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ABSTRACT Despite the robustness and fast dynamic response, direct torque control (DTC) exhibits
relatively large ripples in torque and flux during steady-state operation. Mitigating these ripples depends
on designing a pulse selector to identify the optimal voltage vector at every control cycle, which has
been reported with different structures in the literature. Hence, it is becoming increasingly crucial to
comprehensively understand the criteria used in pulse selection and analyze their impact on the overall
DTC performance. These are challenging in permanent magnet synchronous motor (PMSM) drives due to
the nonlinear torque/current characteristics and spatial harmonics of the magnetic flux. This article exploits
the high fidelity and computational efficiency of the finite-element analysis (FEA)-based model to present
a performance prediction strategy for DTC of PMSM under different pulse selectors. First, this model is
employed to thoroughly analyze the influence of each switching pulse on the torque and flux deviations under
changing operating conditions considering the machine’s nonlinearities. Then, the pulse selection schemes
used in switching-table-based DTC are comparatively evaluated, highlighting the advantages and limitations
of each. Based on this evaluation, an advanced pulse selector with a variable-structure switching table (VSST)
is developed, reducing torque/flux ripples and simplifying the control implementation while maintaining the
fast dynamic response of DTC.

INDEX TERMS Direct torque control (DTC), finite-element analysis (FEA), permanent magnet synchronous

motor (PMSM), pulse selection, torque ripple.

I. INTRODUCTION

Due to their high efficiency, power density, and wide speed
range, permanent magnet synchronous motors (PMSMs) are
widely utilized in several applications, including electrified
transportation, robotics, and renewable energy systems [1],
[2]. The high-performance requirements of these applications
imply the necessity for employing a robust and reliable control
technique. Direct torque control (DTC) has gained consider-
able attention since it was first implemented on PMSM drives

by Zhong et al [3] in 1997 owing to its fast dynamic response,
insensitivity to rotor parameter variation, and inherently sen-
sorless nature [4]. It achieves these control features by directly
manipulating the voltage vector applied to the machine wind-
ing using a pulse selector. This vector drives the stator flux
vector in the direction that satisfies the demanded variation in
torque and stator flux amplitude [5]. Hence, the pulse selector
is a key component in DTC that has a significant impact on
the drive performance.
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The basic principle of the pulse selector is to use a look-up
table to set the switching states of the inverter depending on
rough estimation of the stator-flux angular position and indi-
cation of the demanded deviation direction in torque and flux
using two hysteresis regulators. The selected switching pulse
is applied for the entire control cycle, ensuring almost the the-
oretical maximum dynamic performance. However, this leads
to pronounced torque and flux ripples during steady-state op-
eration, especially in the case of two-level inverters [6], [7].
Torque tracking with minimum steady-state ripples can avoid
the acoustic noise and vibration that cause wear and tear of
the mechanical components (such as the shaft, bearings, and
loads) [8]. To minimize the torque and flux ripples, many
researchers have attempted to improve the criteria used in
pulse selection.

In [9], [10], [11], [12], [13], the look-up table structure is
modified in terms of either the included switching positions
(i.e., the admitted voltage vectors), the number of levels for
the torque hysteresis regulator, or the sector definition needed
to indicate the stator-flux angular position. Furthermore, duty-
ratio regulators have been employed in [14], [15], [16], [17],
[18] to apply two or more voltage vectors at every control
period during steady-state operation. Although these modifi-
cations can effectively reduce the torque ripple, they introduce
other performance issues, such as increased flux ripple and
current harmonics, and complicated control implementation
(by introducing additional control parameters).

Other researchers attempted to ensure selecting the optimal
switching pulse that reduces both the torque and flux ripple
using the model predictive control (MPC) solution [19], [20].
MPC uses the machine model to predict the torque and flux
trajectories under all admissible voltage vectors, and the opti-
mal options are selected based on a cost-function evaluation.
However, the need for the predictions and the weighting factor
to tune the importance of each control objective increases
the computational complexity and degrades the DTC robust-
ness [21]. The need for a weighting factor can be eliminated
using sequential and parallel optimization strategies, as pre-
sented in [22], [23], [24]. The cost function of each control
objective are separately considered. From the point of view of
each cost function, the admissible switching pulses are ranked
in groups of a predefined number of candidates, from which
the optimal option is selected. Moreover, the computation
complexity of MPC can be reduced by artificially preselecting
the candidate switching states before the prediction phase,
as described in [25], [26], [27]. Despite the ability of these
methods to optimize the switching pulses selection, they fails
to identify the pulse patterns that minimize the flux ripple and
current harmonics [28].

Alternatively, a space vector modulator (SVM) has been
utilized in [29] to synthesize the exact voltage vector that
accurately satisfies the required deviations in torque and flux.
This voltage vector is identified from the demanded stator
flux vector, the angular position of which is derived from
the desired torque deviation via a proportional-integral (PI)
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controller. To avoid degradation of the DTC dynamic perfor-
mance, a deadbeat (DB) controller replaces the PI regulator
in [30], where the demanded stator-flux vector is determined
using the machine model. In [31], the computation complexity
of the DB controller has been reduced by directly deriving
the reference voltage vector from the torque error. Instead, a
sliding mode controller (SMC) is employed in [32], which can
handle the unknown disturbances and modeling inaccuracies.
Nevertheless, compared to the switching look-up table DTC,
the use of a SVM complicates the control implementation and
results in a higher switching frequency which is undesired in
medium- and high-voltage drives [33].

With the wide variety of criteria used for pulse selection
in DTC and the corresponding objectives, it is becoming in-
creasingly crucial to comprehensively analyze their impact on
control performance. A machine model with several simpli-
fying assumptions has been employed in the aforementioned
literature (such as [15], [16], [18], [26], [27]) to investigate the
effect of each switching pulse on the torque and flux modulus,
then to predict the control performance under the presented
pulse selector. This model fails to accurately represent the
dynamic behavior of PMSM because of the nonlinear torque-
current characteristics and rotor position-dependent variation
in the magnetic energy that results in flux harmonics and
cogging effects [34]. These inaccuracies can seriously com-
promise the prediction quality of the PMSM-drive control
performance. Therefore, accurate model-based analysis for
the pulse selection criteria, can be useful during the control
design to thoroughly evaluate the control behavior. Among the
competing high-fidelity modeling techniques of PMSM [34],
[35], [36], [37], [38], the finite-element analysis (FEA)-based
model in synchronous rotating coordinates (dg), can provide
the highest computational efficiency while considering var-
ious non-ideal characteristics, such as magnetic saturation,
iron losses, and spatial harmonics.

Therefore, this article proposes a detailed performance
analysis for the pulse selection criteria in DTC of PMSM
drives using the FEA-based model. It addresses different
structures of the pulse selectors, including their basic prin-
ciples, control objectives, and factors that cause control
performance issues. The main contribution of the current work
can be summarized as follows:

e The FEA-based PMSM model is used to theoretically
investigate the effects of each switching pulse admitted
by the converter on the torque and flux responses under
different operating conditions considering the magnetic
saturation of the machine. From the perspective of this
investigation, different pulse selectors are comparatively
evaluated by highlighting the main features and limita-
tions of each.

e To overcome these limitations, a variable-structure-
switching table (VSST)-based strategy is proposed for
pulse selection in DTC. This method not only en-
sures reduced torque and flux ripples but also simplifies
the control implementation and reduces the average
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switching frequency while maintaining the fast dynamic
response.

® By synthesizing the voltage vectors selected by the DTC

schemes via the converter switching function, the FEA-
based model is exploited to obtain a fast and high-fidelity
prediction for the performance of the PMSM drive sys-
tem.

Simulations in Matlab/Simulink via the FEA-based PMSM
model is compared with those obtained by the simplified
model to verify the feasibility of the proposed performance
prediction strategy. Then, experimental evaluations for dif-
ferent DTC pulse selectors are performed on a laboratory
prototype of a PMSM drive system to verify the effectiveness
of the proposed pulse selection technique with the VSST.

The rest of this article is organized as follows. Section II
describes the basic principle of different pulse selectors used
in DTC scheme. In Section III, the FEA-based PMSM model
is used to analyze these pulse selectors, and the performance
prediction strategy is demonstrated. Then, an advanced VSST-
based pulse selection method is proposed in Section IV. To
validate the outcomes of the performance analysis, simulation
results are discussed in Section V. After that, experimental
verification of the proposed VSST-based method is presented
in Section VI. Finally, conclusions are drawn in Section VII.

Il. PULSE SELECTION IN DTC OF PMSM

A. PRINCIPLE OF DTC

The dynamic behavior of the DTC’s controlled variables (i.e.,
torque and flux) depends on the voltage vector applied to
the machine terminals, which can be represented by different
mathematical models for PMSM [37]. If the flux-linkage-
based model in the stationary coordinates («f) is employed,
the stator flux vector (Y5 = Yo +j¥p) and the electromag-
netic torque (7;) can be expressed as

Y = / (Vap — Relag) d (1)
3
T, = 2 (Wup % ap) @)

where vqg and iyg are the stator voltage and current vectors,
respectively, R, represents the stator phase resistance, and
p denotes the number of pole pairs. From (1), when DTC
applies an arbitrary voltage vector v} p to the stator winding
for a sampling period Ty, it deviates the stator flux vector by
AY, g = v ﬂTY (assuming that Ry is negligible). This devia-
tion adjusts the amplitude (Y5 = ||¥,4ll) and angular position
(05 = arctan(¥g /¥ )) of the stator flux vector. By adjusting
s, the (load) angle between the stator and rotor flux vectors
can be directly manipulated due to the fast dynamics of the
stator flux compared to that of the machine rotor [3].

To illustrate the effect of the direct manipulation of the load
angle on the torque, (2) needs to be simplified by neglecting
the magnetic saturation effects (i.e., the stator inductance L is
constant). As a result, the stator current vector can be written
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FIGURE 1. lllustration of the DTC basic principle.
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S

where /), is the permanent magnet flux, and 6, is the rotor
angular position. Substituting (3) into (2), the torque equation
can be rewritten as

T, = sin (B — 6,) . 4@

3pYsVpm

2L
This implies that increasing or decreasing the load angle (i.e.,
(65 — 0,)) can increase 1 or decrease | the torque if the stator
flux amplitude v is maintained constant. Consequently, the
direct control of torque and stator flux amplitude is accom-
plished by controlling the stator flux vector along its tangential
and radial directions, as illustrated by Fig. 1. Thus, the proper
selection of the voltage vector applied to the stator winding is
the key to providing optimal control performance.

B. CRITERIA USED IN PULSE SELECTION

Aiming at robustness against parameter variation and fast
dynamic response, the DTC employs a pulse selector to set
a basic voltage vector among those admitted by the power
converter, as shown in Fig. 2. With a two-level voltage source
inverter, only eight basic voltage vectors (vqg[x]) are feasible
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FIGURE 3. lllustration of the feasible voltage vectors with the corresponding switching pulses v, ;[x](S15.S5) (a) and their influence on the torque 7. and
stator flux amplitude y; when the stator flux vector is located in Sector (D with the sector definition n; (b) and n, (c).

according to the switching pulses (515,53), the space vectors
of which can be written as

2 o 4
Vapl] = SVae (51061 + Sole1lF + 53116 F ) (5)

where x € {0, 1.., 7} is the voltage-vector index. Two of these
voltage vectors (x € {0, 7}) are zero voltage vectors (ZVVs),
and the others are active voltage vectors (AVVs), which are
defined in Fig. 3(a). By considering the influence of each
vector on the deviation direction of the stator flux vector, the
most feasible option can be properly selected.

Because this effect relies on the angular position of the
stator flux vector 6, the af-plane is typically divided into
six sectors (n € {1, 2.., 6}) with two different boundary def-
initions n1 and ny, as shown in Fig. 3(b) and (c). Therefore, a
sector detector is employed to identify that position using one
of the following expressions:

2n; — 3 2n; — 1
Sector ny : M <6, < (nl—)rr (6)
6 6
2ny) —2 2
Sector nj : % < b < n62n (7)

For both sector definitions, Fig. 3(b) and (c) give an illus-
tration of the influence of the voltage vectors on the torque
T, and stator flux amplitude ¥, when the stator flux vector
is located in Sector n = 1. The ZVV’s (e) effects on torque
and flux are considered negligible. The AVV indexed x = 2
(%) and x = 5 (¢) respectively increases and decreases both
T, and ;. With the sector definition ny, the vector x = 3
(M) increases T, and decreases ¥, and vice versa for x = 6
(). These two vectors are replaced in the sector definition
np with those indexed x = 4 (A) and x = 1 (o) to satisfy a
more pronounced impact on Y. As the phase shift between
the voltage vectors matches the spatial range of the sectors
(i.e., w/3), these impacts of the AVVs indexed as 2, 5, 3, 6, 4,
and 1 will be respectively similar to those of 3, 6, 4, 1, 5, and
2 when the stator flux vector is located in Sector n = 2. Thus,
the voltage vector index x can be expressed using the sector
identifiers to generalize the description of their influence on
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FIGURE 4. Hysteresis regulators of stator flux amplitude (a) and torque (b)
used in DTC.

the controlled variables as follows.

ni+1or np+1, then T, t ¥ 1

_ ) m+2orn+3, then T, 1 vy
Ifx= ny+5 or np, then 7, | v, 4 ®)

ni+4 or np+4, then T, | vy |

where the voltage index x = x — 6, if x > 6.

As the DTC chooses the switching pulses of the voltage
vector to force the torque and flux magnitude to track their
reference signals 7, and %!/, two- or three-level hysteresis
regulators are used to indicate the demanded deviation direc-
tion (gy, and e7,), such that 1, —, and | represent the three
possible directions. &y, and &7, are obtained based on the error
between the estimated and reference values and the hysteresis
bands (£hy, and %h7,), as depicted in Fig. 4. According to
the output of the hysteresis regulators and the indicated sector
n, the index of the most feasible voltage vector can be chosen
from a look-up table among those shown in Table 1.

Four different look-up tables are presented in Table 1 [3],
[9], [10], [11]. The basic switching table (BST) and the modi-
fied BST (MBST) use a three-level hysteresis torque regulator
and employ the ZVVs when the torque needs to be maintained
constant (¢7, =—). Unlike the other switching tables, MBST
uses (7) instead of (6) to detect the sector n. Thus, it uses the
AVVs indexed [n+3] and [n] rather than [n+2] and [n+5] to
respectively increase and decrease the torque. Table 1(c) and
(d) exclude one torque state (¢7, =—>) by using two-level hys-
teresis regulator. The former employs the AVVs only, while
the other utilizes the ZVVs when both the torque and the flux
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TABLE 1. Different Switching Look-Up Tables for DTC

(a) Basic switching table (BST) (b) Modified BST (MBST)

3 3
el - el -
8‘!’: 8‘!’:
T n+l 0,7 n+5 T n+1 0,7 n
l n+2 0,7 n+4 | n+3 0,7 n+4

n = ny is detected using (6) n = n, is detected using (7)

(c) AVVs switching table (AST) (d) ZVV switching table (ZST)

€ €
R ! ol !
&y &y,
1 n+1 n+5 1 n+1 n+5
| n+2 n+4 | n+2 0,7

n = ny is detected using (6) n = ny is detected using (6)

modulus has to be decreased (i.e., e, =| and &y, =|). For
convenience, these switching tables are respectively specified
in this work as AST and ZST.

Accordingly, the criteria used for pulse selection in DTC
can change the control performance by considering a number
of factors that can be summarized as follows:

1) The sector definition used to indicate the location of the

stator voltage vector in the 8 plane.

2) The number of levels of the hysteresis regulators and the

width of hysteresis bands.

3) The structure of the switching look-up table and the

included voltage vectors.

For setting these criteria, only the influence of the switching
pulses on the stator flux vector has been considered in the
conventional DTC by assuming that it depends only on the
direction of the corresponding voltage vectors. However, by
thoroughly analyzing these influences under different operat-
ing conditions (such as the rotor speed and the load torque),
the criteria used for pulse selection in DTC can be better set,
improving the overall control performance. To achieve that, a
performance prediction strategy for the DTC is presented in
the following section.

1il. PERFORMANCE PREDICTION OF DTC

The impact of the switching pulses on the torque and flux
responses can be principally predicted based on the PMSM
model, which has been represented mathematically by sim-
plified or FEA-based models. In this section, predictions for
the torque and flux responses of PMSM using both models
are presented first. Then, the pulse selectors presented in
Section II are analyzed under different operating conditions
to predict the DTC performance, highlighting the advantages
and disadvantages of each.

A. SIMPLIFIED PREDICTION OF TORQUE AND FLUX
RESPONSES
To simplify the prediction of the torque and flux responses,

various assumptions have been considered for the PMSM
model (3) and (4), [14], [15], [16], [17], [18], [27]. For
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instance, the rotor saliency is ignored, the hysteresis and sat-
uration properties of the magnetic core are neglected, and the
permanent magnet flux (1/,,,) is assumed to be sinusoidally
distributed in the air gap and aligned with the d-axis direction.
As aresult, the magnetic saturation and flux harmonics caused
by the magnetic energy variation with the rotor position are ig-
nored. The d- and g-axis components of the stator inductance
(Lq and L) have been dealt as equivalent and constant values
(i.e., Lg = Ly = Ly).

Consequently, the variations of torque and stator flux mag-
nitude over the sampling period 7; due to applying the voltage
vector Vgg[x] can be derived from (1)—(3) as [15]:

3pT; Ry
ATe[-x] = ;2 (7/,;’ X v(xﬂ[x] - L_ (wr X "ﬁo{ﬂ)

- '/’aﬁ X ja)ﬂ/f,.) s (9)

T Ry
Alx] = W_ ('/’aﬂ - Voplx] — i (V> — Vo - 'ﬁr)) ;
(10)

where ¢, = 1/f[,mej9’. Usage of (9) and (10) to predict the
impact of the switching pulses on the torque and flux ampli-
tude responses provides acceptable accuracy for the surface-
mounted PMSM (SPMSM) owing to its non-salient rotor and
the relatively large air gap between the stator and rotor cores.
However, with the above-mentioned assumptions, these ex-
pressions can seriously compromise the prediction quality of
the control performance for the interior PMSM (IPMSM) be-
cause of the rotor saliency that not only introduces nonlinear
torque-current characteristics but also causes a rotor position-
dependent variation of the magnetic energy, leading to flux
harmonics and cogging effects [39]. To overcome this issue, a
fast and accurate PMSM model is needed for the performance
prediction of DTC. Although the FEA can satisfy the required
accuracy, it is computationally time-consuming. Reducing the
calculation time significantly is feasible by pre-calculating
and storing the FEA results for offline processing. Thus, the
FEA-based PMSM model [34] can be a promising solution to
predict the DTC performance.

B. PROPOSED PERFORMANCE PREDICTION STRATEGY
USING FEA-BASED MODEL

The FEA-based model can capture the nonlinear characteris-
tics of PMSM by extracting the d- and g-components of the
stator flux (¥4 and v,) and the torque from FEA at different
values of d- and g-axis currents (iy and i;) and rotor angular
position 6,. To ensure the computational efficiency of this
modeling scheme, the extracted data can be represented by
either curve fitting or lookup tables as

Va = fi (ia. ig 6r)
{Wq = 1 (ig. iq. 0r) , (11)
T, = f3 (ia, ig. 6)) - (12)
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557 (Wan g 0r)
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FIGURE 5. Schematic representation of the FEA-based PMSM model.

In this model, the rotating frame (dq) representation of the
machine variables (i.e., stator flux, current, voltage) reduces
the amount of data need to be extracted from FEA [36]. As
these variables can be obtained from their o 8 presentation us-
ing Park’s transform (f;, = f, ﬂe_jgr), the stator flux equation
(1) is rewritten as:

'ﬁdq = / (qu - Rsidq _jwr'/’dq) de,

where w, = d6,/dr denotes the rotor angular speed, and vy,
is the applied voltage vector that can be obtained from (5) as
\2 lge’j(”. According to (13), the impact of the voltage vector
on the stator flux can be predicted if the dg components of
the stator-current vector iy, are obtained as functions of the
corresponding flux linkages and the rotor position as

{id =17 (Va. vq. 6)
iq = f271 (‘pd’ Vg, 9,).
A data set for these functions can be obtained by inverting (11)
using, for example, MATLAB’s gridfit function [40]. Based
on (12)—(14), the schematic representation of the FEA-based
PMSM model can be illustrated by Fig. 5. The implementation
and verification steps for the FEA-based model of the 80-kW
PMSM prototype under study, with the parameters given in
the Appendix, are well described in [41] and not repeated here
for the sake of space.

If a voltage vector vg4[x] = vg[x] + jug[x] is applied at the
kth control sample, the d- and g-axis flux linkages can be
predicted from the discrete form of (13) as

YA = v+ T, (1 = RS — k)
P ) = 0k + T3 (oble) = Rtk + of k)

13)

(14)

15)

where 1//5 and 1//5 are determined from (11) according to the

loading condition represented by the currents ifi and i'q‘. Based
on (15), the d- and g-components of the current vector at the
sampling instant k + 1 can be predicted using (14), and the
deviations in torque and stator-flux modulus can be obtained
for each admissible voltage vector x as

AT x] = 5 (H 0, 0, 651 ) = g (3,2 6F)
(16)
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FIGURE 6. Polar representation of the torque deviation AT, (N - m)
produced by v, 4[x = 1] with the angular position of stator-flux vector 65
(rad) under different loading conditions and operating speeds. (a) at 300
r/min. (b) at 3000 r/min. [Solid line: using FEA-based model; Dashed line:
using simplified model].

AL = 5 D2 + (i IR -k + kR,
(17)

where 05+t = 0% + WK T;. In this way, the impact of the volt-
age vector on the torque and flux-amplitude responses can be
analyzed using the FEA data instead of the simplified model,
resulting in more accurate predictions for the DTC control
performance.

To illustrate, AT, produced by vqg[x = 1] throughout the
whole spatial range of 6; under different operating conditions
is calculated using the simplified and FEA-based models of
the 80-kW PMSM prototype, as shown in Fig. 6. For these
computations, the sampling interval 7j is set to 50 s, and only
the magnetic saturation is considered (i.e., 6, is maintained
zero in (11)—(14)). From Fig. 6, it can be seen that the simpli-
fied model exhibits lower absolute torque deviations than the
FEA-based model over a wide range of 6, under all operating
conditions [see the dotted areas in Fig. 6]. Consequently, if the
former is employed to assess the torque control performance
of DTC strategies, it will show lower torque ripple and slower
dynamic response, as will be confirmed in Section V. Thus,
the FEA-based model is employed to evaluate the DTC per-
formance under different pulse selectors as follows.

C. COMPARATIVE ANALYSIS OF PULSE SELECTION
CRITERIA USING FEA-BASED MODEL

The criteria used in pulse selection of DTC are theoretically
analyzed using the FEA-based model considering only the
magnetic saturation. The torque and flux variations generated
by each voltage vector included in the switching tables [see
Table 1] are calculated using (16) and (17) at a control sample
of Ty = 50 pus. These deviations are determined at different
operating conditions over the entire spatial range of both sec-
tor definitions (6) and (7), as shown in Figs. 7 and 8.

As can be noticed from Figs. 7 and 8, the voltage vectors
employed with the sector definition (7) produce lower torque
deviations and higher flux variations than those used with (6),
regardless the operating conditions. Consequently, employing
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n is detected by (6) n is detected by (7)

80 Yex =ntl @x=n+2 80 X =nt+1 [l x=nt3
60 x=nt+4 k x=n+5 60 x=nt4 x=n
Ax=07
40
Bl Bl
g =20
& & SSR=
= = = —‘,:\
o © -
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FIGURE 7. Torque deviation AT, produced by each voltage vector included
in the switching tables [Table 1] when applied for a control period of T; =
50 us within the spatial range of sector n at different operating conditions.
[Solid line: at 80% of full load; Dashed line: at no load].

MBST for DTC of PMSM can cause lower torque ripple,
slower dynamic response, and higher flux ripple compared to
the other switching tables (BST, AST, and ZST).

By comparing Fig. 7(b) with Fig. 7(a), it can be noted
that, with the speed increase in the anticlockwise direction
(+ve speed), the positive torque deviations produced by ei-
ther the AVVs [n+1], [n+2], or [n+3] weaken, while the
negative torque deviations generated by [n+4], [n+5], or [n]
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FIGURE 8. Stator-flux amplitude deviation Ay produced by each voltage
vector included in the switching tables [Table 1] when applied for a control
period of T; =50 us within the spatial range of sector n.

strengthen. Thus, the torque decay will be faster than the
torque rise for all pulse selectors. Also, both voltage vectors
[n+3] and [n] fails to respectively increase and decrease the
torque at high-speed (3000 r/min) and loading conditions,
which can result in failure of MBST to maintain stable opera-
tion, as will be confirmed in Sections V and VI.

From Fig. 7(b) and (c), the ZVV produces torque deviations
that are always in a direction opposite to that of the rotation.
These deviations are lower than those developed by [rn+4] and
[n+5] for positive speed and [n+1] and [n+2] for negative
speed. Consequently, ZST can provide reduced torque ripple
compared to AST, as the former utilizes the ZVVs at one of
the table states. However, applying a ZV'V at that state results
in a slower torque response when a torque decay is demanded.
Also, ZST cannot allow speed reversal as the torque devia-
tion produced by ZVV becomes positive when the rotation
direction changes, i.e., the ZVV fails to satisfy the condition
er, ={ in ZST. Therefore, a voltage-vector selection strategy
based on a variable-structure switching table is presented in
the following section.

IV. PROPOSED PULSE SELECTION STRATEGY WITH A
VARIABLE-STRUCTURE SWITCHING TABLE (VSST)

As discussed in Section III-C, the torque and flux deviations
depend not only on the angular position of the stator-flux vec-
tor but also the operating conditions, such as the direction of
rotation. Hence, selecting the switching pulse from a look-up
table with a changing structure based on these conditions can
be a desired feature from the point of view of steady-state and
dynamic performances of DTC.

The proposed strategy detects the sector n using (6) to
avoid the performance issues associated with MBST at high
speeds. When the motor speed is positive, applying a ZVV
to decrease the torque (er =|) instead of the AVVs [n+4]
or [n+5] can improve the steady-state performance in terms
of the torque and flux ripples because of two reasons. The
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TABLE 2. Proposed Variable-Structure Switching Table (VSST)

Error Signals of Torque .
Steady State Dynamic
and Flux
State
Terr Yerr ¢) &)
>0 n+1 0,7 n+1
Tcrr 2 O lllerr
Yo <0 n+2 0,7 n+2
>0 0,7 n+5 n+5
Terr < 0 werr
Yo <0 0,7 n+4 n+4

n is detected using (6).

O and O are rotation directions.

ZV Vs produce lower negative torque deviations [see Fig. 7(a)]
and their impact on the flux is negligible [see Fig. 8]. The
steady-state-performance improvement can be maintained in
the backward direction of rotation (i.e., —ve speed) by em-
ploying ZV'Vs to increase the torque (when er =1) instead
of the AVVs [n+1] or [n+2]. The ZVV is decided (0 or 7)
to minimize the number of switching jumps, such that v, g[0]
follows the voltage vectors indexed as 0, 1, 3, and 5, while the
remaining vectors are followed by v,g[7]. Because the ZVVs
degrade the dynamic performance if a decay in the absolute
torque is demanded, the AVVs are the best option at all the
table states (as in the case of AST). Hence, the proposed
strategy uses the variable-structure switching table (VSST)
shown in Table 2, where the voltage vector index needs to
be artificially selected considering the operating state and the
rotation direction.

To achieve that, a simple strategy can be utilized for pulse
selection, which is illustrated by the flowchart shown in Fig 9.

The dynamic state of the system can be activated by de-
tecting the demanded-torque transition (ATeref ). To guarantee
the speed reversal, the activation of the dynamic state has to
be maintained using a “flag” till the satisfaction of two con-
ditions: (1) The estimated torque crosses the reference signal
(ie., sgn(Te]jr) * sgn(Teljjl)); (2) The direction of rotation is
similar to that of the reference torque (T,/ - wk > 0).

According to the VSST [Table 2], one of two AVVs will
be applied during steady-state conditions depending on the
rotational direction ([n+1] or [n+2] for clockwise and [n+5]
or [n+4] for anticlockwise). As can be noticed in Fig. 8,
the absolute flux deviations produced by [n+2] and [n+5]
are significantly higher than those generated by [n+1] and
[n+4], respectively, when 6; is in the range of the Subsec-
torl e [(2n —3) /6, (2n — 3) /6 + m /12). Conversely, the
AVVs [n+1] and [n+4] give higher absolute flux deviations
when 6 is in the range of the Subsector 11 € ((2n — 1)7 /6 —
/12, (2n — 1)m /6]. As a result, the switching between the
two possible AVVs during the transition from one sector to
another leads to a considerable change in the stator flux am-
plitude, degrading the flux control performance. To avoid this
issue, the vector index selected from VSST needs to be re-
placed according to the conditions shown in Fig. 9. The pulse
replacement not only alleviates the occasional compromise
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FIGURE 9. Flowchart of the proposed pulse selection strategy with VSST.

of the flux regulation but also avoids the undesired torque-
deviation directions produced by the replaced voltage vectors
at high-speed conditions.

With this simple strategy, the switching-table structure is
made variable depending on the operating state and direction
of rotation, achieving improved steady-state torque perfor-
mance while retaining the classical methods’ fast dynamic
response and robustness. Moreover, the control implementa-
tion is simplified by using the sign of the torque and flux
error (T, = Teref — T, and Yo = Sref — ) instead of the
hysteresis regulators and the corresponding tuning of their
band limits. As will be discussed in the following sections, the
simulations and experimental results confirm the effectiveness
of the proposed strategy.

V. SIMULATION RESULTS

A. SYSTEM DESCRIPTION AND SIMULATION PARAMETERS
The PMSM drive system shown in Fig. 10 is used to predict
the DTC performance under different pulse selectors to verify
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FIGURE 10. FEA-based PMSM drive system for performance prediction of
DTC.

the theoretical analysis discussed in Section III-C, and vali-
date the effectiveness of the proposed pulse selection strategy
presented in Section IV. The PMSM is driven in torque con-
trol mode where the operating speed (w,) is controlled via a
virtual dynamometer, from which the rotor angular position
0, can be indicated. The machine states (i.e., flux and torque)
are given to the pulse selector of DTC to decide the stator
voltage that forces them to follow the predefined reference
signals. By using (5), the stator voltage can be fed to the
FEA-based model [Fig. 5] to predict the torque and flux con-
trol performances in terms of steady-state ripples and average
switching frequency (f,,). The torque and flux ripples can be
represented using the standard deviation (o7, and oy,), as

1 m 1 &
oy =\/; D O =ya), yay = — 3 yIK]. (18)
k=1

And f,, can be determined by averaging the total number
of the inverter legs’ switching instants over a fixed period
of time (10 ms in this work). These performance indices are
also compared with those resulted using the simplified PMSM
model to validate the analysis presented in Section III-B.

The sampling frequency is maintained at 20 kHz for consis-
tency with the theoretical analysis. The hysteresis band limits
of the torque and flux regulators needed for the pulse selectors
(BST, MBST, AST, and ZST) are arbitrarily set to 2% of the
rated torque and permanent magnet flux.

B. COMPARISON OF STEADY-STATE PERFORMANCE

Figs. 11 and 12 present the steady-state waveforms of torque,
stator-flux amplitude, and average switching frequency ob-
tained using the FEA-based and simplified models at different
speeds and loading conditions.

As can be noticed in these figures, the performance pre-
diction for all DTC strategies using the simplified model
showed a considerably lower torque ripple at lower average
switching frequencies (in most cases) than that employing the
FEA-based model. In other words, the simplified model gives
optimistic predictions of the steady-state performance com-
pared to the FEA-based model due to neglecting the magnetic
saturation, as discussed in Section III-B. These confirm the
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FIGURE 11. Simulation results of the steady-state performance at no load
and different speeds. (a) At 100 r/min. (b) At 3000 r/min. [from top to
bottom: torque T, stator-flux modulus ¥, and average switching
frequency fg,].
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FIGURE 12. Simulation results of the steady-state performance at 75% of
rated torque and different speeds. (a) At 100 r/min. (b) At 3000 r/min.
[from top to bottom: torque T, stator-flux modulus v, and average
switching frequency f,,].

necessity of employing the latter for performance prediction
of DTC.

According to the FEA-based-model predictions of DTC
performance shown in Figs. 11 and 12, the proposed VSST-
based strategy outperforms the other methods regarding the
torque and flux ripples, especially at high-speed (3000 r/min)
or -loading conditions. Its average switching frequency is
slightly higher than BST and ZST only at high-speed op-
eration. The AST-based method produces the largest torque
ripple with the highest average switching frequency because
it uses the AVVs only, proving the importance of the ZVV
inclusion in the look-up table. MBST can produce a lower
torque ripple than BST and AST at the cost of a significant
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FIGURE 13. Quantitative evaluation of the steady-state performance at
different operating speeds. (a) at no load. (b) at 75% of rated torque. [from
top to bottom: torque ripple o7, stator-flux-amplitude ripple o, and
average switching frequency f,,; Solid line: using FEA-based model;
Dashed line: using simplified model].

rise in the flux ripple, as shown in Figs. 11(a) and 12(a). Also,
as can be noticed in Figs. 11(b) and 12(b), MBST causes
unstable operation at 3000 r/min speed because the voltage
vector indexed [n + 3] fails to increase the torque over a wide
range of O, at high speeds [see Fig. 7(b)], as discussed in
Section III-C

A detailed quantitative evaluations for o7,, oy, and fg,
under various operating speeds are given in Fig. 13 for no load
and 75% of full load.

The simplified-model-based performance prediction
showed that the proposed VSST produces a slightly higher
torque ripple at no load than BST by average of 2% with
almost the same average switching frequency. Also, at 0.75
of full load, it is detected that BST gives a lower torque
ripple than MBST by around 0.5%. On the other hand,
the FEA-model-based performance predictions indicated
that the torque ripple produced by VSST is around 7% less
than that of the BST with 25% lower average switching
frequency at no load. At high load (0.75 of full load), MBST
introduces lower torque ripple than BST by roughly 17% on
average. For all DTC schemes under test, the simplified model
predicts lower torque ripple and average switching frequency
than the FEA-based model by averages of 22.5% and 17%,
respectively. These results verify the analysis presented in
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FIGURE 14. Simulation results of the torque dynamic response for DTC
strategies with 300 N - m step at different operating speeds. (a) At 100
r/min. (b) At 3000 r/min (only MBST is tested at 2000 r/min).

Section III-B and the need for employing the FEA model for
DTC performance prediction.

From the FEA-model-based predictions presented in
Fig. 13(a), the proposed VSST gives lower torque ripple at
no load than AST and ZST by averages of 48%, and 34 %,
respectively. Although the proposed method produces higher
torque ripple than MBST by around 12%, the flux ripple and
the average switching frequency are dramatically reduced by
averages of 35% and 30%, respectively. From Fig. 13(b), the
torque ripple, flux ripple, and average switching frequency
of the proposed strategy are the lowest at 75% of full load,
which are respectively 30%, 18%, and 29%, on average, less
than those of the other DTC schemes. These results verify the
efficacy of the proposed VSST-based pulse selection strategy
to enhance the steady-state performance of DTC.

C. COMPARISON OF THE DYNAMIC PERFORMANCE

Fig. 14 shows the FEA-model-based predictions of the torque
dynamic performance when the demanded torque is stepped
up from 0 to 300 N - m and down from 300 to O N - m under
different rotor speeds, 100 and 3000 r/min.

Only MBST is tested at 2000 r/min instead of 3000 r/min
to avoid the unstable operation mentioned in Section III-B.

It can be noticed in Fig. 14 that when the torque is
increased, all the pulse selectors allow comparable torque
responses for DTC, excluding MBST which causes slower
torque dynamics. When the torque is stepped down, the dy-
namic response of ZST-DTC degrades significantly because
of employing ZVV to decrease the torque, as discussed in
Section III-C. This issue is avoided in the proposed strategy
by applying AV Vs during transient conditions.

By comparing Fig. 14(b) with Fig. 14(a), it can be noticed
that the rising time increases at high speed (3000 r/min),
while the falling time decays because the positive and negative
torque deviations produced by AVVs weaken and strengthen,
respectively, when the speed rises. Furthermore, it can be
noticed in Fig. 14(b) that the falling time is shorter than the
rising time as the negative deviations in torque is larger than
the positive deviations when w, is positive [see Fig. 7(b)].
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FIGURE 15. Experimental setup. (a) Block diagram. (b) Photo of the test
bench.

These simulation results are consistent with the theoretical
analysis presented in Section III-C and confirm that the pro-
posed VSST-based pulse selection strategy can retain the fast
dynamic response of DTC.

VI. EXPERIMENTAL VERIFICATION

In this section, the experimental results are presented to ver-
ify the outcomes of the comparative analysis presented in
Section III-C and the effectiveness of the proposed method
[Section IV] under different operating conditions. As the pulse
selectors are the main focus of this article, a 0.75-kW SPMSM
(with the parameters are listed in the Appendix) can be a
feasible option for the experimental verification to avoid the
implementation complexity and the stability issues associated
with flux estimation of IPMSM [42], [43].

As shown in Fig. 15, the motor is fed from 220-Volt DC
supply and 200-puF DC-link capacitors through a 2L-VSI.
Two LEM sensors detects the stator-winding currents and the
DC-link voltage, while an incremental encoder with a preci-
sion of 2500 pulse per revolution determines the rotor angular
position. The motor shaft is mechanically coupled to a powder
brake supplied by a 24-Volt variable DC source to manipulate
the load torque.

Two software are used to realize the experimental im-
plementation of the DTC strategies. Before the experiment,
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Matlab/Simulink is utilized to establish a model for the control
algorithm under test and generate the corresponding control
code. Then, dSPACE ControlDesk is utilized to download the
code to the controller processing unit and directly change the
reference signals and control parameters through the host PC.
It is also employed to capture the experimental results for post
processing, analysis, and drawing using Matlab. The sampling
period is maintained at 50 us. For the sake of accuracy, the
one-step delay due to the digital implementation is remedied
for all the DTC strategies such that the switching pulse is
selected based on the predicted torque and flux at the (k + 1)th
sampling instant [44].

A. STEADY-STATE PERFORMANCE TESTS

Figs. 16 and 17 represent the experimental waveforms of elec-
tromagnetic torque, stator-flux amplitude, phase current, and
the selected-vector index for the DTC schemes at 750 r/min
and 2250 r/min, respectively. As the MBST exhibits unstable
operation at 2250 r/min, it is tested at 1500 r/min instead. The
load torque is maintained at around 1.8 N - m. To maintain the
speed at a constant value while capturing the experimental re-
sults using the ControlDesk, the demanded torque is generated
by an outer PI-speed loop with gains of Kp = 0.006843 and
K7 = 0.78046. For better efficiency, the maximum torque per
ampere principle is used to calculate the reference stator-flux
amplitude from the demanded torque [14].

From Figs. 16 and 17, it can be observed that the proposed
VSST-based method provides a significant reduction in torque
ripple and current distortions compared to the other pulse
selectors as it avoids selecting the AVVs that give high de-
viations in torque during steady-state operation, as discussed
in Section IV. Although the application of MBST for DTC
causes less torque ripple than BST and AST, it produces
higher flux ripple. The ZST improves both the torque and
flux ripples compared with BST and AST because of the
more frequently employed ZVV, as can be noticed from the
vector-index waveform.

Fig. 18 presents a quantitative evaluation for the steady-
state performance of DTC under different pulse selectors in
terms of torque ripple, flux ripple, average switching fre-
quency, and total harmonic distortion of the stator current
(THDy). The torque ripple of the proposed VSST is sig-
nificantly less than that of BST, MBST, AST, and ZST by
averages of 46%, 44%, 48%, and 41%, respectively. Further-
more, the proposed method achieves the lowest flux ripple,
current distortions, and average switching frequency that are
respectively reduced by 16%, 19%, and 37%, on average,
compared with the other methods. On the other hand, MBST
can mitigate the torque ripple at low speed (750 r/min)
by about 6% with 16% lower average switching frequency
compared to BST, but the stator flux ripple and the current
distortion increase by 24% and 4%, respectively. These results
match well with the performance analysis and the simulation
results presented in Sections III-C and V-B, respectively.

To further verify the superiority of the proposed method, it
is compared with the BST-based pulse selector with different
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FIGURE 16. Experimental results of the steady-state performance for DTC strategies under 1.8-N - m load and 750-r/min speed. (a) BST. (b) MBST. (c) AST.
(d) ZST. (e) VSST. [from top to bottom: torque, stator-flux amplitude, phase current, sector n and selected voltage vector x].
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FIGURE 17. Experimental results of the steady-state performance for DTC strategies under 1.8-N - m load and 2250-r/min speed. (a) BST. (b) MBST (at
1500 r/min). (c) AST. (d) ZST. (e) VSST. [from top to bottom: torque, stator-flux amplitude, phase current, sector n and selected voltage vector x].

values of hysteresis band limits of the torque regulator (£h7,),
as shown in Fig. 19. In this test, the load torque is set to 1.8
N - m, and the speed is maintained around 750 r/min. From
the vector index x in Fig. 19, the frequency of employing the
ZVV (0 or 7) increases when the A7, is increased from 2% to
10% of the rated torque, resulting in reduced torque ripple and
current distortion with lower average switching frequency. As
the proposed strategy applies ZVV at the look-up table state
(e7, =) instead of AVYV, it can hit the maximum possible fre-
quency of employing the ZVVs. Consequently, the proposed
VSST scheme can always provide a lower torque ripple with
reduced average switching frequency than BST regardless of
the value of the torque-hysteresis band limits (/7).

B. DYNAMIC PERFORMANCE TESTS

The torque dynamic responses of DTC under different pulse
selectors are also investigated and compared, as shown in
Fig. 20. For these experiments, the motor is operated in torque
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control mode with a fixed load toque at around 1.6 N - m.
The demanded torque is stepped up from 0 to 2 N - m to
test the torque dynamic performance during start up. Then,
once the velocity hits the value of 1500 r/min, the demanded
torque is stepped down from 2 to —2 N - m to investigate
the torque behavior during speed reversal. The corresponding
speed response and phase current of the PMSM for that test
scenario are illustrated to the bottom of the torque response.
The zoomed zones (1) and (2) in Fig. 20 show the rise and fall
time of the torque responses.

In Fig. 20, it can be noticed that BST, AST, ZST, and
the proposed VSST achieve fast torque response with a
rise time of 0.2 ms, approximately. On the other hand,
the torque dynamic response is slightly slower for MBST
(almost 0.27 ms) as it uses the sector definition ny (7)
where the AVVs give lower deviations in torque than that
with n; (6) [see Fig. 7]. When the demanded torque was
changed from 2 to —2 N - m, the falling time of the torque

VOLUME 4, 2023



IEEE Open Journal of

4x Power Electronics

(EEEBST EEEMBST [CJAST EEZST I VSST |

TABLE 3. Summary of the Comparative Investigation of DTC Performance
Under Different Pulse Selectors

0.5
04 0.5
) ’ g 0.4 Performance indices BST MBST AST ZST VSST
= 0.3
502 703 Torque ripple Kkt Kkd kfh kkd dkokk
g 6‘02 Flux ripple L. S S SN o0 L & S NN & SAGIE & & ¢
ol 0.1 Average switching frequency | k%  kkk  kdk kokk kkok
0 750 1500 2250 0 750 1500 2250 Rising-torque response *okk kokr kokk kkk kokok
Speed (r/min) Speed (r/min) Falling-torque response * kK * ok *okk ke kokk
(a) (b) Speed reversal dhkk  kkk kkk RN kkk
" Implementation complexity dokdk kokk kokk kkd kokok
12 30
,E\ 10 g
& 2 5 20 the forward operation by changing the switching-table struc-
< g E o ture. These results confirm well with the performance analysis
3 . and the simulation results presented in Sections III-C and V-C,
750 1500 2250 750 1500 2250

Speed (r/min)
(©) (d)

Speed (r/min)

FIGURE 18. Quantitative evaluation of the steady-state performance for
DTC strategies under 1.8 N - m-load torque at different operating speeds.
(a) Torque ripple. (b) Flux ripple. (c) Average switching frequency. (d) Total
harmonic distortion of stator current. [Experimental results].
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FIGURE 19. Experimental waveforms of the torque, flux amplitude, phase
current, and index of the selected voltage vector at 750 r/min. (a) BST at
hr = 2% T,4teq- (b) BST at hr = 10% T,4teq- () Proposed VSST.

for all the employed pulse selectors was around 0.27 ms
except ZST, the torque response of which needed about
0.55 ms to match the demanded value. Moreover, during speed
reversal, the ZST causes system instability when the operating
speed reaches zero, as shown in Fig. 20(d), because the torque
variation direction of the ZVVs reverses [see Fig. 16(c)].
Instead, the proposed VSST provides faster response during
torque-demand decay (because it employs only the AVVs
during the dynamic state), and it can achieve smooth speed re-
versal, as can be noticed in Fig. 20(e). After speed reversal, it
can satisfy a steady-state performance identical to that during
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respectively, and show that the proposed VSST-based pulse
selection strategy can keep the fast dynamic performance of
DTC with smooth speed reversal and reduced torque and flux
ripples.

C. DISCUSSION

The criteria of pulse selection without considering the applica-
tion of ZVVs in DTC, such as the AST-based method, results
in excessive torque and flux ripples with high average switch-
ing frequency. Therefore, by employing three-level torque
hysteresis regulators in both BST and MBST, the torque ripple
and average switching frequency can be reduced by increasing
how frequently the ZVVs are selected. However, the latter
results in increased flux ripple, instability at high-speed op-
eration, and degraded dynamic torque response because it
uses a sector definition ny (7) where the switching pulses
give high deviations in flux amplitude, low torque deviations,
and they fail to increase the torque at high-speed conditions.
Although applying a ZVV at a single table state in ZST can
also reduce the torque ripple, the speed reversal is not al-
lowed because the torque deviations produced by ZVV reverse
with the rotational direction. The proposed VSST strategy
overcomes all these performance issues due to its flexibility
of pulse selection with the operating state and direction of
rotation. It achieves the lowest torque and flux ripples with
reduced average switching frequency while retaining the fast
dynamic response of DTC. Table 3 summarizes the compar-
ative evaluation of the DTC performance under the different
pulse selectors discussed in this work. The superiority of a
particular pulse selector for a particular performance index is
ranked such that %% illustrates the highest superiority.

VII. CONCLUSION

In this article, a generalized performance analysis using a
high-fidelity FEA-based model is presented to investigate the
impact of the pulse selection criteria on the DTC performance
of three-phase PMSM drives, including nonlinear machine
behavior such as magnetic saturation. Different pulse selec-
tors are theoretically analyzed to identify the performance
issues for both steady-state and dynamic operating condi-
tions. By considering the operating state in the pulse selection
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criteria, the torque and flux ripples can be minimized while
maintaining robustness and fast torque dynamics. Therefore,
a VSST-based pulse selector is proposed, where the voltage
vectors that produce relatively low deviations in torque and
flux are employed during steady-state operation, while those
of them that give high variation rates are applied during sys-
tem dynamics. A detailed comparative evaluation for the DTC
performance under different pulse selectors is presented using
both simulations and experiments, which conform well with
the theoretical analysis and verify the effectiveness of the
proposed strategy.

The FEA-based model can be utilized for performance
investigation of DTC considering other nonlinear character-
istics, such as thermal or cogging effects or other control
scenarios like different fault conditions. These can help iden-
tify new methodologies for pulse selection in DTC, as will be
further demonstrated in future studies.

APPENDIX

The electrical parameters of the machines used for simulation
and experimental verification in this work are presented in
Table 4.
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TABLE 4. List of PMSM Parameters

Parameters IPMSM  SPMSM  Units

Rated power 80 0.75 kW

Stator-phase resistance (R;) 7.5e-3 0.901 Q
d-axis inductance (L) 0.6 6.552 mH
g-axis inductance (L) 1.33 6.552 mH

Number of pole pairs (p) 4 4 -
Rated torque 400 2.4 N-m
Base speed 3000 3000 r/min

Rated current - 4.2 A

Peak current 400 - A
DC-link voltage (V) 540 220 Volt
Inertia coefficient (J) 0.16526 1.2e-4 kg-m?
Permanent magnet flux Wpm) 0.1875 0.09427 Wb
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