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Abstract: Techniques of direct torque control (DTC) are very common in high-performance electric motor drives.
Retaining the good features of the conventional DTC and reducing torque ripple have been the subject of many years of
research work on improving these algorithms. This paper presents the DTC algorithm with discretized voltage vectors
based on the use of conventional switching table (ST-DTC). This algorithm enables a significant torque ripple reduction
by defining the corresponding number of the given voltage intensity while retaining calculation simplicity and fast torque
response typical of the ST-DTC algorithms. The proposed algorithm has the ability for its automatic modification
depending on the defined number of voltage intensities by the user. In a simple way, the proposed algorithm enables the
influence compensation of the induced electromotive force for a torque error at high speed. Experimental results obtained
by using MSK2812 digital control platform confirm the significant reduction of the torque ripple with an increase of the

number of defined voltage intensities.

Key words: AC motor drive, variable speed drive, direct torque control, torque ripple reduction, electromotive force

compensation

1. Introduction

Unlike a large number of direct torque control (DTC) algorithms with a continuous voltage vector [1-3], the
switching table DTC algorithm (ST-DTC) is set apart through simplicity, less sensitivity to machine parameter
variations, and exceptionally good dynamic properties. The negative side of these algorithms is a relatively
large torque ripple as a result of nonlinear control and applying a small number of discretized voltage vectors
of maximum intensity. For this reason, a lot of scientific effort has been invested in solving this problem [4]. In
[5-8], several modifications of the switching tables and the flux and torque regulators have been put forward,
which should provide the ripple reduction and thus eliminate the torque error in the steady state. The key
for performance enhancement of ST-DTC algorithms, i.e. significant reduction of the flux and torque ripple
lies in increasing the number of available active voltage vectors (intensities). In [9], the authors proposed the
application of two voltage vectors in the ratio of 50%-50% within the time-span of one voltage vector. Torque
ripple has been reduced almost two times by applying this method, better known in the literature as the discrete
space vector modulation direct torque control (DSVM-DTC). Further in the solutions proposed in [10-12], the
DSVM-DTC calculation cycle is divided into three segments within which three corresponding voltage vectors

are applied. In this way, the number of available active voltage vectors is increased from the perspective of the
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entire calculation cycle. Although the torque ripple has been significantly reduced with further increase in the
number of voltage vectors, in this way, the switching tables can become complicated and the calculation cycle
duration needs to be extended in order to prevent excessive switching frequency (shifting four or more voltage

vectors in one calculation cycle).

It can be said that the development of converters with more voltage level has enabled further survival
and development of ST-DTC algorithms particularly when it comes to multilevel inverters and multiphase
machines [13]. With an increase in the number of levels in the multilevel inverter [14, 15], the resulting voltage
vector approaches the continuous voltage vector, which favorably affects the torque ripple intensity. Still, in
addition to simplicity of these methods and advantages in terms of a smaller voltage slew-rate (du/dt), a too
great number of the available voltage intensities can lead to challenges in selecting the voltage vector if good
dynamic properties of the drive ought to be maintained. Having higher density voltage vector production with
multilevel inverters, usually next applied voltage vector is closest appropriate vector that belongs to one corner
of elemental hexagon surrounding the reference voltage vector at the moment. This reduces high dynamics in
torque response and overall system bandwidth due to possible large changes in torque reference [16]. Switching
tables for inverters with more than 3 voltage levels have become very complex due to which their utilization
in practical implementation is rare. For this reason, with a greater number of inverter voltage levels, different
principles are approached for selecting voltage vectors that render the original simple principle more complex
or reduce the bandwidth of the system by selecting an adjacent voltage vector [17]. Multiphase machines and
corresponding inverters also provide a better spatial resolution of the voltage vector leading to the torque ripple
reduction [18-20]. However, multiphase machines are still not in the wider commercial production and use,
which reduces the attractiveness of such solutions.

A very important aspect of DTC algorithms is their complexity. Preserving calculation simplicity of DTC
algorithms and reducing dependence on machine parameters contributes to the popularity of its implementation
in industrial controllers today. Also, preserving calculation simplicity and enabling greater resolution in control
[21] reduces the regulation error due to digital implementation [22]. Flux estimation is in the basis of all
DTC algorithms. Maintaining the simplicity of the DTC algorithm itself leaves a computational space for
the implementation of more complex calculations requiring advanced flux estimators, or drive parameter state
observers [23]. A general conclusion can be drawn that the simplicity of DTC algorithms is a desirable feature.
This paper presents an algorithm based on the principles of a conventional DTC with switching table that
feature extremely low calculation times. The proposed algorithm allows the definition of multiple discretized
voltage intensities (DVI-DTC) with a standard two-level voltage source inverter. The DVI-DTC algorithm
retains the use of a conventional switching table that defines the direction of one of the six basic voltage vectors
(with a choice of several different intensities) thereby preserving the simplicity of selecting a voltage vector. In
[24], DTC with virtual voltage vectors is presented in order to increase a number of voltage vector directions
and further reduce the torque ripple. On the other hand, the authors in [25] provide results confirming that
the degree of the torque ripple reduction in the ST-DTC algorithms does not depend on the choice of voltage
vectors of different directions to such extent as the choice of vectors of different intensities. For this reason,
retaining a conventional switching table with six basic directions of voltage vectors can be considered as justified.
The effect of an induced electromotive force (EMF) on the stationary torque error is expressed for all ST-DTC
algorithms, particularly at high speeds. The proposed DVI-DTC facilitates simple compensation of the influence
of EMF and elimination of torque errors in steady state while retaining calculation simplicity and high torque

dynamics. Also, the DVI-DTC algorithm has the possibility of automatic modification according to the defined
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requirements in terms of the maximum allowed torque ripple of a machine. With the aim of reducing the torque
ripple, the user can select an appropriate number of voltage intensities and the algorithm will automatically
redefine the corresponding intensities of voltage vectors as well as the levels and limits of the torque comparator.
This is possible due to the fact that the switching table does not change depending on the number of available
voltage intensities opposite to [24] where further increase of virtual voltage vectors requires definition of new
and more complex switching tables.

The paper is structured as follows. Section 2 describes the principles of DTC with discretized voltage
intensities and its automatic modification procedure depending on the defined number of voltage intensities.
Speed impact on torque increments during a switching cycle is analyzed in Section 3. In Section 4, experimental
results are provided to substantiate the effectiveness of the proposed DVI-DTC algorithm with compensated
EMF impact. Degree of torque ripple reduction depending on available voltage intensities is analyzed with and

without EMF compensation. Finally, Section 5 summarizes the conclusions.

2. Principles of direct torque control with discretized voltage intensities

The conventional DTC principles are widely known and elaborated in a large number of publications [26]. The
structure of a standard voltage inverter provides six active voltage vectors spatially displaced to 7/3 sufficient
to form a rotational magnetic field. Voltage vector direction is determined by demands for torque (Dr) and
flux (Dy ) as well as the sector (\S) where the stator flux ¥4 (¢) is located. The consequence of such extremely
nonlinear control and application of only six active voltage intensities lead to a very distinct torque ripple and

flux as well as a variable switching frequency.

2.1. Application of discretized voltage vector intensities DTC

In order to reduce torque ripple by increasing the number of available voltage intensities in this paper, an
algorithm with discretized voltage vector intensities (DVI) is proposed. The DVI-DTC algorithm is based on
defining more diversified intensities of the six basic active inverter vectors obtained by fixed frequency pulse
width (PWM) modulation as shown in Figure 1.

Us (101)

(001) Us

Figure 1. Multiple (three) discretized voltage vector intensities.
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By determining the duty ratio of each voltage vector, it is possible to predefine an arbitrary number of
intensities without the use of multilevel inverters or a combination of several basic voltage vectors as in the
DSVM-DTC. The available voltage intensities are predefined (before the DTC algorithm starts), where each
component of available voltage vector is already calculated and set to be used by PWM unit. In this way,
the number of possible voltage vectors is theoretically limited by the characteristics of the processor’s counting
module and its clock frequency. Moreover, the problems related to variable switching frequency of conventional
DTC which depend on motor speed and hysteresis comparators bandwidth are removed. Defining a higher
number of available voltage intensities in this way allows us to keep the conventional DTC switching table and
the simplicity of the voltage vector selection. Increase in number of available intensities improves only voltage
vector resolution in each of six basic directions, without affecting the PWM switching frequency, which will
finally result in reduced torque ripple. By applying a different intensity of a voltage vector, it is possible to
provide a different angle between stator and rotor flux vectors within the time At. In this way, depending on
the intensity of the torque error, it is possible to choose the appropriate voltage vector to be applied at the
next sample. For this reason, the conventional three-level torque comparator must be modified and expanded.
In order to recognize the torque error depending on the number of predefined voltage intensities, it is necessary

to define a torque comparator with an appropriate number of levels.

2.2. Multilevel torque comparator and automatic algorithm modification procedure

If, for example, three active voltage vectors of the same direction are available, it is necessary to define a 7-level

torque comparator. This comparator can be of a hysteresis or nonhysteresis type as it is presented in Figure 2.

Dry

| wa | wa | ' wa |

Figure 2. Hysteresis (a) and hysteresisless torque comparators with 7 (b) and 13 (c) levels.

Having in mind the available number of defined voltage vector intensities, the hysteresis type of the torque
comparator raises some questions. Namely, with the introduction of a PWM, the switching frequency becomes
constant; the hysteresis effect at the boundary of the comparator level loses its significance. The intensity of the
selected voltage vector should correspond to the range in which torque error is present, so the intensity of the
vector can be changed faster (between adjacent values) without the hysteresis effect of the comparator. This
is especially important with large number of available voltage vector intensities, that is, with higher number of
comparator levels. By increasing the number of torque comparator levels and the available voltage vectors in
this way, the functioning of the described torque regulator approaches the principle of operation of the linear
proportional torque regulator, with continuous voltage output (Figure 2c). Also, by increasing the number
of voltage vectors, the difference between adjacent intensities is reduced, resulting in lower torque ripple. In
this way, it is possible to define a favorable number of available voltage vector intensities that will fulfill the
requirements for the permitted (desired) torque ripple in the drive. With conventional DTC, the torque control

was carried out by a hysteresis comparator with three levels of width T}, .. The width of the corresponding
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torque comparator for the proposed DVI-DTC structure with multiple levels Ty, , is determined as follows:

T’LUC T’LUC .
Thw p = bgf = b3f 240+ 1), (1)

where n is the number of levels in torque comparator, and 7 is the number of voltage vector intensities in the

DVI-DTC structure. A multilevel torque comparator defined in this way is presented in Figure 3.

Dr A

limit 3 Volt. int. 3
limit 2 Volt. int. 2

1 . .
limit 1 Volt. int. 1

0 Zero volt.
limit 1 Volt. int. 1 Terr.

-1

limit 2 Volt. int. 2
limit 3 Volt. int. 3

T bw p )

Figure 3. 7-level hysteresisless torque comparator.

The important characteristic of the proposed control structure is the separate (decoupled) selection of
the direction and of the intensity of the voltage vector. This feature makes it possible to hold the conventional
switching table in charge of selecting the direction, while the multilevel torque comparator is responsible for
selecting the intensity of the voltage vector. In this way, in order to further reduce the torque ripple, it is
possible to simply extend the control structure to a greater number of available voltage intensities, which only
modifies the torque comparator and not the switching table. Moreover, this modification of the algorithm
with increasing number of voltage vector intensities can be automatized depending on the highest acceptable
torque ripple. This automation should provide the solution for two tasks: i) defining the required discretized
voltage intensities; ii) the appropriate modification of the torque comparator. If, for example, the proposed
DTC algorithm should have i=5 voltage vector intensities, the automation of these two tasks is reduced to:

i) Predefine the discretized voltage vectors intensities. This can be accomplished by dividing the maximum
intensity (corresponding to PWM duty ratio) into 5 equal parts. In this way, the available intensities would be:
0%, 20%, 40%, 60%, 80%, and 100% of the maximum available voltage;

ii) Predefine the appropriate torque comparator - similar to division of intensities, the torque comparator
values should also be equidistant. The width of the torque comparator (1) should be divided into 2xi—1=9
parts, which would define the boundaries of individual levels ( Ty, ;) of the n =2 x i+ 1 =11 - level torque
comparator. Each of these levels would correspond to one of the 5 defined voltage vector intensities and one
zero voltage vector.

Having in mind above stated, automatic algorithm modification procedure of DVI-DTC is shown in
Figure 4a.

In this way, the modification of the algorithm, depending on the number of required voltage intensities,

is straightforward and fast. Modifications related to selection of different switching tables (predefined look-
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up table), adapted to the number of levels in the comparator, have been avoided. Also, with the increase in
the number of discretized voltage intensities and consequently number of levels in the torque comparator, the
nonlinear nature of torque control (with conventional DTC) is increasingly approaching the linear controller
(for n — o0). This feature of the proposed algorithm shows its good properties in cases when a user wants
to adapt the drive to the requirements with regard to the reduction of the torque ripple. If the DTC drive
operation results in a large torque ripple, it is possible to bring the torque ripple to a satisfactory level simply by
increasing the number of desired voltage intensities (Figure 4a). Simplicity of the conventional DTC algorithm
with low calculation time is retained, while the ability to arbitrarily reduce torque ripple depending on the
number of applied discretized voltage intensities is gained. Based on the above, the proposed algorithm with
DVI-DTC with a multilevel torque comparator can be represented by the block diagram shown in Figure 4b.

The last block, before the PWM unit, in Figure 4b represents the block which enables EMF compensation
and will be described in the next section. Simulation results of stator flux locus in «f reference plane with
conventional DTC and proposed DVI-DTC are shown in Figure 5. The results confirm significant reduction of
stator flux ripple with DVI-DTC with 4 voltage vectors.

.
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Figure 4. The flowchart of automatic algorithm modification (a) and block diagram of DVI-DTC algorithm (b).

3. Compensation of speed impact on torque response
3.1. Speed impact on torque increment analysis

The torque increment intensity AT, within a sampling time At is significantly influenced by the motor speed.
The induced electromotive force reduces positive torque increments as motor speed rises (Figure 6), which leads
to the occurrence of a torque steady-state error that becomes noticeable at high speeds. Starting from the
general mathematical model of the machine in the a8 plane, it is possible to reach the relations that define the
increment of the torque during time At [12, 27]. The resulting torque at the next sample T,(t + At) consists

of three members according to the expression (2):

AT, (t + At) =T (t) + AT, 1(t) + ATe2(t) ) (2)

1 1)\ At 2
AT, 1(t) = —T.(t) (T—i-T) 7; cr:l—LL ; (3)
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Figure 5. Locus of the stator flux with conventional and DVI-DTC.
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Figure 6. Waveforms of estimated torque sampled at At for (a) low speed, (b) medium speed, and (c) high speed.
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ATes(t) = 5p [(us(t) — jw(t) Ws(t)) - J (1) At (4)

where p is number of pole pairs; L,,, Ls, L, are mutual, stator, and rotor inductance; w is motor speed; ¥y, ¥,
are stator and rotor flux vector; 7,7, are stator and rotor time constants, and ug is stator voltage vector.

The first term in expression (2) is the value of the machine torque at the beginning of the cycle at time ¢,
the second term (3) represents a torque weakening which depends on the machine parameters. The third term
(4) is torque increment due to applied stator voltage and induced EMF during At. In order to make the effect
of the resulting voltage clearer, the torque increments AT.o were calculated using (4) for different directions
(angles) of the full stator voltage vector, with respect to the angle of the rotor flux.

Figure 7a displays the graphic representations of torque increments A T.o for the induction machine the
data of which have been given in Section 4. This is why maximum torque increment is obtained under conditions
when the applied maximum intensity voltage vector and the rotor flux vector are orthogonal (90°). With the
increase in speed, the effect of EMF on torque increment intensity becomes very distinct as seen in Figure 7b.
The choice of voltage vectors that provide positive torque increments with increasing motor speed becomes very
reduced. Only voltage vectors located between 35° and 145° with respect to the rotor flux will provide positive
torque increments with diminished intensity in comparison with torque increments at zero motor speed. At the
same time, negative torque changes are much higher as the induced EMF supports the decrease of the machine
torque within the At¢. Due to this effect, in the ST-DTC methods without regulating PI structures or other
EMF compensation techniques, a torque error occurs at high speed. The intensity of this error depends directly

on the induced EMF, that is, the motor speed as seen in Figure 8a.
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Figure 7. Torque increments depending on voltage vector direction in af reference plane at w=0 p.u. (a) and w=1
p.u. (b).

3.2. Feed-forward compensation of speed (EMF) impact

For speed-regulated systems, the torque error is not of great importance, while in the systems where only torque
control loop exists, it represents a serious defect. In order to eliminate this effect, the authors in [28-30] propose
the definition of a nonsymmetric torque comparator. The disparity of such a comparator allows the use of
different intensities of the voltage vector if the torque error is positive or negative. In this way, the EMF effect
is compensated by applying the higher intensity voltage, but the adequate compensation of the EMF is possible
only for certain speeds. If the boundaries of the asymmetric comparator are not adaptive in terms of motor

speed, the steady-state torque error will not be successfully compensated. Also, at low speed, the machine
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torque will have values greater than the reference one. The authors in [31] present dynamic hysteresis torque
band comparator aiming to deal with the issue. By defining an EMF range subdivision with an appropriate
number of levels [13], it is possible to take into account the motor speed in selection of the voltage vector.
However, the disadvantage of this method is torque ripple variation with the change in the motor speed.

Since the induced EMF value (jwWs) in (4) depends on the motor speed and the stator flux components
of a machine in the af coordinate system, it is possible to carry out the accurate EMF compensation very

easily [32]. The resulting voltage that compensates the EMF effect is calculated according to (5):

Usres. = Us + Uadd. = Us + JwW¥s = uqs + juﬁs + jw (was + j'(/)ﬁs) = Uas — Wwﬁs +j(uﬁs + w¢as) . (5)

Re(us new) Im(us new)

The added EMF value to the selected predefined voltage vector (depending on torque error intensity)
forms the resulting voltage vector. With described feed-forward compensation the EMF effect on torque
increments is eliminated without implementation of PI control structures, which usually introduce additional
calculations, and appropriate parameter tuning that determines the control system performance [2, 33, 34].
More importantly, the resulting torque ripple will not depend on the motor speed, but only on the number
of available voltage vectors. Removing the EMF impact on torque increments will ensure proper analysis of
torque ripple reduction depending on the number of defined voltage vector intensities at any motor speed.
Torque attenuation stemming from the machine parameters (3) is also taken into account in the torque error
calculation in this paper. By introducing a parameter k (slightly less than 1) that has been calculated before

the DVI-DTC algorithm is executed, the torque error is calculated as follows (6):

1 1\ At
Terr. = dref. _Te +Tel = Tref. _Te +Te ( + ) 7 = dLref. — k'Te 5 (6)

Ts Tr

where Te,,. is torque error and T).¢. is torque reference. The torque response simulation results of DVI-DTC
algorithm with 4 voltage intensities with and without EMF compensation obtained in MATLAB/Simulink are

shown in Figure 8. The results illustrate the effectiveness of the feed-forward EMF compensation.
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Figure 8. Simulation results of torque response with 4 voltage vector intensities without (a) and with compensated
EMF (b).

695



ROSIC et al./Turk J Elec Eng & Comp Sci

4. Experimental results

Proposed DVI-DTC algorithms have been tested on the DSP platform MSK2812 together with the conventional
DTC in order to compare the obtained results. The MSK2812 platform consists of two-level voltage source
inverter module with 6 IGBT switches and 310 V DC bus. The platform is run by TMS320F2812 fixed point
processor (150 MHz). The complete experimental setup is shown in Figure 9. The induction machine parameters

are given in Table 1.

Osciloscope

DMC Developer
Pro software

Current ( oA
probes Cur.r ent MSK 2812
amplifiers prol;)es in a and| DSP system

phase

Figure 9. Experimental setup and induction machine parameters.

Table 1. SIEBER LS71 Induction machine parameters.

Un [V] 400 | R [Q] | 24.6
I [A] 095 | R, [Q] | 16.1
P, [W] 370 | Ly, [H] | 1.46
Ny, [rpm)] 2860 | L, H] | 1.48
p [pole pairs] | 1 L, H] | 1.48

Gopinath style flux observer which combines voltage and current machine model, presented in [35, 36],

is used for the flux estimation. This flux estimation method exhibits excellent results in terms of estimation
accuracy where machine parameters mismatch exists, compared to other flux estimation techniques. It also

allows flux estimation at wide speed range, including zero while preserving the estimation dynamics.

4.1. Switching frequency of the conventional and DVI-DTC

For the purpose of the comparison of the results, and torque ripple analysis, both conventional DTC and
DVI-DTC are set to have the same switching frequency of 20 kHz. However, conventional DTC algorithm
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operates at variable switching frequency, but in digital implementation the minimum time between the changes
in inverter states is the sampling time of the algorithm. In order to make the results comparable, a modified
conventional DTC with fixed switching frequency is used. Instead of using full voltage vector, the algorithm
applies the voltage vector with 95% intensity. Although slightly reduced full voltage intensity per each of six
basic directions is used, this ensures a change of inverter switching state before next switching period. For zero
voltage vectors generation, inverter state 111 is applied for one half of the switching period followed by the 000
state for the remaining part. The described modifications result in two switching states per inverter leg within
each switching period of At = 50 ps. All necessary DTC calculations are done within one At = 50 us cycle.

The same experimental conditions are ensured for the proposed DVI-DTC by use of SVPWM with defined
switching frequency of 20 kHz (50 ps). On the other hand, increase of torque ripple in conventional DTC can be
attributed to the time discretization of the algorithm, as the discrete-time hysteresis comparators [34] introduce
one sample time delay in the selected voltage vector application to the motor terminals. The same one sample
time delay exists in DVI-DTC algorithm, but with lower influence on the torque ripple thanks to low intensity

voltage vectors.

4.2. Parallel offline torque estimation

Experimentally obtained torque responses are presented along with the results obtained with parallel offline
torque estimation using the oscilloscope (OSC) for collecting the data sampled with higher frequency. The
parallel torque estimation was performed by multiple sampling of the stator current, providing the flux and
torque values between the two sampling instances on the DSP (estimated torque values within At = 50 ps time
frame - Figure 10). The parallel offline torque estimation was done in MATLAB with the identical estimator
implemented in the DSP.

enc
‘”i |Unc|
PC Reference
DMC > R
Developer DSP J - ",
(50us)| Software qﬂ
-+ (50us)
(7
(0.16L1s) l Tiss
(0.16ps) l
Data 0SC 2| ;
MATLAB |lg—2312 |
(0.16ps) « b

Figure 10. Parallel flux and torque estimation with oversampled current values by oscilocsope - OSC (6.25 MHz).

Figure 11 shows obtained responses of the machine to the cyclic change of torque reference (£0.3 p.u) for
the conventional DTC and DVI-DTC without (Figure 4b) and with EMF compensation (Figure 4c). Also, the
zoomed part of the torque response is given along with the results of the parallel torque estimation. Figure 11
clearly confirms that the resulting torque ripple is approximately 4-5 times smaller with only 4 defined voltage

vector intensities compared to the conventional DTC. Smaller torque increments are noticeable between the

697



ROSIC et al./Turk J Elec Eng & Comp Sci

two DSP sampling instances (At) as a result of applying voltage vectors of significantly lower intensities in the
DVI-DTC compared to the conventional DTC( Figure 11 - zoomed part).
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Figure 11. Experimental results of torque response obtained by DSP — 20 kHz and by parallel torque estimation (OSC)
— 6.25 MHz for conventional DTC (a) and for DVI-DTC with 4 voltage vector intensities without EMF compensation
(b) and with EMF compensation (c).

4.3. Torque ripple reduction analysis

The proposed DVI-DTC algorithm with feed-forward EMF compensation was tested with the defined 3, 4, 5,
and 6 discretized voltage intensities in order to determine the reduction degree of the torque ripple. For ripple
calculation, the currents and voltages were sampled at 0.16 ps (6.25 MHz), and offline torque estimation was
performed for the sake of better estimated torque resolution and results comparison. In this way, the practically
continuous-time estimated torque signal (312 torque samples within At = 50 us) was obtained, as shown in
Figure 11. For the torque ripple analysis, the time span with more than 600,000 torque values is selected,
allowing for more precise assessment of torque ripple thanks to the provided insight into the torque behavior
between two DSP sampling instances. The average torque ripple, Ty,. ripple, was calculated using the following

expressions (7), where m stands for number of torque samples. The obtained results are shown in Figure 12.

15 2
m 21 (Tz - Tav.)

1 — 5
Tav. ripple = E Z (Tz - Ta'u.) ) Tav. ripple [%] = T - 100 P (7>
r=1 s

where T, is the sampled torque and T, is the rated torque.

Figure 12 shows the torque response with the conventional DTC (a) and the proposed DVI-DTC with
4 and 6 voltage intensities (b) to (c) respectively. The torque ripple is calculated as a difference between the
estimated torque T, and average torque value Ty, (black line on Figure 12 (left)) during the positive torque

reference. The average torque ripple value for the conventional and proposed DVI-DTC methods are presented

698



ROSIC et al./Turk J Elec Eng & Comp Sci

both graphically with the blue line in Figure 12 (right) and numerically in Table 2. The results in Table 2
obtained for the DVI-DTC algorithm with disabled and enabled EMF compensation are presented in columns
1 and 2 respectively.
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0.3+ average torque ripple value
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Figure 12. Estimated machine torque in (a) conventional DTC and proposed DVI-DTC algorithm with: 4 (b) and 6
(c) voltage vector intensities (left) and related average torque ripple value (right).

The results confirm a drastic decrease of torque ripple with an increase in the number of available voltage
intensities particularly (even more) with compensated EMF. The torque ripple is reduced by a factor of 1.89 in
the case of DVI-DTC with 3 voltage vector intensities and compensated EMF compared to conventional DTC.
With 4, 5, and 6 voltage vector intensities the torque ripple is reduced by 4.69, 6.95, and 8.06 times, respectively.
The results given by Figure 13 shows approximately the exponential reduction of torque ripple as the number
of available voltage intensities rises. The presented results lead to a conclusion that the reduction in the torque

ripple is approximately to 50%, or to 20% of the value of the torque ripple that is present in the conventional
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DTC by defining only 3 or 4 voltage intensities, respectively. The numerical results presented in Table 2 point
to the additional conclusion. Torque ripple reduction factor is higher with compensated EMF comparing it
to corresponding cases without EMF compensation and the difference between torque ripple reduction factors

with and without compensated EMF rises with the number of defined voltage vectors.

Table 2. Numerical torque ripple analysis in conventional DTC and DVI-DTC method

DTC control | Average torque | Torque ripple / C-DTC / DVI-DTC
method ripple (Nm) rated torque (%) torque ripple ratio
1 | 2 1 ]2 1 ]2
Conv. DTC | 0.1515 11.74 1
DVI-DTC 3 | 0.0835 | 0.0802 | 6.47 | 6.21 1.81 | 1.89
DVI-DTC 4 | 0.0354 | 0.0323 | 2.74 | 2.5 4.28 | 4.69
DVI-DTC 5 | 0.0262 | 0.0218 | 2.03 | 1.69 5.78 | 6.95
DVI-DTC 6 | 0.0234 | 0.0188 | 1.81 | 1.46 6.47 | 8.06
1 - EMF compensation disabled; 2 — EMF compensation enabled.
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Number of discretized voltage vector intensities

Figure 13. Torque ripple intensity in DVI-DTC depending on the number of available discretized voltage intensities.

5. Conclusions

In this paper, an algorithm with an arbitrary number of discretized voltage intensities has been proposed, which
allows for a significant and adjustable torque ripple reduction. The presented DVI-DTC algorithm provides the
user with the possibility of changing the number of intensities of the applied voltage vectors in an easy way
without altering the basic structure of the algorithm in order to adequately reduce the torque ripple. It has
been shown that the increase of the number of defined voltage intensities remarkably reduces the torque ripple.
The change in the number of voltage vectors does not introduce new switching tables, since decoupled selection
of the direction and the intensity of the voltage vector is inherent. The algorithm is characterized by simplicity
without complex calculations, which allows automatic modification of the control structure depending on the
desired number of voltage intensities. Performing calculation with the DVI-DTC algorithm lasts only a couple of
percent longer (2-5%) compared to the conventional DTC, which represents the simplest form of DTC control.
The rapid execution is a consequence of the absence of complex mathematical operations in the proposed DVI-
DTC algorithm. EMF impact on torque increments is analyzed and compensated in a simple manner. The

EMF compensation provides a condition for more accurate analysis of the machine torque ripple where torque
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ripple depends exclusively on the number of discretized voltage vector intensities. The presented results confirm

higher torque ripple reduction in cases where EMF compensation is enabled.
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