical DTC method.
The machine parameters used in this paper are the same as
in two recent publications of Zhang and Zhu.'>'* In this pa-
per, the simulation results of classical DTC, DTC method 1,
DTC method 2, DTC method 3, and DTC method 4 were pre-
sented. For all the methods, the performance analysis was car-
ried out in different points of view such as performance at dif-
ferent operating points and performance during external load
disturbance.

5.1. Comparative Study with Existing Work

First, the classical DTC was carried out to show the effec-
tiveness of the proposed DTC methods. The proposed methods
are also compared with existing works of Zhang and Zhu.'>!#
The switching table used in Fig. 2 is different from the litera-
ture.!>14

Figure 6. Response of DTC method 3 at 1000 rpm with an external load of
3 Nm.

Figures 3 to 7 present the responses at 1000 rpm with an ex-
ternal load of 3 Nm applied at 0.1 s for classical DTC, DTC
method 1, DTC method 2, DTC method 3, and DTC method
4. From the top to bottom, the waveforms are stator current,
torque, flux, rotor speed, and the harmonic analysis of stator
current, respectively. It can be seen that the current waveform
is more sinusoidal in the proposed DTC methods as compared
to existing methods. The classical DTC exhibits large flux and
torque ripples. The Total Harmonic Distortion (THD) is calcu-
lated up to 6000 Hz.

The quantitative results are carried out at 1000 rpm with a
3 Nm external load for all the methods. It is seen that the stator
current THD of the proposed DTC method 3 is 4.40%, much
lower than the 5.85% and 4.67% of the existing DTC methods
available in the paper Zhang and Zhu'® and Zhang and Zhu,'*
respectively. The DTC method 4 provides lesser stator current
THD as compared to classical DTC and reference Zhang and
Zhu."*  Among all the proposed DTC methods and existing
DTC methods, the DTC method 3 provides better performance
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Figure 7. Response of DTC method 4 at 1000 rpm with an external load of
3 Nm.

in the view of stator current THD. The dominant harmonics
between 2000 Hz and 3000 Hz in the proposed DTC method 3
are much lesser than as compared to the other proposed meth-
ods and classical DTC method.

The average commutation frequency is calculated using the
formula, f,, = N/K/0.05, where, N is the total commutation
instants of all the legs of the inverter used in the DTC methods
during fixed period (e.g., 0.05 s in this paper), and K is the
switch numbers.

The Root Mean Square (RMS) torque ripple is calculated
for all the DTC methods in this paper. The proposed DTC
method 3 exhibits its better performance in terms of torque rip-
ple, stator current THD, and average commutation frequency,
fav- The DTC method 3 exhibits better performance while
comparing all other proposed methods and the classical DTC
method.

The average commutation frequency of the proposed DTC
method 3 is 1.63 kHz. The proposed DTC method 3 has its av-
erage commutation frequency, f,, only 51% and 37% of that

Table 2. Quantitative comparison of the proposed DTC methods with existing
DTC methods.

fav ¢ripple Thipple % THD of
Method (Hz) (Wb) (Nm) | Stator Current
Classical DTC 536k | 0.0066 | 0.2004 6.73%

Y. Zhang and J. Zhu'® | 441k | 0.0043 | 0.1222 5.85%

Y. Zhang and J. Zhu'* 322k | 0.0017 | 0.1110 4.67%
Proposed DTC method 1 | 4.99k | 0.0064 | 0.1956 6.97%
Proposed DTC method 2 | 4.68k | 0.0063 | 0.1563 5.70%
Proposed DTC method 3 | 1.63k | 0.0048 | 0.1092 4.40%
Proposed DTC method 4 | 3.09k | 0.0086 | 0.1107 5.28%
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Figure 8. Steady state response at 200 rpm (10% of the rated speed) for classi-
cal DTC, DTC method 1, DTC method 2, DTC method 3, and DTC method 4.

of existing DTC methods available in the literature Zhang and
Zhu'3 and Zhang and Zhu,'* respectively. This validates the
superiority of the proposed DTC methods. The DTC method
4 provides lesser average commutation frequency as compared
to Zhang and Zhu'? whereas torque ripple is less when com-
pared to both considered publications.'3 14

Table 2 also informs us that all the proposed DTC meth-
ods produce lesser torque ripple as compared to the classi-
cal DTC method. While comparing the existing DTC meth-
ods of Zhang and Zhu,'>'* the proposed DTC method 3 pro-
vides lesser torque ripple. The proposed DTC method 3 gives
torque ripple only 54%, 89%, 98% of that of the classical DTC
method, Zhang and Zhu,'? and Zhang and Zhu,'* respectively.
The DTC method 4 exhibits lesser torque ripple as compared to
classical DTC, Zhang and Zhu works,'*'* DTC method 1, and
DTC method 2. In terms of average commutation frequency,
torque ripple and THD of stator current, the DTC method 3
shows better performance among all the DTC methods.
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Figure 9. Steady state response at 500 rpm (25% of the rated speed) for classi-
cal DTC, DTC method 1, DTC method 2, DTC method 3, and DTC method 4.

5.2. Results at 10% of Rated Speed

The proposed DTC method is analysed at different operating
points. In Fig. 8, the operating point is considered at 200 rpm
(10% of the rated speed) without load as an example. Figure 8
shows the flux and torque responses for classical DTC, DTC
method 1, DTC method 2, DTC method 3, and DTC method
4, respectively. From top to bottom, the responses shown in
Fig. 8 are classical DTC, DTC method 1, DTC method 2, DTC
method 3 and DTC method 4, respectively, the flux response is
in the left, and the torque response is in the right.

It is seen that at the operating point at 200 rpm, the DTC
method 1 gives almost the same performance as compared to
classical DTC because their switching pattern is almost similar.
However the DTC method 2 gives lesser torque ripple as com-
pared to classical DTC and DTC method 1, but it gives instan-
taneous spikes in flux. The main drawback of the DTC drive is
more torque ripple at lower speed. So this analysis provides an
important conclusion: DTC method 3 presents the best overall
performance among the four kinds of proposed DTC methods
and classical DTC.

5.3. Results at 25% of Rated Speed

At this operating point, in the view of the flux and torque
ripple, the DTC method 3 exhibits better performance followed
by DTC method 4, DTC method 2, DTC method 1, and clas-
sical DTC. The ripples in the flux and torque waveform also
significantly diminished in the DTC method 3 as compared to
the other methods proposed in this paper. This can be observed

Figure 10. Steady state response at 1000 rpm (50% of the rated speed) for
classical DTC, DTC method 1, DTC method 2, DTC method 3, and DTC
method 4.

from Fig. 9.

5.4. Results at 50% of Rated Speed

As is shown in Fig. 10, the high ripples and distortion in the
flux and torque waveforms can be noticed in all the methods.

However, a remarkable reduction in torque ripple can be ob-
served in DTC method 3. DTC method 3 and DTC method
4 provide almost similar torque ripple, but the instantaneous
spikes are noticed in torque response of DTC method 4.

5.5. Results at 75% of Rated Speed

DTC method 1 almost imitates the classical DTC. DTC
method 2 presents the lower torque ripple among the other
methods. According to the switching table of this method, at
any point of time, the inverter will provide half voltages for two
lines and zero voltage for one line. This voltage is not sufficient
to rotate the rotor at this speed. The DTC method 3 gives sat-
isfactory operation up to 70% of the rated speed. However, the
DTC method 4 provides lesser torque ripple compared to all
other methods.

5.6. Results at 100% of Rated Speed

It is found that there is no significant improvement in the
DTC method 1 as compared to classical DTC. Large vectors
are considered in classical DTC and DTC method 1. Accord-
ing to Eq. (13), this will lead large torque ripples. At the same
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Figure 11. Steady state response at 1500 rpm (75% of the rated speed) for
classical DTC, DTC method 1, DTC method 2, and DTC method 4.

time, the DTC method 2 presents lesser torque ripples as com-
pared to other methods. Nevertheless, the DTC method 3 is not
able to trace the reference target. It can be seen from Fig. 13,
all the proposed DTC methods provide lesser torque ripple at
different operating point compared to classical DTC method.

5.7. Responses to External Load
Disturbance

The responses to the external disturbances are shown in
Fig. 14(a) through Fig. 14(e) for classical DTC, DTC method
1, DTC method 2, DTC method 3, and DTC method 4, respec-
tively. The motor is operated at a steady state with 2.5 Nm
and 50% of the rated speed, and then the load is suddenly re-
moved in order to check the disturbance rejection capability of
the classical and proposed DTC methods.

In a very short period, the motor speed returns to its original
speed due to its fast torque response. It is observed that about
3% peak speed increases for all the proposed DTC methods
1, 2, 3 and 4, whereas it is about 2.5% for the classical DTC
method when the load is suddenly removed. However, almost
all the DTC methods including the classical DTC method take
the same time to reach their original speed after the load is re-
moved. This comparison informs that all the proposed DTC
methods exhibit their fast response of torque as compared to
classical DTC. Even though the peak speed increases about
3%, it takes lesser time to reach its steady state, whereas the
classical DTC takes same time to reach from its 2.5% peak
speed. However the classical DTC, DTC method 1, and DTC
method 2 exhibit the best performance at the cost of larger
torque ripple, whereas DTC method 3 provides lesser torque
ripple and better performance in terms of disturbance rejec-
tion.

Figure 12. Steady state response at 2000 rpm (100% of the rated speed) for
classical DTC, DTC method 1, and DTC method 2.

mClassic DTC mDTC method 1 mDTC method 2
uDTC method 3 mDTC method 4
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g 005
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Percentage of the rated speed

Figure 13. Comparison of the torque ripple for classical DTC, DTC method
1, DTC method 2, DTC method 3, and DTC method 4.

5.8. Harmonics and Mechanical Vibration
Reduction

The major disadvantages of the DTC based PMSM drive is
more torque ripple, and that leads to mechanical vibrations and
acoustic noise. For electric and hybrid vehicle applications, the
torque ripple could result in mechanical vibration and acous-
tic noise. These phenomena are undesirable for most of the
applications. In this paper, the status of the Total Harmonic
Distortion in the current waveform, RMS level of vibration,
and noise has been examined, and their comparison is shown
in Fig. 15. The RMS level of the vibration is calculated us-
ing LabVIEW software. This proves that the proposed DTC
method is able to suppress the torque ripple and mechanical
vibration.

6. IMPORTANT OBSERVATIONS

In this paper, the classical DTC method and all the proposed
DTC methods are comparatively investigated in the aspect of
torque ripple, disturbance rejection performance during exter-
nal load disturbance, and mechanical vibration. From the re-
sults indicated earlier, it is found that the torque ripple in the
proposed DTC methods is less as compared to the classical
DTC method and existing literatures. In most of the oper-
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Figure 14. Response to external load disturbance for: (a) Classical DTC; (b) DTC method 1; (c) DTC method 2; (d) DTC method 3; (¢) DTC method 4.
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Figure 15. Response of DTC methods in the view of Mechanical Vibration:
(a) Percentage THD of Stator Current; (b) RMS level of Vibration; (c) Noise
produced in various DTC methods.

ating points, the proposed DTC method 1 provides slightly
higher torque ripple as compared to proposed DTC methods
2, 3, and 4. However, proposed DTC method 3 shows bet-
ter performance in terms of torque ripple as compared to the
classical DTC method and proposed DTC methods 1, 2, and 4.
The usage of small and zero voltage vectors in proposed DTC
method 3 provide better performance with the comparison of
all the methods including the classical DTC method. Once
again, all the DTC methods exhibit almost similar decelerat-
ing capability; however, the proposed DTC method 3 provides
lesser ripple in the current waveform. All the proposed and
existing DTC methods show good disturbance rejection char-
acteristics at the cost of higher torque ripple except proposed
DTC method 3. In the view of mechanical vibration, all the
proposed DTC methods provide lesser vibration as compared
to the classical DTC method.

7. CONCLUSIONS

In this paper, a simple method to minimize the torque rip-
ple for a DTC of PMSM drives have been proposed. The new
switching table is proposed in which only any two voltage vec-
tors (LZ, MZ, and SZ) are utilized out of four voltage vec-
tors (L, M, S, Z) available due to the increment in the level
of inverter. The performance of the proposed DTC method
is comparatively investigated with the classical DTC and ex-
isting literatures. The simulation results prove that the pro-
posed DTC methods able to diminish the torque ripple at dif-
ferent operating points as compared to the classical DTC. Con-
sequently, the proposed DTC method also gives satisfactory
performance during external load disturbance operations. The

proposed DTC method is also capable of suppressing mechan-
ical vibration and noise. The settling time of the torque can be
reduced if compared with the classical DTC method, further-
more, the related current ripple is also reduced. The proposed
DTC methods also retain the merits of simplicity and robust-
ness as in DTC.
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