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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 
Ѱfd Rotor flux. 
Te Electromagnetic torque. 
θs Stator flux angular position. 
θe Electrical angular position. 
ω Mechanical angular speed. 
HѰ, HT Control outputs of flux and torque 

hysteresis controllers. 
Rs Stator winding resistance. 
Ts Sampling period. 
VDC DC link voltage. 𝑢஺, 𝑢஻, 𝑢஼, 𝑢௎, 𝑢௏, 𝑢ௐ Machine phase voltages. 

𝑖஺, 𝑖஻, 𝑖஼ , 𝑖௎, 𝑖௏ , 𝑖ௐ Machine phase currents. 𝑢ఈ, 𝑢ఉ; 𝑖ఈ, 𝑖ఉ; 𝐿ఈ௘, 𝐿ఉ௘; 𝛹ఈ , 𝛹ఉ  
Voltages, currents, inductances, 
and flux linkage in α-β subspace. 𝑢௫ , 𝑢௬ ; 𝑖௫ , 𝑖௬ ; 𝐿௫ , 𝐿௬ ; 𝛹௫, 𝛹௬ 
Voltages, currents, inductances, 
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, α-β, x-y, and o1-o2. The fundamental 
component and 𝑚𝑡ℎ order harmonics with 𝑚 = 12𝑛 ± 1 (𝑛 =1,2,3 ···)  are mapped into the α-β subspace. The 𝑚𝑡ℎ  order 
harmonics with 𝑚 = 6𝑛 ± 1  (𝑛 = 1,3,5 ···) are mapped into 

M
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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-o2 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 α-β 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 α-β 
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 
α-β 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 α-β 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 α-β 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 α-β 
subspace, that will not result in good machine performance, as 
discussed later in Section III. 

 
Fig. 1  VSI-fed dual 3-ph PMSM drive structure. 
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⎢⎡𝛹̇ఈ𝛹̇ఉ𝛹̇௫𝛹̇௬ ⎦⎥⎥
⎥⎤ (1)

⎣⎢⎢
⎡𝛹ఈ𝛹ఉ𝛹௫𝛹௬ ⎦⎥⎥

⎤ = ⎣⎢⎢
⎡𝐿ఈ௘ 00 𝐿ఉ௘     0   00   0  0    0  0    0      𝐿௫ 00 𝐿௬⎦⎥⎥

⎤
⎣⎢⎢
⎡𝑖ఈ𝑖ఉ𝑖௫𝑖௬⎦⎥⎥

⎤ + ൦cos(𝜃௘)sin(𝜃௘)00 ൪ 𝛹௙ௗ  (2)

𝑇௘ = 3𝑃(𝛹ఈ𝑖ఉ − 𝛹ఉ𝑖ఈ) (3)
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 
α-β 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 ( 𝑆ௐ𝑆௏𝑆௎𝑆஼𝑆஻𝑆஺ ), where 𝑆௪ , 𝑆௏ , ..  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).  

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

 
The active voltage vectors can be grouped based on their 

amplitudes into the four dodecagons, namely 𝑃ଵ , 𝑃ଶ, 𝑃ଷ and 𝑃ସ, 
as shown in Fig. 2, where 𝑃ଵ  denotes the vectors with the 
smallest amplitude, while 𝑃ସ denotes the vectors with the largest 
amplitude. It can be seen from Fig. 3 that 𝑃ସ  vectors in α-β 
subspace fall into dodecagon 𝑃ଵ in x-y subspace and vice versa. 
The amplitudes corresponding to the four dodecagons are given 
by: 

⎩⎪⎪⎪
⎨⎪
⎪⎪⎧𝐿௉ଵ = √6 − √26 ∙ 𝑉஽஼𝐿௉ଶ = 13 ∙ 𝑉஽஼𝐿௉ଷ = √23 ∙ 𝑉஽஼𝐿௉ସ = √6 + √26 ∙ 𝑉஽஼

 (4)

 
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 α-β 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 𝑃ସ are used. 
These 12 vectors divide the α-β 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 𝛹ఈఉ , as shown in Fig. 3(b). In 
general, considering one sampling period, if 𝛹ఈఉ  is located in 
Sector 𝑘 (𝑘 = I, II, . . , 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 𝛹ఈఉ  is in 
Sector I, where vectors 𝑉ଶ଻ and 𝑉ଶ଺ will increase torque, while 
vectors 𝑉ଷ଻  and 𝑉ଷ଺  will decrease torque. Vectors 𝑉ଶ଻  and 𝑉ଷ଻ 
will result in an increase in the flux amplitude, while vectors 𝑉ଶ଺ 
and 𝑉ଷ଺  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 𝑃ଵ 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 𝑃ସ vectors in 
α-ß 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 α-β and x-y 
subspaces while selecting voltage vectors.  

Therefore, both 𝑃ସ  and 𝑃ଷ  vectors in the α-β subspace are 
considered in [16],[20]. For example, if the stator flux vector 𝛹ఈఉ  lies in Sector I and both torque and stator flux amplitude 

ABCUVW

U

A

B

C

V

W

VDC

2928

12

14

46

42

34 35

51

49

17

21

y-axis

x-axis

25

2013

30

44

10

38

43 50

33

19

53

23
16

5612431460
8

15

6
62
40

47
258 32 39 3 59

48
55
1
57

9
52

27

37
18

4154
11

36

26
45 22

2726

18

22

54

52

36 37

45

41

9

11

β-axis

α-axis

25

1019

30

50

20

38

53 44
33

13

43

15
8

3592431258
16

23

6
62
48

55
4
60 32 39 5 61

40
47

1
57

17
42

29

35
124946

21

34

28
51 14

P4
P3 P2

P1

P4

P3 P2 P1



IEEE POWER ELECTRONICS REGULAR PAPER/LETTER/CORRESPONDENCE 

need to be increased, the candidate vectors are 𝑉ଶ଻  and 𝑉ଵ଴ 
which are in phase in the α-β 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 𝑉ଶ଻ and 𝑉ଵ଴, since the 
flux in x-y subspace presents the major source of current 
harmonics in x-y subspace. 

 
(a)             (b) 

Fig. 3  Classical ST-DTC of dual 3-ph PMSM. (a) 12 sectors in α-β subspace. 
(b) Voltage vector selection when the flux is in Sector k. 

 
TABLE I 

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

Sector k Te ↑ Te ↓ 
Ѱαβ↑ Vk+2 Vk-3 
Ѱαβ↓ 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  𝑃௦௬௡ are shown in Fig. 4. These vectors can be used 
directly by replacing the vectors from dodecagon 𝑃ସ  in the 
classical ST-DTC. 𝑃௦௬௡  vectors are formed from 𝑃ସ  and 𝑃ଷ vectors in the α-β subspace (they appear as 𝑃ଵ and 𝑃ଷ vectors 
in the x-y subspace, respectively). Using the same example as 
above, vector 𝑉ଶ଻  from dodecagon 𝑃ସ  and vector 𝑉ଵ଴  from 
dodecagon 𝑃ଷ  are selected, as shown in Fig. 4. As discussed 
above these two vectors are in phase in the α-β subspace and 
have a similar effect on the torque and α-ß 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), ൜𝐿௉ଷ ∙ 𝑇௉ଷ_୶୷ − 𝐿௉ଵ ∙ 𝑇௉ଵ_୶୷ = 0𝑇௉ଷ_୶୷ + 𝑇௉ସ_୶୷ = 𝑇௦  (5)

where 𝑇௉ଷ_୶୷, 𝑇௉ଵ_୶୷ are the dwell times of 𝑃ଷ and 𝑃ଵ vectors in 
the x-y subspace, respectively, and 𝐿௉ଷ and 𝐿௉ଵ are amplitudes 
of these vectors as defined in (4). From (4) and (5) the dwell 
times of 𝑃ସ and 𝑃ଷ vectors in α-β subspace are obtained as in (6). 
The amplitude of 𝑃௦௬௡ vectors in the α-β 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. 

⎩⎪⎨
⎪⎧𝑇௉ସ_஑ஒ = 𝑇௉ଵ_୶୷ = 2√2√6 + √2 ∙ 𝑇௦𝑇௉ଷ_஑ஒ = 𝑇௉ଷ_୶୷ = √6 − √2√6 + √2 ∙ 𝑇௦ (6)

𝐿௉ೞ೤೙ = 𝐿௉ସ ∙ 𝑇௉ସ_஑ஒ + 𝐿௉ଷ ∙ 𝑇௉ଷ_஑ஒ𝑇௦ = 3√2 − √63 ∙ 𝑉஽஼ (7)

 
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 α-β 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 α-β 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 α-β and x-y subspaces in Fig. 6(a) and (b), 
respectively, for the case when 𝛹ఈఉ  lies in Sector I.  

 
(a) 

 
(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 𝑃ସ  in the α-β subspace, which are 
mapped into 𝑃ଵ dodecagon in the x-y subspace, as denoted by 

circles in Fig. 6(a) and (b), for one vector group when 𝛹ఈఉ  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 α-β subspace. However, it will result in 
relatively small x-y voltages that can be modulated by small 𝑃ଵ 
vectors in the x-y subspace.  

The second set includes vector groups of three adjacent 
vectors with two vectors from dodecagon 𝑃ଶ  and one vector 
from dodecagon 𝑃ଷ in the α-β subspace, which are mapped into 𝑃ଵ and 𝑃ଷ vectors in the x-y subspace, respectively, as denoted 
by rectangles in Fig. 6(a) and (b), for one vector group when 𝛹ఈఉ  lies in Sector I. 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 𝑃ଶ vectors have two redundant 
switching states, whereby either can be used. All the 12 vector 
groups (of the second set) are listed in Table III.  

 
                            (a)                                                          (b) 

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

 
In the proposed approach, the α-β subspace is divided into 

12 sectors using voltage vectors from dodecagon 𝑃ଶ  as 
boundaries (in the classical approach 𝑃ଵ 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 𝛹ఈఉ  is located in Sector 𝑘  (𝑘 = I, II, . . XII), 4 
possible groups can be used, as shown in Fig. 6(d) (where the 
vectors from dodecagon 𝑃ଶare denoted by subscript “𝑘” and the 
vectors from dodecagon 𝑃ଷ  are denoted by subscript “ 𝑔 ”). 
Groups 1 to 4 are centered about vectors 𝑉௚ାଶ, 𝑉௚ାସ, 𝑉௚ିସ and 
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IEEE POWER ELECTRONICS REGULAR PAPER/LETTER/CORRESPONDENCE 𝑉௚ିଶ, respectively, where vector 𝑉௚ is in Sector 𝑘, as can be seen 
from Fig. 6(d).  

In particular, when 𝛹ఈఉ  is in Sector I, the group of 𝑉ଷ, 𝑉ଶସ, 𝑉ଵ଴ and the group of 𝑉ଷ଴, 𝑉ହ଼, 𝑉ଶଷ will increase torque, while the 
group of 𝑉ସସ , 𝑉ଷଶ , 𝑉଺ଵ  and the group of 𝑉ହଷ , 𝑉଺଴ , 𝑉ଷଽ  will 
decrease torque. This can be identified from Table II and Fig. 
6(a) and Fig. 6(d). Also, the group of 𝑉ଷଷ, 𝑉ହ, 𝑉ସ଴   and the group 
of 𝑉ଷ, 𝑉ଶସ, 𝑉ଵ଴ will result in an increase in the flux amplitude, 
while the group of 𝑉ଷ଴, 𝑉ହ଼, 𝑉ଶଷ and the group of 𝑉ହଷ, 𝑉଺଴, 𝑉ଷଽ 
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 𝛹ఈఉ is in Sector k) 
Sector k Te ↑ Te ↓ 

Ѱαβ↑ Vk+1, Vk+2, Vg+2 Vk-2, Vk-3, Vg-2 
Ѱαβ↓ Vk+3, Vk+4, Vg+4 Vk-4, Vk-5, Vg-4 

 
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 𝑢௫∗  and 𝑢௬∗  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 
Kp and Ki are proportional and integral gains, Kr is resonant gain, 
h is harmonic order (ℎ = 6), and 𝜔௦ and 𝜔௖ denote fundamental 
frequency and the cut-off frequency, respectively. 

⎩⎨
⎧𝐺௉ூோ(𝑠) = 𝐾௣ + 𝐾௜𝑠 + 𝐺ோ(𝑠)𝐺ோ(𝑠) = 𝐾௥𝑠𝑠ଶ + 𝜔௖𝑠 + (ℎ𝜔௦)ଶ. (8)

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 𝜔௖  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 𝜔௖  at 𝐾௥=1849.6 is shown in Fig. 7, from which a larger 𝜔௖ leads to a 
wider bandwidth and a smaller gain at the resonant frequency. 
According to Fig. 7, 𝜔௖ 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 𝑉ଵ଴, 𝑉ଷ and 𝑉ଶସ, the direction of x'-axis is determined 
by 𝑉ଵ଴, 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. 

 
Fig. 7  Bode diagram of GR(s) with 𝜔௖ = 𝜔௦/5, 𝜔௦/10 and 𝜔௦/50, respectively, 
with 𝜔௦ = 104.72 rad/s and h=6. 

 
TABLE III 

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

Voltage vector group 𝛾 Voltage vector group 𝛾 

V10, V3, V24 
1112 𝜋 V53, V60, V39 

2312 𝜋 

V19, V31, V2 
112 𝜋 V44, V32, V61 

1312 𝜋 

V30, V58, V23 
54 𝜋 V33, V5, V40 

14 𝜋 

V50, V16, V62 
512 𝜋 V13, V47, V1 

1712 𝜋 

V20, V6, V48 
1912 𝜋 V43, V57, V15 

712 𝜋 

V38, V55, V4 
34 𝜋 V25, V8, V59 

74 𝜋 

 

 
(a)                                               (b) 

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 𝑢௫ᇱ∗  and 𝑢௬ᇱ∗  in Fig. 8. The transformation 
is given by (9) in which 𝛾 is the angel from x'-axis to x-axis in 
the anti-clockwise direction. For the group of 𝑉ଵ଴, 𝑉ଷ and 𝑉ଶସ,  𝛾 
is ଵଵଵଶ 𝜋. The angle 𝛾 for each vector group is listed in Table III. 

൞𝑢௫ᇲ∗ = cos(𝛾) ∙ 𝑢௫∗ + cos(𝛾 + 12 𝜋) ∙ 𝑢௬∗  𝑢௬ᇱ∗ = sin(𝛾) ∙ 𝑢௫∗ + sin(𝛾 + 12 𝜋) ∙ 𝑢௬∗  (9)

The dwell times are then calculated using 𝑢௫ᇱ∗  and 𝑢௬ᇱ∗  
voltages, as shown in Fig. 8(b) for the vector group of 𝑉ଵ଴, 𝑉ଷ 
and 𝑉ଶସ . The x'-y' plane is divided into the three triangles, 
namely, Part 1 bounded by 𝑉ଵ଴ and 𝑉ଷ, Part 2 bounded by 𝑉ଷ and 𝑉ଶସ, and Part 3 bounded by 𝑉ଶସ and 𝑉ଵ଴. When reference x-y 
voltage (denoted by 𝑉௫௬∗   in Fig. 8) is in Part 1, it is modulated 
by 𝑉ଵ଴  and 𝑉ଷ. Meanwhile, 𝑉௫௬∗   is synthesised by 𝑉ଷ and 𝑉ଶସ in 
Part 2, and by 𝑉ଶସ and 𝑉ଵ଴ in Part 3. Table IV shows separately 
the dwell times expressions of selected voltage vectors when 𝑉௫௬∗  is in Part 1, Part 2 and Part 3, where 𝑇௉ଷᇱ  denotes the dwell 
time of the vector from dodecagon 𝑃ଷ, while 𝑇௉ଶ(ଵ)ᇱ  and 𝑇௉ଶ(ଶ)ᇱ  
are the dwell times of the two vectors from dodecagon 𝑃ଶ 
(where 𝑉௉ଶ(ଶ) lags 𝑉௉ଶ(ଵ) by 120°). The dwell times expressions 
in Table IV are the same for any vector group from Table III. 

 
TABLE IV 

DWELL TIMES OF VP3, VP2(1) AND VP2(2)  
 Dwell times of VP3, VP2(1) and VP2(2) 

Part 1 

𝑇௉ଷᇱ = ଷ ೞ்√ଶ௏ವ಴ ୡ୭ୱ ഏభమ (cos గଵଶ 𝑢௫ᇱ∗ + sin గଵଶ 𝑢௬ᇱ∗ ) 𝑇௉ଶ(ଵ)ᇱ = ଷ ೞ்௏ವ಴ ୡ୭ୱ ഏభమ 𝑢௬ᇱ∗   𝑇௉ଶ(ଶ)ᇱ = 0  

Part 2 

𝑇௉ଷᇱ = 0 𝑇௉ଶ(ଵ)ᇱ = ଷ ೞ்ଶ௏ವ಴ (− ௨ೣᇲ∗ୱ୧୬ ഏభమ + ௨೤ᇲ∗ୡ୭ୱ ഏభమ)  𝑇௉ଶ(ଶ)ᇱ = ଷ ೞ்ଶ௏ವ಴ (− ௨ೣᇲ∗ୱ୧୬ ഏభమ − ௨೤ᇲ∗ୡ୭ୱ ഏభమ)  

Part 3 

𝑇௉ଷᇱ = ଷ ೞ்√ଶ௏ವ಴ ୡ୭ୱ ഏభమ (cos గଵଶ 𝑢௫ᇱ∗ − sin గଵଶ 𝑢௬ᇱ∗ ) 𝑇௉ଶ(ଵ)ᇱ = 0 𝑇௉ଶ(ଶ)ᇱ = ଷ ೞ்௏ವ಴ ୡ୭ୱ ഏభమ (−𝑢௬ᇱ∗ )  

 
Furthermore, if 𝑇௉ଷᇱ + 𝑇௉ଶ(ଵ)ᇱ + 𝑇௉ଶ(ଶ)ᇱ < 𝑇௦ , one active zero 

vector (AZV) [36]-[38], can be implemented in the x-y subspace 
to maximize the α-β voltages. The employed AZV comprises all 
vectors from the selected vector group, i.e. one 𝑃ଷ vector and 
two 𝑃ଶ vectors. The dwell times 𝑇௉ଷᇱᇱ , 𝑇௉ଶ(ଵ)ᇱᇱ  and 𝑇௉ଶ(ଶ)ᇱᇱ of vectors 𝑉௉ଷ, 𝑉௉ଶ(ଵ) and 𝑉௉ଶ(ଶ), 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, α-β voltage 
amplitude can be increased and the DC link voltage utilization 
can be improved. 

Dwell times 𝑇௉ଷᇱᇱ , 𝑇௉ଶ(ଵ)ᇱᇱ  and 𝑇௉ଶ(ଶ)ᇱᇱ  are then given by (11), 
while the total dwell times of selected vectors 𝑉௉ଷ, 𝑉௉ଶ(ଵ) and 𝑉௉ଶ(ଶ),  after introducing AZV, are given by (12). The α-β 

voltage vector 𝑉ఈఉ_஺௓௏  obtained after implementing AZV in the 
x-y subspace, is aligned with the 𝑃ଷ vector in the selected vector 
group and its amplitude is given by (13).  

⎩⎪⎨
⎪⎧0 = 𝐿௉ଷ ∙ 𝑇௉ଷᇱᇱ − sin 𝜋12 ∙ 𝐿௉ଶ ∙ (𝑇௉ଶ(ଵ)ᇱᇱ + 𝑇௉ଶ(ଶ)ᇱᇱ )0 = cos 𝜋12 ∙ 𝐿௉ଶ ∙ 𝑇௉ଶ(ଵ)ᇱᇱ − cos 𝜋12 ∙ 𝐿௉ଶ ∙ 𝑇௉ଶ(ଶ)ᇱᇱ𝑇௉ଷᇱᇱ + 𝑇௉ଶ(ଵ)ᇱᇱ + 𝑇௉ଶ(ଶ)ᇱᇱ = 𝑇௦ − 𝑇௉ଷᇱ − 𝑇௉ଶ(ଵ)ᇱ − 𝑇௉ଶ(ଶ)ᇱ  (10)

⎩⎪⎪
⎨⎪⎪
⎧𝑇௉ଷᇱᇱ = sin 𝜋12sin 𝜋12 + √2 (𝑇௦ − 𝑇௉ଷᇱ − 𝑇௉ଶ(ଵ)ᇱ − 𝑇௉ଶ(ଶ)ᇱ ) 𝑇௉ଶ(ଵ)ᇱᇱ = 𝑇௉ଶ(ଶ)ᇱᇱ

            = √22 sin 𝜋12 + 2√2 (𝑇௦ − 𝑇௉ଷᇱ − 𝑇௉ଶ(ଵ)ᇱ − 𝑇௉ଶ(ଶ)ᇱ ) (11)

ቐ𝑇௉ଷ = 𝑇௉ଷᇱ + 𝑇௉ଷᇱᇱ𝑇௉ଶ(ଵ) = 𝑇௉ଶ(ଵ)ᇱ + 𝑇௉ଶ(ଵ)ᇱᇱ𝑇௉ଶ(ଶ) = 𝑇௉ଶ(ଶ)ᇱ + 𝑇௉ଶ(ଶ)ᇱᇱ  (12)

ห𝑉ఈఉಲೋೇห = √2𝑉𝐷𝐶3 ∙ 𝑇௉ଷᇱᇱ𝑇௦ + 𝑉𝐷𝐶 cos 𝜋123 ∙ 𝑇௉ଶ(ଵ)ᇱᇱ𝑇௦  

+ 𝑉𝐷𝐶 cos 𝜋123 ∙ 𝑇௉ଶ(ଶ)ᇱᇱ𝑇௦  

(13)

 
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 𝑉ଵ଴𝑉ଶସ𝑉ଷ is shown in Fig. 
9(a) for the vector group of 𝑉ଵ଴, 𝑉ଷ and 𝑉ଶସ with their dwell time 
calculated from (12), for example, 𝑇ଶସ > 𝑇ଵ଴ > 𝑇ଷ. 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 𝑉ଶସ𝑉ଵ଴𝑉ଷ , 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 
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steps are explained in detail still with the vector group of 𝑉ଵ଴, 𝑉ଷ and 𝑉ଶସ with 𝑇ଶସ > 𝑇ଵ଴ > 𝑇ଷ, 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 ೞ்ି்೚೙_ಲଶ  and ೞ்ା்೚೙_ಲଶ  in each sampling period, respectively. The 
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 𝑉଴𝑉 𝑉ଶ଺𝑉ଶ଻𝑉ଶ଺𝑉 𝑉଴. After optimization, 
there are no multiple switches in each phase and the symmetric 
switching sequence without complicated switching logic is 
generated. 

⎩⎪⎪⎨
⎪⎪⎧𝑇௢௡_஺ = 𝑇ଷ𝑇௢௡_஻ = (𝑇ଵ଴ + 𝑇ଷ)𝑇௢௡_஼ = 0𝑇௢௡_௎ = (𝑇ଵ଴ + 𝑇ଶସ)𝑇௢௡_௏ = 𝑇ଶସ𝑇௢௡_ௐ = 0

 (14)

 
(a) 

 
(b) 

Fig. 9  Switching sequence for voltage vector group of 𝑉ଵ଴ , 𝑉ଷ  and 𝑉ଶସ . (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 𝑉ఈఉ and 𝑉௫௬. It is because the average voltage 
of each phase during each sampling period reflecting the 
modulation of 𝑉ఈఉ and 𝑉௫௬ 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 𝑇ଷ , 𝑇ଵ଴  and 𝑇ଶସ , the optimized switching 
sequence may be different but the produced 𝑉௫௬  and 𝑉ఈఉ  voltages remain the same as the original switching 
sequence. For other voltage vector groups, the same 
optimization procedure applies. 

 
(a) 

 
(b) 

Fig. 10  Resulting vectors in α-β and x-y subspaces (The voltage vector length 
in x-y subspace is zoomed-in 2×, compared with that in α-β 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 𝑉ఈఉ 
amplitude to the 𝑃ସ vector amplitude (𝐿௉ସ), 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 α-β and x-y subspaces are 
coupled through the dwell times of selected voltage vectors; in 
that, it is important to express 𝑉ఈఉ  as a function of 𝑉௫௬ , as is 
provided by (16) for the vector group of 𝑉ଵ଴, 𝑉ଷ and 𝑉ଶସ. The DC 
link voltage utilization rate can then be expressed as a function 
of 𝑉௫௬ , as given by (18), by substituting (16) into (15). From 
(18), when 𝑉௫௬ is zero, the utilization rate ղ is 0.535. However, 
for non-zero 𝑉௫௬ voltage, the ղ is not constant as it changes as 
the vector 𝑉௫௬ rotates (in the x-y subspace), as is shown in Fig. 
11 for the vector group of 𝑉ଵ଴, 𝑉ଷ and 𝑉ଶସ, where the constant ղ 
contours are plotted by using (18). The radius of the inscribed 
circle in the triangle (bounded by vectors 𝑉ଵ଴, 𝑉ଷ and 𝑉ଶସ) 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 𝑉௫௬ amplitude can be obtained from 
Fig. 11 and is given by (17). 

ղ = ห𝑉ఈఉห𝐿௉ସ = ට𝑢ఈଶ + 𝑢ఉଶ√6 + √26 𝑉𝐷𝐶
 (15)

⎩⎪⎨
⎪⎧𝑢ఈ = 3√2 − √612 + 8√3 𝑢௫ᇱ + 3√2 + √612 + 8√3 𝑢௬ᇱ + 16 + 3√3 𝑉஽஼𝑢ఉ = 3√2 + √612 + 8√3 𝑢௫ᇱ − 3√2 − √612 + 8√3 𝑢௬ᇱ + 13 𝑉஽஼  (16)

0 ≤ ห𝑉௫௬ห ≤ 𝑉஽஼sin ቀ 𝜋12ቁ3  (17)

ղ = 0.416ට(u௫ᇱ + 1.29𝑉஽஼)ଶ + ൫𝑢௬ᇱ൯ଶ𝑉஽஼  (18)

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

 
The coupling between the x-y and α-β subspaces is further 

demonstrated in Fig. 12, by again considering the vector group 
of 𝑉ଵ଴, 𝑉ଷ and 𝑉ଶସ. However, this applies to any of the 12 vector 
groups in Table III. It shows that as the 𝑉௫௬ rotates in the x-y 
subspace, with the amplitude of ε ( where 0 < 𝜀 ≤ଵଷ 𝑉஽஼sin ቀ గଵଶቁ), the 𝑉ఈఉ also rotates in the α-β subspace with the 

amplitude of 𝑟  (where 𝑟 = √ଶଶ√ଷାସ 𝜀 ) about the point that 
corresponds to the peak of 𝑉ఈఉ  when 𝜀 = 0 . For the vector 

group of 𝑉ଵ଴, 𝑉ଷ and 𝑉ଶସ, this point is given by (𝑢ఈ=ଶି√ଷଷ 𝑉஽஼, 𝑢ఉ=ଵଷ 𝑉஽஼). 
For 𝜀 = 0 the 𝑉ఈఉ vector is aligned with the 𝑃ଷ vector in the 

α-β subspace and its amplitude is ห𝑉ఈఉห = √଺ି√ଶଷ 𝑉஽஼ ,  which 
leads to the utilization rate ղ  of 0.535, as mentioned above. 
While for 𝜀 ≠ 0, the ղ is not constant and, for example, when 

𝜀 =  ଵଷ 𝑉஽஼sin ቀ గଵଶቁ (maximum x-y voltage in the linear range), 
the ղ varies from 0.5 to 0.572 for one full rotation of 𝑉௫௬, as 
shown in Fig. 12.  

 
(a)                                         (b) 

Fig. 12  Relationship of 𝑉ఈఉ  and 𝑉௫௬  for proposed ST-DTC. (a) 𝑉ఈఉ  in α-β 
subspace. (b) 𝑉௫௬ 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 𝑃ସ which are mapped into 𝑃ଵ dodecagon in the 
x-y subspace (as denoted by circles in Fig. 6(a) and (b) for the 
vector group of 𝑉ଶ଻, 𝑉ଵଵ and 𝑉ଶ଺). This vector group is again 
presented in Fig. 13 where the constant ղ 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 𝑉௫௬  in 
the linear range and is given as  ε = √଺ି√ଶ6 𝑉஽஼  sin ቀ 𝜋12ቁ, which is 
~two times smaller than when the vector groups from Table III 
are used.  
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(b) 

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 𝑉ఈఉ for one full rotation of 𝑉௫௬. 

 
Although the 𝑉ఈఉ amplitude is significantly increased when 𝑃ସ vectors are used, close attention should be paid to the phase 

angle of the vector 𝑉ఈఉ, as it can deviate up to ~ గଵଶ degrees from 
the middle vector (𝑉ଶ଻ in this vector group) for one full rotation 
of  𝑉௫௬ , as can be seen in Fig. 13(b), which might pose 
challenges for the torque and flux control in the α-β subspace. 
This analysis is however beyond the scope of this paper.  

ղ = ට൫𝑢௫ − 3.46𝑢௬ + 0.155𝑉஽஼൯ଶ + ൫𝑢௬ + 0.577𝑉஽஼൯ଶ0.644𝑉஽஼  (19)

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 𝑃ସ 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 1.10 Ω 
α/β-axis inductance 2.14mH 
x/y-axis inductance 0.88mH 
Rated speed 400 r/min 
Rated torque 5.5 Nm 
VDC 60V 
Sampling frequency 10kHz 
Torque bandwidth 0.01 
Flux bandwidth 0.0005 
PIR Kp 10.2 
PIR Ki 1849.6 
PIR Kr 1849.6 

ωc ωs /50 
 

 
(a) 

 
(b) 

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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(a) 

 
(b) 

 
(c) 

 
(d) 

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 α-β 

subspace. For the classical ST-DTC, the 12 voltage vectors 
which are used in the α-β subspace are denoted by triangles. 
From (4) and Table V, the length of these vectors can be found 
as 𝐿௉ସ ≈ 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 𝐿௉ೞ೤೙ ≈36V. For the proposed ST-DTC, the α-β 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 voltage vectors, which are 
mapped in the dodecagon 𝑃ଵ in the x-y subspace, are shown by 
triangles. These voltages, with the amplitude of ~10V, given by 
(4) and Table V, excite high x-y current harmonics, as they are 
limited only by the stator resistance and the x-y inductance of 
0.88mH, as given in Table V. For the synthetic vector ST-DTC, 

voltages 𝑢௫ and 𝑢௬ are set to zero, as denoted by the circle in 
the origin of the x-y subspace. For the proposed ST-DTC, the 
trajectory of the x-y voltage is shown by the filled area around 
the origin, where the linear operating range of the x-y voltage is 
limited by the broken-line circle, and is given by ଵଷ 𝑉𝐷𝐶sin ( గଵଶ) =5.18V for 𝑉஽஼ = 60V, as indicated in Fig. 16(c). 

 

 
(a) 

 
(b) 

 
(c) 

Fig. 16  Voltage comparison of classical ST-DTC, synthetic vector ST-DTC and 
proposed ST-DTC. (a) Voltage waveforms in x-y subspace. (b) Trajectory of 𝑢ఈ, 𝑢ఉ in α-β subspace. (c) Trajectory of 𝑢௫, 𝑢௬ in x-y subspace. 

 
Fig. 17(a) and (b) show the stator flux and torque for all three 

methods. It can be seen that the flux and torque ripple are further 
suppressed by the proposed ST-DTC with respect to [21], as 
also can be seen from Table VI. This is expected, as in [21] one 
vector from dodecagon 𝑃ସ and one from dodecagon 𝑃ଷ are used 
(in one sample period), which result in larger voltage amplitude 
applied to the machine, with respect to, when two 𝑃ଶ and one 𝑃ଷ 
vectors are used as in the proposed ST-DTC. The comparison of 
the phase current THD under different loads and different 
mechanical speed of 200r/min are included in Fig. 18. 
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(a) 

 
(b) 

Fig. 17  Flux and torque tracking performances of classical ST-DTC, synthetic 
vector ST-DTC and proposed ST-DTC. (a) Flux tracking performance. (b) 
Torque tracking performance. 

 
Meanwhile, in Table VI, the DC link voltage utilization, 

average switching frequency, the calculating power in dSPACE, 
and the size of executing files are compared. As illustrated 
previously, classical and synthetic vector ST-DTC strategies 
have a similar DC link voltage utilization rate, contributing to 
approximately the same torque ripple. In terms of the average 
switching frequency, due to the modulation of voltage 
references in x-y subspace, the proposed ST-DTC has a larger 
switching frequency, but still lower than the sampling 
frequency. It is noted that the switching frequency of PWM 
techniques is normally the same as the sampling frequency. 
Thus, the switching losses of the proposed ST-DTC are higher 
than the other two ST-DTC strategies, but can be still lower than 
PWM techniques. The proposed ST-DTC requires slightly more 
calculating power due to the closed-loop current regulation in x-
y subspace. Also, the size of the executing file of the proposed 
ST-DTC is slightly larger than those of the other two strategies. 

 
      (a)                                                        (b) 

Fig. 18  Phase THD comparison. (a) Different loads at the speed of 200r/min. 
(b) Different speeds at the load of 1.5 Nm. 
 

The dynamic performances with the mechanical speed 
changing from 200r/min to 300 r/min with the load of 1.0 Nm 
for all three ST-DTC strategies are compared in Fig. 19. 
Furthermore, the dynamic performances with torque changing 
from 2Nm to 0.5 Nm at the speed of 200r/min are presented in 
Fig. 20. All three ST-DTC strategies have similar transient 
performances.  

 
TABLE VI 

COMPARISON OF THREE ST-DTC STRATEGIES 
 Classical 

ST-DTC 
Synthetic vector 
ST-DTC [21] 

Proposed 
ST-DTC 

Ѱαβ_ripple (%) 9.72e-4 9.29e-4 8.08e-4 
Te_ripple (%) 0.251 0.250 0.170 
THD of iU (%) 30.63 7.20 3.07 
DC link voltage utilization 1.00 0.928 0.536(avg.) 
Average Switching frequency 
(kHz) 2.58 5.37 9.17 

Calculation cycle time (µs) 1.30 1.40 2.00 
Compiled object file (.ppc) for 
execution in dSPACE (KB) 1,160 1,164 1,168 

 

 
(a) 

 
(b) 

 
(c) 

Fig. 19  Dynamic performance with speed changing from 200r/min to 300r/min 
at the torque 1.0 Nm. (a) Classical ST-DTC. (b) Synthetic vector ST-DTC [21]. 
(c) Proposed ST-DTC. 
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(c) 

Fig. 20  Dynamic performance with torque changing from 2Nm to 0.5Nm at the 
speed of 200 r/min. (a) Classical ST-DTC. (b) Synthetic vector ST-DTC [21]. 
(c) Proposed ST-DTC. 

 
VII. SIMULATION RESULTS WITH LARGE BACK-EMF 

DISTORTION 
 
In order to further demonstrate the benefits of the proposed 

ST-DTC apparently, the ideal simulation model with the 
parameters from Table V is developed. However, this model 
includes larger (~ three times) 5th harmonic amplitude, reaching 
1.17V in Phase A for example, in the back-emf with respect to 
the experimentally measured results, as shown in Fig. 14(a), (b) 
and Fig. 21(a), (b). Meanwhile, there are no inverter 
nonlinearities in the simulation. The same PIR controller 
parameters as in the experimental prototype are used. From Fig. 
22(a) and (b) it can be seen that the 5th order harmonic in the 
stator current of 0.88A (caused mainly by the 5th harmonic in 
the back-emf) is more apparent when the synthetic vector ST-
DTC is implemented. After applying the proposed ST-DTC, the 
harmonic currents are highly suppressed to 0.03A. Fig. 22(c) 
and (d) present the waveforms of 𝑖௫ and 𝑖௬ and their harmonic 
spectrums. The 5th order harmonic currents in 𝑖௫  and 𝑖௬  are 
suppressed in proposed ST-DTC. Fig. 22(e) shows the voltages 
in x-y subspace of synthetic vector ST-DTC and proposed ST-
DTC. 

 

 
(a) 

 
(b) 

Fig. 21  Back-emf of machine model in simulation. (a) Back-emf of the machine 
model. (b) Back-emf spectrum analysis. 

 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

 
(e) 

Fig. 22  Simulation comparison of synthetic vector ST-DTC and proposed ST-
DTC with large EMF distortion. (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. (e) Voltages in x-y subspace. 

 
VIII. CONCLUSION 

 
The new ST-DTC for dual 3-ph PMSMs is developed and 

analyzed in this paper. It preserves the simple and robust 
structure of the classical ST-DTC, with the inclusion of the x-y 
current harmonics closed-control loops and modified switching 
table. It can compensate for stator current harmonics caused by 
various sources, such as dead-time, back-emf, and stator 
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winding asymmetries. This is in addition to the suppression of 
current harmonics excited in the x-y subspace. 

In the proposed ST-DTC one group of three voltage vectors 
is employed in one sampling period. Vector groups are decided 
in the α-β subspace based on torque and flux requirements while 
the dwell times of selected voltage vectors are determined in the 
x-y subspace based on the outputs of the x-y current loops. Since 
the aim of the added x-y current control loops in this work is to 
suppress stator current harmonics, the x-y current references are 
set to zero. However, the proposed ST-DTC can be also 
employed to inject current harmonics for specific optimization 
purposes.  

Though the proposed ST-DTC has a relatively low DC link 
voltage utilization rate, the other identified set of three-voltage-
vector groups formed by three longest voltage vectors in α-β 
subspace can be implemented for applications requiring a large 
DC link voltage utilization rate and a small linear range in x-y 
subspace. Alternatively, a combination of the proposed ST-DTC 
and the synthetic vector ST-DTC switched by the multi-level 
hysteresis torque controller can be a solution.  
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