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Switching-Table-Based Direct Torque Control of
Dual Three-Phase PMSMs with Closed-Loop Current
Harmonics Compensation

Jin Xu, Milijjana Odavic, Zi-Qiang Zhu, Fellow, IEEE, Zhan-Yuan Wu, and Nuno Freire

Abstract—In this paper, the new closed-loop current harmonics
compensation strategy is introduced in the switching-table-based
direct torque control (ST-DTC) of dual three-phase permanent
magnet synchronous machines (dual 3-ph PMSMs). The harmonic
current distortion is the major problem of ST-DTC of multiphase
machines and is typically caused by the lack of control in the
auxiliary x-y subspace under the vector space decomposition
model. The synthetic vectors to obtain average zero voltage in the
x-y subspace can be a solution. However, this cannot compensate
for current harmonics, for example, due to dead-time and back-
electromotive force distortion, which are also mapped into the x-y
subspace. Therefore, in this work the x-y voltage references are
obtained by the closed control loop that controls x-y currents to
zero. To modulate the non-zero x-y voltage reference, the new
modulation approach employing voltage vector groups in x-y
subspace together with the new switching table is developed and
incorporated into ST-DTC. Meanwhile, the analysis of the two
available sets of twelve voltage vector groups illustrates a trade-off
between linear range in x-y subspace and the DC link voltage
utilization rate. Finally, the effectiveness of the proposed ST-DTC
strategy is verified through experiments and simulation.

Index Terms— Current harmonics, direct torque control, dual
three-phase permanent magnet synchronous machines.

NOMENCLATURE
Y Rotor flux.
T. Electromagnetic torque.
2 Stator flux angular position.
0. Electrical angular position.
w Mechanical angular speed.
Hy, Hr Control outputs of flux and torque

hysteresis controllers.

R Stator winding resistance.
T, Sampling period.
Vbe DC link voltage.

Uy, Ug, Uc, Uy, Uy, Uy  Machine phase voltages.
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Machine phase currents.
Voltages, currents, inductances,

iAa iBa iCa iUﬂ iVﬂ lW
Ug, Ug; Ug, g5 Laes Lge;

Yy, g and flux linkage in a-f subspace.
Uy, Uy by, by Ly, Ly Voltages, currents, inductances,
Y, ¥, and flux linkage in x-y subspace.
P Number of pole pairs

I. INTRODUCTION

ULTI-PHASE drives are increasingly used in high-power

and high-current applications as the increased number of
phases offer enhanced power handling capacities compared to
the three-phase drives. Typical applications are ships
propulsion, electric/hybrid vehicles and more electric aircraft,
where fault-tolerance is the critical concern and the increased
number of phases can provide the required degree of
redundancy. Direct torque control (DTC) is characterized by
fast torque response and simple structure and has been widely
employed for three-phase machines [1]-[8]. It is also
increasingly adopted for multi-phase machines [9]-[11], where
examples include five-phase induction machines [12]-[14],
asymmetric six-phase induction machines [15]-[20], and dual
three-phase permanent magnet synchronous machines (dual 3-
ph PMSMs) [21]-[22].

Some of the common challenges of DTC are high torque
ripple and variable switching frequency. Over the years, the
research has been undertaken to overcome the drawbacks of the
classical ST-DTC for three-phase machines by introducing
relatively more precise control of stator flux amplitude and
torque [4]-[8]. However, the major concern of ST-DTC for
multiphase machines is large unwanted stator current low-order
harmonics caused by the uncontrolled voltage in x-y subspace
and inherent system harmonics (for example, dead-time and
back-electromotive force (back-emf) distortion), which are most
dominant in multi-phase drives compared with their three-phase
equivalents, as explained in detail below.

The ST-DTC for dual 3-ph machines is based on the
decoupled model of dual 3-ph PMSMs applying the vector
space decomposition (VSD) technique [19], which can map
machine variables in the three two-dimensional orthogonal
subspaces, namely, a-B, x-y, and ol-02. The fundamental
component and mth order harmonics withm = 12n+ 1 (n =
1,2,3 ---) are mapped into the a-B subspace. The mth order
harmonics withm=6n+1 (n = 1,3,5---) are mapped into
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the x-y subspace. As the machine with isolated neutral points of
the two stator sets is considered here, all voltage vectors in the
auxiliary o1-02 subspace are zero and no current harmonics will
be generated in this subspace. If the switching table for
multiphase drives is designed following the same principles as
for the three-phase drives, only one voltage vector is applied
during one sampling period. The voltage vector selection is
decided considering only inverter vectors mapped into the
torque producing o-f subspace. This inevitably leads to
uncontrolled voltage vectors in the auxiliary harmonic
producing x-y subspace and will excite large x-y currents.

The solution to the current harmonics caused by the
uncontrolled voltage in x-y subspace has been addressed in the
literature by introducing modified switching tables. In [20], the
modified switching table is developed for a two-level six-phase
inverter fed dual 3-ph machine, whereby the voltage vector
selection takes into account the effects of voltage vectors on the
x-y stator flux. The current harmonics excited in the x-y
subspace are proportional to the x-y stator flux, therefore, by
selecting voltage vectors that will cause a decrease in the x-y
stator flux, the x-y currents can be reduced. The same argument
underpins the voltage vector selection strategy in [16], in which
the modified switching tables for DTC of a six-phase induction
machine are developed. In [21] the problem of the uncontrolled
voltage in x-y subspace in dual 3-ph PMSM drives with ST-
DTC is solved by developing 12 synthetic vectors, where each
synthetic vector comprises two inverter voltage vectors. Two
voltage vectors are thus employed in one sampling period and
the dwell times of these vectors are calculated (offline) in order
to achieve zero average x-y voltage. This approach is further
extended in [22] by developing two types of synthetic vectors
where the selection between them is decided in order to achieve
torque ripple reduction (using a multi-level hysteresis torque
controller). The simplified methods of synthetic vector
implementation using both FPGA and DSP technologies are
presented in detail in [17]. Additionally, the synthetic vector
theory reducing current harmonics is extended to five-phase
[23] and seven-phase [24] voltage source inverter systems,
incorporated into the model predictive control.

For the current harmonics caused by, for example, inverter
dead-time and back-emf distortion, they are mainly fifth and
seventh harmonics [25]-[26], and decoupled into x-y subspace.
Harmonic compensation strategies for multi-phase drives
employing ST-DTC in terms of this part of current harmonics
have not been reported in the literature, but there exist some
compensation strategies based on the field-oriented control
(FOC) with PWM.

Of note, this type of current harmonics exists in drives of 3-
ph machines and therefore the composition methods based on
FOC with PWM could be extended to dual 3-ph machines. In
[27], the main 5th and 7th order harmonics are firstly detected
and then compensated by a model-based feedback voltage
injection or a PI controller. Moreover, a zero-axis current
regulator can be added in the control loop to suppress current
harmonics [28]. Also, a repetitive controller [29] or a resonant
controller [30] can be paralleled to the PI controller to suppress
current harmonics further.

The effect of inverter dead-time on the stator current
harmonic distortion is more significant in multi-phase drives
compared with their three-phase counterparts, as demonstrated
in [31] for a five-phase induction motor drive where the
dominant 3rd harmonic is present in stator currents. Low-order
harmonics generated in each inverter leg voltage of a multi-
phase drive are mapped into the x-y subspace where impedances
presented to these harmonics are very low (comprise only stator
resistance and leakage inductance). On the contrary, in three-
phase machines, these harmonics are mapped into the a-p
subspace where they are exposed to higher impedances. The
control strategies to compensate for these unwanted x-y current
harmonics have been developed and successfully integrated into
FOC with PWM for various multi-phase machines, as in [26],
[31]-[33]. For harmonic compensation strategies in FOC for
both 3-ph machines and multi-phase machines, the voltage
references to compensate current harmonics can be directly
modulated into the switching sequence through PWM
techniques, then delivered to phase voltages.

However, no such strategies are developed for ST-DTC of
multi-phase machines. The main challenge is that there is
typically no modulation in ST-DTC for multi-phase drives, due
to the reasons that dwell times of voltage vectors and duty cycles
are determined by the switching table and no current control
loops are involved in ST-DTC. To fill this literature gap, this
paper proposes a novel ST-DTC based current harmonic
compensation strategy for dual 3-ph PMSMs. This proposed
ST-DTC strategy inherits advantages of direct torque control in
a-p subspace, but also provides an approach of modulating
voltage references in x-y subspace generated from current
controllers into the switching sequence, thereby suppressing
stator current harmonics, such as those caused by inverter dead-
time and back-emf distortion.

The structure of this paper is organized as follows. Section II
presents the voltage source inverter (VSI)-fed dual 3-ph PMSM
drive structure, the machine model and VSI switching vectors
mapped into the two-dimensional a-f and x-y subspaces. The
limitations of the classical ST-DTC and the synthetic vector ST-
DTC for dual 3-ph PMSMs, are analyzed in Section III. Section
IV presents the new closed-loop current harmonics
compensation ST-DTC strategy for dual 3-ph PMSMs, followed
by the DC link voltage utilization analysis in Section V. The
experimental and simulation results are included in Section VI
and Section VII, respectively, to demonstrate the effectiveness
of the proposed harmonics mitigation strategy.

II. STRUCTURE OF DRIVE SYSTEM AND MATHEMATICAL
MACHINE MODEL

The basic structure of a VSI-fed dual 3-ph PMSM drive
system is shown in Fig. 1. The machine with isolated neutral
points of the two sets, is considered in this work. Assuming
sinusoidal winding distribution and neglecting core losses and
magnetic saturation, the mathematical model of a dual 3-ph
PMSM can be described by (1) - (3).

It is evident from (3) that only components in o~ subspace
are involved in torque generation. This is used to simplify
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machine control from the six to two-dimensional problem.
However, from (1) and (2) it is also clear that even small voltage
components in x-y subspace will cause high current harmonics,
as x-y impedances could be generally small, determined only by
stator resistance and leakage self-inductance. Therefore,
although torque can be controlled by considering only -
subspace, that will not result in good machine performance, as
discussed later in SectiE)n I1I.
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Fig. 1 VSI-fed dual 3-ph PMSM drive structure.
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The two-level six-phase VSI, employed in this work, has 64
switching states, where each inverter state can be represented by
the corresponding voltage space vector, resulting in a total of 64
available voltage vectors. These vectors can be mapped into the
a-p and x-y subspaces as shown in Fig. 2. The vector numbers
in Fig. 2 denote the inverter switching states. They are defined
as the decimal number values of the six-bit binary numbers
formed of ( Sy SySyScSgSs ), where S,,Sy,.. denote the
switching states of inverter legs W, V, .., respectively, and are
either ‘1’ (the upper device is ON) or ‘0’ (the bottom device is
ON).

-axis
p 27

Fig. 2 Voltage vectors of two-level six-phase VSI mapped into o-f and x-y
subspaces.

The active voltage vectors can be grouped based on their
amplitudes into the four dodecagons, namely P,, P,, P; and P,,
as shown in Fig. 2, where P; denotes the vectors with the
smallest amplitude, while P, denotes the vectors with the largest
amplitude. It can be seen from Fig. 3 that P, vectors in o-f
subspace fall into dodecagon P; in x-y subspace and vice versa.
The amplitudes corresponding to the four dodecagons are given

by:
V6 V2
LP1=T' DC
1
Lp, =§'VDC
4
vz “)
Lps :?'VDC
V6 ++2
LP4=T' DC

III. CLASSICAL ST-DTC AND SYNTHETIC VECTOR ST-DTC

The classical ST-DTC for dual 3-ph PMSMs is obtained by
extending the classical ST-DTC for 3-ph PMSMs with small
modifications in the switching table. As a-f3 subspace is relevant
for torque generation, the classical ST-DTC for dual 3-ph
PMSMs is also implemented in this subspace. In order to
maximize the inverter DC link voltage utilization and to assure
fast torque response, only vectors from dodecagon P, are used.
These 12 vectors divide the a-f subspace into 12 sectors, as can
be seen in Fig. 3(a). Sectors are selected based on the position
of the stator flux linkage vector Wap- as shown in Fig. 3(b). In
general, considering one sampling period, if ¥, is located in
Sector k (k = 1,11, .., XII), only one vector is selected based on
Table I and applied during the whole sampling period. Fig. 3(b)
highlights the four possible vectors that can be used if ¥z is in
Sector I, where vectors V,, and V,¢ will increase torque, while
vectors V3, and V3¢ will decrease torque. Vectors V,, and V3,
will result in an increase in the flux amplitude, while vectors V,¢
and V3¢ will results in a decrease in the flux amplitude. One
vector is then selected based on the signs of the torque and flux
amplitude errors provided by the torque and flux hysteresis
controllers, respectively. However, the selected switching states
(vectors) will appear as P; vectors in x-y subspace which are not
controlled and thus x-y current harmonics will be excited. The
classical ST-DTC is discussed here to identify the origin of
stator current harmonic distortion, however, cannot be
considered as the practical solution.

In the classical approach discussed above, only P, vectors in
a-B subspace are used, however, the availability of the relatively
large number of voltage vectors creates opportunities to further
improve torque and flux steady-state and dynamic behavior,
while suppressing current harmonics. In order to achieve better
performance, it is necessary to consider both a-B and x-y
subspaces while selecting voltage vectors.

Therefore, both P, and P; vectors in the a- subspace are
considered in [16],[20]. For example, if the stator flux vector
Wyp lies in Sector I and both torque and stator flux amplitude
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need to be increased, the candidate vectors are V,, and V;,
which are in phase in the - subspace, as can be seen in Fig. 4.
These two vectors have similar effects on torque generation. On
the contrary, these two vectors are out of phase in the x-y
subspace and have an opposite effect on flux in the x-y
subspace. The voltage vector which can reduce the length of
flux in x-y subspace will be selected from V,, and V;,, since the
flux in x-y subspace presents the major source of current
harmonics in x-y subspace.

B-axis B-axis
26 _* 27 Viis & Vi

18 11

52 45

36 37
(a) (®)
Fig. 3 Classical ST-DTC of dual 3-ph PMSM. (a) 12 sectors in a-f3 subspace.
(b) Voltage vector selection when the flux is in Sector £.

TABLEI
SWITCHING TABLE OF CLASSICAL ST-DTC
(with reference to Fig. 4(b) when ¥,; is in Sector k)

Sector k 7.1 T. |
Vst Viets Vis
Waﬁl Vk+3 Vk_4

Following the same principle of reducing the amplitude of the
x-y stator flux vector, as discussed above, the synthetic vector
ST-DTC is developed in [21]. The 12 synthetic vectors forming
dodecagon P, are shown in Fig. 4. These vectors can be used
directly by replacing the vectors from dodecagon P, in the
classical ST-DTC. P, vectors are formed from P, and
P; vectors in the a-f subspace (they appear as P; and P; vectors
in the x-y subspace, respectively). Using the same example as
above, vector V,,; from dodecagon P, and vector V;, from
dodecagon P; are selected, as shown in Fig. 4. As discussed
above these two vectors are in phase in the a-f subspace and
have a similar effect on the torque and o- stator flux amplitude,
while they are in phase opposition in the x-y subspace. If both
of these two vectors are applied in one sampling period, by
adjusting their dwell times, zero average voltage in x-y subspace
can be obtained, and in that x-y current harmonics can be
reduced, as can be seen from (1) and (2).

In the synthetic ST-DTC, the average x-y voltage is thus set
to zero (within one sample period) by adjusting the dwell times
of selected voltage vectors as in (5),

{LP3 *Tp3 xy = Lp1 " Tp1xy =0

5
TP37xy + TP47xy = Ts ( )

where Tp3 4y, Tp1_xy are the dwell times of P; and P; vectors in
the x-y subspace, respectively, and Lp; and Lp; are amplitudes
of these vectors as defined in (4). From (4) and (5) the dwell
times of P, and P; vectors in a-f3 subspace are obtained as in (6).
The amplitude of Py, vectors in the o-B subspace is given by

(7). It should be highlighted that the synthetic vector ST-DTC
approaches available in the literature such as above discussed
[21]-[22] can only eliminate current harmonics caused by
uncontrolled x-y voltage by maintaining zero average voltage in
x-y subspace. However, they cannot provide compensation for
inherent system harmonics, for example, dead-time and
distorted back-emf, which are in x-y subspace.

2V2
Tps ag = Tp1xy = N T
6
V62 )
Tp3 op = Tpaxy = N - T
_ LpsTpsap+Lps Tpzap 3v2 - \/E v R
Psyn — TS - 3 DC

Fig. 4 Synthetic vector ST-DTC [21].

IV. PROPOSED ST-DTC WITH CLOSED-LOOP CURRENT
HARMONICS COMPENSATION

The block diagram of the proposed ST-DTC for dual 3-ph
PMSMs is shown in Fig. 5(a) with the inclusion of the x-y
current harmonics closed-control loop and modified switching
table. The x-y current controller provides the reference x-y
voltage, which is the input to the switching table, as shown in
Fig. 5(a). Therefore, based on torque and stator flux
requirements, voltage vectors are selected in the a-f subspace
and the dwell times of these vectors are determined in the x-y
subspace based on the modulation of the x-y voltage references
(provided by the x-y current loop) that need to be injected into
the machine voltages in order to reduce stator current harmonic
distortion. The steps involved in developing the modified
switching table are shown in Fig. 5 (b) with the accompanying
detailed explanation included in this section. This can
compensate for stator current harmonics caused by various
sources, such as dead-time, back-emf, and stator winding
asymmetries.

The following parts are organized with reference to Fig. 5 (b).
Voltage vectors are explained firstly in Section IV.A, followed
by the introduction of PIR controllers in Section IV.B, whose
outputs are the voltage references in x-y subspace. Then, the
calculation of dwell times of voltage vectors and the
optimization of duty cycles are illustrated in Section IV.C and
IV.D, respectively.
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A. Selection of Voltage Vectors

In the proposed ST-DTC, instead of selecting one voltage
vector as in the classical ST-DTC, or two voltage vectors as in
the synthetic vector ST-DTC [21], one group of three voltage
vectors is employed in one sampling period. In order to
modulate the (non-zero) x-y voltage references generated from
the current controllers at least three voltage vectors are required.
Vector groups are decided in the a- subspace while considering
their corresponding mapping in the x-y subspace. In order to
modulate a rotating x-y voltage vector (provided by the x-y
current loop), three voltage vectors located in three different
quadrants in the x-y subspace are required. Two sets of such
vector groups can be identified. One vector group from each set
is shown in a-B and x-y subspaces in Fig. 6(a) and (b),
respectively, for the case when W,z lies in Sector L.

Modified -:

| H P
lTorque. " : switching table : S, S, DC link iy, iy, ic
hysteresis |—‘
y L Voltage Dwell || S¢ >
controller | | time

H, | Veotor Ly i | Dual 3-ph
Lp@p  Flux vj: lection| | determily SM
_ | hysteresis | -nation|;

controller | I 5 Sy -

1= F
e
[ o
tax tay | Current control 1
Park, loop .
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4{ Flux and Torque
| Estimator
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Fig. 6 and Table I ’
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Section IV.B
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1
1
1
1
1
1
1
1
1
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1
:
1
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1
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(b)
Fig. 5 Proposed ST-DTC of dual 3-ph PMSMs integrating closed-loop current
harmonics compensation. (a) Control block diagram. (b) Details of modified
switching table.

The first set includes vector groups of three adjacent voltage
vectors from dodecagon P, in the a-p subspace, which are
mapped into P; dodecagon in the x-y subspace, as denoted by

circles in Fig. 6(a) and (b), for one vector group when ¥,z lies
in Sector I. Vector groups from this set will lead to the large
inverter DC link voltage utilization as only large vectors are
employed in the a-B subspace. However, it will result in
relatively small x-y voltages that can be modulated by small P;
vectors in the x-y subspace.

The second set includes vector groups of three adjacent
vectors with two vectors from dodecagon P, and one vector
from dodecagon P; in the a-f subspace, which are mapped into
P; and P; vectors in the x-y subspace, respectively, as denoted
by rectangles in Fig. 6(a) and (b), for one vector group when
Wyp lies in Sector [. This will lead to the small DC link voltage
utilization, but larger available x-y voltages in comparison with
the first set. The second set of voltage vectors is implemented in
this work. It should be noted that P, vectors have two redundant
switching states, whereby either can be used. All the 12 vector
groups (of the second set) are listed in Table I11.

p-axis

) @ 28 'Hmsz9

(© (d)
Fig. 6 Regulation principle of proposed ST-DTC. (a) Voltage vector group in
a-B subspace. (b) Voltage vector group in x-y subspace. (¢) 12 sectors in o-p
subspace. (d) Vector selection when the flux is in Sector k.

In the proposed approach, the a-p subspace is divided into
12 sectors using voltage vectors from dodecagon P, as
boundaries (in the classical approach P; vectors are used as the
boundaries), as shown in Fig. 6(c), while sectors are selected
based on the position of the stator flux vector (as in the classical
approach). The selection of vector groups is based on the
outputs of torque and flux hysteresis controllers and is defined
by Table II and Fig. 6(d).

In general, if ¥,z is located in Sector k (k = L 11,..XII), 4
possible groups can be used, as shown in Fig. 6(d) (where the
vectors from dodecagon P,are denoted by subscript “k” and the
vectors from dodecagon P; are denoted by subscript “g”).
Groups 1 to 4 are centered about vectors Vg5, Vyi4, Vy_4 and
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V4—2, respectively, where vector 1 is in Sector k, as can be seen
from Fig. 6(d).

In particular, when ¥z is in Sector I, the group of V3, Vay,
V.o and the group of V3, Vsg, V,3 will increase torque, while the
group of Vy,, V3,, Ve; and the group of Vs, Vo, Vag will
decrease torque. This can be identified from Table II and Fig.
6(a) and Fig. 6(d). Also, the group of V33, Vs, V,, and the group
of V3, V,4, V3 will result in an increase in the flux amplitude,
while the group of V3, Vsg, V53 and the group of Vs, Vi, Vag
will results in an decrease in the flux amplitude. One vector
group is then selected based on the signs of the torque and flux
amplitude errors. These are provided by the torque and flux
hysteresis controllers, respectively, as shown in Fig. 5(a).

TABLE II
SWITCHING TABLE OF PROPOSED ST-DTC
(with reference to Fig. 6(d) when ¥, is in Sector k)

Sector k T.1 T. |
L) Vieers Vierzs Vg2 Vizs Vi, Ve
Vsl Viis, Virea, Vra Vit Vies, Ve

B. Current Controllers in x-y Subspace

The x-y current closed-control loops with proportional-
integral-resonant (PIR) controllers are included in the proposed
ST-DTC structure, as shown in Fig. 5(a). In this structure, the
outputs of the current control loops are x-y voltage references
(denoted by uy and uj, in Fig. 5) which are used in the (online)
calculation of dwell times of selected voltage vectors. Since the
purpose of the added x-y current control loop is to suppress
current harmonics, the x-y current references are set to zero. The
x-y currents are transformed into the equivalent rotating
reference frame, that rotates at the angular speed of the stator
currents. In this reference frame, the 5th and 7th order
harmonics, which are normally dominant stator current
harmonics and are mapped into the x-y subspace, will appear as
the 6th order harmonic [26]. One type of PIR controllers [34]-
[35] given by (8), are tuned to suppress the 6th harmonic, where
K,and K; are proportional and integral gains, K, is resonant gain,
h is harmonic order (h = 6), and w, and w, denote fundamental
frequency and the cut-off frequency, respectively.

( ki
Gpir(s) = K, + 5 + Ggr(s)
X s . ®)
5?2 + w,s + (hwg)?

Ggr(s) =

Matlab optimization tool is used for PIR tuning. K, can be set
to be the same as (or around) K; [25]-[26], [35]. The cut-off
frequency w. can be used to increase the bandwidth at the
resonant frequency to reduce the sensitivity of the resonant
controller [35]. The bode diagram with different w. at
K,=1849.6 is shown in Fig. 7, from which a larger w, leads to a
wider bandwidth and a smaller gain at the resonant frequency.
According to Fig. 7, w, can be tuned through online adjustment
[25]-[26], [35].

C. Dwell Time Determination

As stated before, the dwell times of selected voltage vectors

are determined in the x-y subspace based on the outputs of the
x-y current loops. The aim here is to modulate the reference x-
y voltages (obtained from the x-y current loops) using voltage
vectors mapped into the x-y subspace. In order to simplify the
process of determining the dwell times of selected vectors, a
new reference frame is introduced, and hereinafter termed the
x'-y' subsystem, where x'-axis is aligned with P3 vector of the
selected vector group. Without this new reference frame, dwell
time calculation for each voltage vector group cannot be unified,
resulting in massive computation, since each voltage vector
group has a different location with reference to x-axis and y-
axis. Thus, the new x'-y' subsystem is introduced to unify the
calculation of dwell times of all the voltage vector groups.
Taking one group of three voltage vectors, for example, the
group of V;,, V5 and V,,, the direction of x'-axis is determined
by Vi, as shown in Fig. 8(a). The y'-axis is then set to lag the
x'-axis by 90°. For the other vector groups (listed in Table III)
the same approach is employed in defining the x'-y' subsystem.

628.32
60

@ 50
Z
8 40
E]
230
Ey
=20
10

500 550 600 650 700 750 800
Frequency (rad/s)

Fig. 7 Bode diagram of G(s) with w. = wy/5, ws/10 and w,/50, respectively,
with wg = 104.72 rad/s and h=6.

TABLE III
ANGLE y DENOTED IN FIG. 8(A) FOR TRANSFORMATION OF X-Y VOLTAGES TO
X'-Y' SUBSYSTEM

Voltage vector group Y Voltage vector group Y
Vio, Vi, Vs %n Vs3, Vo, Vo gn
Vie, Vi, V2 %n Vigy V2, Vi gn
Vo, Vss, Va3 %n’ Vs, Vs, Vi %T[
Vso, Vie, V2 %n Viz, Viz, Vi gﬂ
Va0, Vo, Vas %n Vs, Vsz, Vis %n
Vs, Vssy Vi En Vs, Vs, Vso ZT[
4 4
A y-axis A

Fig. 8 Dwell times of selected vectors in proposed ST-DTC. (a) Establishment
of x'-y' subsystem. (b) Modulation of x-y voltage in x'-y' subsystem.
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The next step in determining the dwell times of selected
vectors is to transform the x-y reference voltages into the x'-y'
subsystem, denoted by u}, and uj, in Fig. 8. The transformation
is given by (9) in which y is the angel from x'-axis to x-axis in
the anti-clockwise direction. For the group of V4, V5 and V,,, ¥
is %n. The angle y for each vector group is listed in Table III.

1
u,r = cos(y) - uy + cos(y + En) ‘U,
)

1
uy, = sin(y) - uy + sin(y + En) Uy

The dwell times are then calculated using uj, and u;,
voltages, as shown in Fig. 8(b) for the vector group of Vi, V;
and V,,. The x'-y' plane is divided into the three triangles,
namely, Part 1 bounded by V;, and V3, Part 2 bounded by V3 and
V,4, and Part 3 bounded by V,, and V;,. When reference x-y
voltage (denoted by V;, in Fig. 8) is in Part 1, it is modulated
by Vi and V3. Meanwhile, V), is synthesised by V5 and V5, in
Part 2, and by V,, and V;, in Part 3. Table IV shows separately
the dwell times expressions of selected voltage vectors when
Vi is in Part 1, Part 2 and Part 3, where Tp3 denotes the dwell
time of the vector from dodecagon P3, while T, ;) and Tpy 5y
are the dwell times of the two vectors from dodecagon P,
(where Vpy () lags Vpy (1) by 120°). The dwell times expressions
in Table IV are the same for any vector group from Table III.

TABLE IV
DWELL TIMES OF Vs, Veay AND Vpapy
Dwell times Of Vp3 szﬂ) and Vpg(z)

3Ts
T}’;3 m( OS 'th, + SlIl uy,)
3T,
Part 1 T! =— _u
P2(1) — T Sy
VDccos12
! —_—
Tpyy =0
Tp3 =0
37, uy uy,
T — s (_ Yx Y
Part 2 P2(1) ZVDC( sin% cos%)
37, uy uy,
T! =25 (=X Y
P2(2) ZVDC( sinll cosll
3Ts
U
TP3 m( OS 'th, SlIl uy,)
Part 3 T1§2(1) 0
U
Tpoi0) = Vpccos—( uy,)

Furthermore, if Tp; + Tpy(1) + Tpyzy < Ts, one active zero
vector (AZV) [36]-[38], can be implemented in the x-y subspace
to maximize the o-f voltages. The employed AZV comprises all
vectors from the selected vector group, i.e. one P; vector and
two P, vectors. The dwell times Tp3, Tpy(q) and Tpy,)0f vectors
Vb3, Vpa(1) and Vpy(z), respectively, that form one AZV, can be
obtained from (10) (with reference to Fig. 8(b)). AZV can
increase the dwell times of selected voltage vectors, while it
does not affect the x-y voltages. Therefore, a-f voltage
amplitude can be increased and the DC link voltage utilization
can be improved.

Dwell times Tp3, Tpy(1y and Tpy(,y are then given by (11),
while the total dwell times of selected vectors Vpsz, Vpy (1) and
Vpa(2), after introducing AZV, are given by (12). The a-B

voltage vector Vg 47y obtained after implementing AZV in the

X-y subspace, is aligned with the P; vector in the selected vector
group and its amplitude is given by (13).

T n n
(0 = Lp3 - Tps — Smﬁ "Lz (Tpzc1) + Thaz)
T n n n
0= CosT5- Lpy " Tpyqy — oS5 Lpz " Tpy() (10)
Tps + Tpray + Tozzy = Ts — Tpz — Tpzay — Traqz)
LT
n Slnﬁ ! ! !
Tp3 = _n—(TS —Tp3 — TP2(1) - TPZ(Z))
sin{> +2
Tray) = Trac) (1n
ﬁ (Ts — Tps — T} Thon)
- = by — —
2 sm + 2V2 2o r2
Tpz = Tps + Tp3
Tray = Tpa1y + Tp2(1) (12)
Tr22) = Tray + Traca)
173 T "
Vapaz| = V2vye Tps | VocSTg Thaa
“Bazv 3T, 3 T,
(13)

T[ n
VDC COSﬁ TPZ(Z)
3 T,

D. Switching Sequence Generation

The voltage vectors with their dwell times are delivered to the
machine by the switching sequence of each phase during each
sampling period. The standard optimization approach to
minimize the number of commutations per phase and to simplify
microcontroller implementation is adopted. For completeness,
the main steps are included in this section.

One original switching sequence V;,V,,V5 is shown in Fig.
9(a) for the vector group of V;, V3 and V,, with their dwell time
calculated from (12), for example, T4 > T;¢ > T5. From Fig.
9(a), Phase B experiences multiple switching per sampling
period. For instance, the total turn-on time of Phase B is divided
into two segments, shadowed in Fig. 9(a), creating two turn-on
and two turn-off events. If the switching sequence is arranged
as Vo, Vi0V3, this multiple switching problem can be solved.
However, the specific switching sequence order for each group
complicates the generation procedure. On the other hand, the
switching sequence is not symmetric regarding the middle of
each sampling period, which means a complex logic to generate
switching time points for microcontrollers.

Thus, the original switching sequence should be optimized
and the steps can be summarized as 1) Calculate the total turn-
on time of each phase during each sampling period; 2)
Centralize the total turn-on time of each phase in each sampling
period; 3) Generated the switching sequence. The optimization
aim is to avoid the multiple switching and to achieve the
symmetric switching sequence in each sampling period. These



IEEE POWER ELECTRONICS REGULAR PAPER/LETTER/CORRESPONDENCE

steps are explained in detail still with the vector group of V;,,
Vs and V,, with Ty, > Ty, > T3, the same as Fig. 9(a).

Firstly, the total turn-on time for each phase can be in general
calculated by (14) from Table IV and (10)-(12). Secondly, an
optimized switching sequence with the symmetric arrangement
in one sampling period can be generated by simply arranging
the total turn-on time of each phase (presented in (14)) in the
middle of the sampling period, shown in Fig. 9(b). For Phase A,

the turn-on and turn-off instances happen at the time points

Ts—Ton A
2

same rule for the turn-on and turn-off instances applies to other

phases. It can be seen that the two-segment turn-on time of
Phase B in Fig. 9(a) appears as one total turn-on time in the
middle, shadowed in Fig. 9(b). Finally, the optimized voltage
vector order is given by Vo VgV V,, Vo6 VgV,y. After optimization,
there are no multiple switches in each phase and the symmetric
switching sequence without complicated switching logic is
generated.

Ts+T
Ild sTlon A

in each sampling period, respectively. The

Ton?A = T3
Ton g = (T1o +T3)
Ton c= 0

- 14
Tonu = (Tio + T24) (14)
Tonv =Tz
Tan_W =0

One sampling period

Voltage vector switching sequence

| ' |
| T, IW:O i |

e Fa A
| I 1] ]
| I | |
N | [ |
T 1
Sy | |
r  —)
|
Sy : | I
T T T |
Se | I I j
8 Ln
(a)
One sampling period
Voltage vector switching sequence
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T
I
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i
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Fig. 9 Switching sequence for voltage vector group of Vy,, V; and V,,. (a)

Original. (b) Optimized.

The equivalence of the original and optimized switching
sequences regarding the modulated (or resulting) voltages in

two subspaces should be assured. Then, Fig. 10 further
illustrates that the original switching sequence shown in Fig.
9(a) and the optimized switching sequence shown in Fig. 9(b)
produce the same V5 and V,,,. It is because the average voltage
of each phase during each sampling period reflecting the
modulation of V,g and V,,, does not change with the same total
turn-on time. The only difference is the allocation of the total
turn-on time of each phase. It should be noted that for different
combinations of T3, Ty, and T,,, the optimized switching
sequence may be different but the produced V,, and
Vap voltages remain the same as the original switching

sequence. For other voltage vector groups, the same
optimization procedure applies.
B-axis, 1
ah A 2% zoomed
Ve o —
3 Ts
T24
Vaa -
° V. T
VIO'@ ) 2T
Ts 0-axis x-axis
Vig» —2
10 TS
‘ (a)
Tyy—Ts B-axis
Vg - T. Vap y-axis 4 2% zoomed
T3
Vory « —
27 Ts
Ty ,
Voo - —2 a-axis
26 Ts
(b)

Fig. 10 Resulting vectors in a-B and x-y subspaces (The voltage vector length
in x-y subspace is zoomed-in 2%, compared with that in a-B subspace.). (a)
Original switching sequence regarding Fig. 9(a). (b) Optimized switching
sequence regarding Fig. 9(b).

V. ANALYSIS OF DC LINK VOLTAGE UTILIZATION FOR
PROPOSED ST-DTC

This section investigates the DC link voltage utilization of the
VSI, when the proposed ST-DTC is employed. The DC link
voltage utilization rate is expressed here as the ratio of the Vg
amplitude to the P, vector amplitude (Lp,), as given by (15), and
gives a measure of machine torque that can be produced for the
inverter DC link voltage.

In the proposed approach, the a-f and x-y subspaces are
coupled through the dwell times of selected voltage vectors; in
that, it is important to express Vo as a function of V;,,, as is
provided by (16) for the vector group of V;, V3 and V,,. The DC
link voltage utilization rate can then be expressed as a function
of Vy, as given by (18), by substituting (16) into (15). From
(18), when V,,,, is zero, the utilization rate n is 0.535. However,
for non-zero V,,, voltage, the n is not constant as it changes as
the vector V,, rotates (in the x-y subspace), as is shown in Fig.
11 for the vector group of V;, V5 and V,,, where the constant n
contours are plotted by using (18). The radius of the inscribed
circle in the triangle (bounded by vectors V;, V5 and V/,,) in Fig.
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11 presents the maximum amplitude of the x-y voltage that can
be modulated in the linear range and is the same for any vector
group from Table III. The V,,, amplitude can be obtained from

Fig. 11 and is given by (17).

’ 2 2
|Vaﬁ| us +uB

(15)
Lp, \/_ + \/—
DC
3V2 - \/_ 3v2+6 1
ug = Uy, + ———=Vp
12+8/3 " 12+8V3 * 6+3V3 (16)
WZ+ve - 3V2-v6 1
u Uy T3
P 218v3 ¥ 12+8y3 Y T 3°PC
s
VDCSiI‘l (_)
12 17
0 |vy| < 212 )
2
0.416\/(er +1.29p0)? + (uy,) (18)
rl =
Ve
y'- axls( )
* T T The utilization
rate contours
g
n=0.535
=0.572
n=0.5 x-axis (725)
1Linear
. Modulation
Jrange
gres
04 R AL
02 03 04 05

Fig. 11 Utilization rate contours in x'-y' subsystem for proposed ST-DTC.

The coupling between the x-y and a-f subspaces is further
demonstrated in Fig. 12, by again considering the vector group
of V14, V3 and V,,. However, this applies to any of the 12 vector
groups in Table III. It shows that as the V,,, rotates in the x-y
subspace, with the amplitude of e ( where 0<e <

gVDCsin (g)), the V4 also rotates in the o-B subspace with the

amplitude of r (where r = € ) about the point that

7z
2V3+4
corresponds to the peak of Vg when ¢ = 0. For the vector

2- \/_
VDC7

group of Vy,, V5 and V,,, this point is given by (u,=
1
UBZE VDC)'
For & = 0 the V4 vector is aligned with the P; vector in the
V6~ \/_VDC, which

leads to the utilization rate n of 0.535, as mentloned above.
While for € # 0, the n is not constant and, for example, when

a-f subspace and its amplitude is |Vaﬁ|

€= —VDCsm ( ) (maximum x-y voltage in the linear range),

the n varies from 0.5 to 0.572 for one full rotation of V,,, as
shown in Fig. 12.

(@) (b)
Fig. 12 Relationship of V,z and V,,, for proposed ST-DTC. (a) Vo4 in o-f
subspace. (b) V,,, in x-y subspace.

In order to increase the utilization rate, the other set of vector
groups, termed ‘the first set’” in Section IV.A, can be
incorporated in the proposed ST-DTC instead of ‘the second
set’. It includes the groups of three adjacent voltage vectors
from dodecagon P, which are mapped into P; dodecagon in the
x-y subspace (as denoted by circles in Fig. 6(a) and (b) for the
vector group of V,,,V;; and V,¢). This vector group is again
presented in Fig. 13 where the constant 1 contours are plotted
(using (19)) together with the inscribed circle in the triangle
bounded by the three selected vectors. The radius of the
inscribed circle defines the maximum amplitude of the V,, in

L ‘/_VDC sm( ) which is

~two times smaller than when the vector groups from Table III
are used.

the linear range and is given as € =
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Fig. 13 Vector group denoted by circles in Fig. 6(a) and (b). (a) Utilization rate
contours in the x-y subspace. (b) Trajectory of V,z for one full rotation of V.

Although the V5 amplitude is significantly increased when
P, vectors are used, close attention should be paid to the phase
angle of the vector V4, as it can deviate up to ~ % degrees from
the middle vector (V, in this vector group) for one full rotation
of V, as can be seen in Fig. 13(b), which might pose
challenges for the torque and flux control in the a-f subspace.
This analysis is however beyond the scope of this paper.

J (ux = 346Uy +0.155Vpc)” + (uy + 0.577Vpc)” (19,
= 0.644Vp

n

Nevertheless, in order to increase the inverter DC link voltage
utilization, one set of vector groups with larger vectors is
required, for example synthetic vectors as in [21] or P, vectors,
in addition to the set of vector groups in Table III, and the
selection between the two sets can be decided based on the
torque error and multi-level hysteresis torque controller. This
hybrid approach is well established in the literature and is
commonly employed in order to achieve torque ripple reduction
as in [22]. This will be part of our future investigation and is out
of scope of this paper.

VI. EXPERIMENTAL RESULTS

The effectiveness of the proposed ST-DTC strategy is
verified experimentally on a VSI-fed dual 3-ph PMSM
laboratory prototype with DSPACE DS1005 control platform.
The system parameters are given in Table V. The back-emf of
the test machine is shown in Fig. 14(a) for the speed of 200
r/min. It can be seen in Fig. 14 (b) that the back-emf is distorted
with dominant 5th and 7th harmonics (3rd harmonics are
inherently canceled in the 3-ph system) which together with the
inverter nonlinearities cause the 5th and 7th stator current
harmonics. In order to demonstrate the advances of the proposed
ST-DTC, the synthetic vector ST-DTC developed in [21] is also
implemented on the laboratory prototype, together with the
classical ST-DTC which is included for the sake of
completeness.

The parameters of the PI controllers are tuned using the
Matlab optimization tool, and the parameters listed in Table V
provide an overshoot of 2.4% and a rising time of 1.69ms. The
resonant gain K, is selected to be the same as the integrator gain
[25]-[26], [35].

TABLE V
PARAMETERS OF TESTING PMSM AND DRIVE SYSTEM
Parameters Value
PM flux linkage 75 mWb
Number of pole pairs 5
Stator resistance 1.10Q
o/B-axis inductance 2.14mH
x/y-axis inductance 0.88mH
Rated speed 400 r/min
Rated torque 5.5Nm
VDC 60V
Sampling frequency 10kHz
Torque bandwidth 0.01
Flux bandwidth 0.0005
PIR K, 10.2
PIR K; 1849.6
PIR K, 1849.6
W, w, /50
8
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Fig. 14 Back-emf of test machine. (a) Back-emf waveforms of Phase A and
Phase U. (b) Back-emf spectrum analysis.

The experimental results are shown in Fig. 15 where the
proposed ST-DTC is compared with the synthetic vector [21]
and classical ST-DTC under the operating conditions listed in
Table V. Fig. 15 (a) and (b) show the phase U current together
with its harmonic spectrum. The results clearly demonstrate the
effectiveness of the proposed method in suppressing the 5th and
7th harmonics. The current THD is improved with respect to the
synthetic ST-DTC [21], as can be seen from Table VI. The THD
improvements with respect to [21] are more evident for larger
low-frequency harmonics in the stator current as is shown
through simulation in Section VII. This is obtained by
controlling the x-y currents to zero as can be seen in Fig. 15 (c)
and (d). This is in contrast with [21] where the x-y voltages are
set to zero, as is shown in Fig. 16(a). In that, the method in [21]
cannot suppress current harmonics caused by machine/inverter
non-idealities.
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Fig. 15 Current comparison of classical ST-DTC, synthetic vector ST-DTC and
proposed ST-DTC. (a) Phase U current. (b) Spectrum analysis of Phase U
current. (c¢) Currents in x-y subspace. (d) Spectrum analysis of currents in x-y
subspace.

Further, Fig. 16(b) compares the three methods in the o-f
subspace. For the classical ST-DTC, the 12 voltage vectors
which are used in the o-f subspace are denoted by triangles.
From (4) and Table V, the length of these vectors can be found
as Lp, = 39V. For the synthetic vector ST-DTC [21], the 12
synthetic vectors are used instead, as denoted by circles. From
(7) and Table V, the length of these vectors is given as Lpsyn ~

36V. For the proposed ST-DTC, the a-B voltage vectors are
denoted by squares. The lengths of these voltage vectors vary
and are in the range from ~19V to ~22V, as can be obtained
from (15) and Table V.

Fig. 16(c) compares the three methods in the x-y subspace.
For the classical ST-DTC, the 12