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IET Electric Power Applications

Modified Switching-Table Strategy for
Reduction of Current Harmonics in Direct
Torque Controlled Dual-three Phase
Permanent Magnet Synchronous Machine
Drives

K. D. Hoang, Y. Ren, Z.Q.Zhu*, M. Foster

Abstract—The switching-table-based direct torque control strategies (ST-DTC) of dual-three phase permanent magnet
synchronous machine (PMSM) drives are investigated in this paper. Owing to its inherited advantage of suppression of
sixth harmonic torque pulsation, dual-three phase machine has attracted more and more interests among various sorts of
multi-phase machines. However, unexpected stator harmonic currents are often observed in the classical ST-DTC
strategy for dual-three phase PMSM drives, which cause large losses and decrease the efficiency of the drive system. An
optimized ST-DTC strategy which consists a two-step process to determinate the most appropriate inverter voltage
vector is proposed to reduce the stator harmonic currents. The merits of the classical direct torque control, i.e. simple
structure and good dynamic performance, are still preserved. The experimental results verify that the proposed method

can significantly reduce the current harmonics.

Index Terms— direct torque control (DTC), dual-three phase, harmonic stator currents, permanent magnet

synchronous machines (PMSM).
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Nomenclature
G; Voltage vector group
L o and p axis inductance
Ly Stator leakage inductance
L, Magnetizing inductance in af subspace
P Number of pole pairs
Ry Stator resistance
T, Electromagnetic torque
T, Sampling period
Viaps Wsap> Lsap Stator voltage, flux and current vectors in aff subspace
V2, Werzz, Igizz Stator voltage, flux and current vectors in z;z, subspace
Viso102> Wsot02> Lso102 Stator voltage, flux and current vectors in 0,0, subspace
Wy Machine angular velocity
&y €T Stator flux and torque control signals
0, Electrical rotor position
Osupy Osz122 Position of stator flux vector in aff subspace and z,z, subspace
Viap Rotor flux vectors in aff subspace
Vs Yy Amplitude of stator and rotor flux vector in aff subspace

Ys ripple, Le ripple Ripple of stator flux and torque

1 Introduction

Recently, the interest in multiphase machine drives has considerably increased, especially for high-power and/or high-current
applications such as aerospace applications, ship propulsion, electric/hybrid vehicles, and renewable energy generation. In these
applications, the controlled power can be shared by more inverter legs to reduce the current stress of each semiconductor device
compared to three-phase converters [1]. Other potential advantages of the multiphase machine drives are higher reliability at the
system level, lower torque pulsations, and lower dc-link voltage requirement [2, 3].

A very interesting and well-discussed type of multiphase machines is the dual-three phase machine having two sets of three-
phase windings spatially shifted by 30 electrical degrees, as shown in Fig.1. In the dual-three phase machine, the sixth harmonic

torque pulsation, which is predominant in the three-phase systems, will be completely absent because of the opposition of these
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components produced by two sets of windings [4]. Nevertheless, large stator circulating harmonic currents will occur in the
voltage-source-inverter (VSI) fed dual-three phase machine since the machine impedance associated with these harmonics is
very small - only composed of the stator resistance and leakage inductance, according to the machine model using vector space
decomposition approach (VSD) [5]. These unexpected harmonic currents cause extra losses and require higher semiconductor

device ratings [6].
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Fig. 1. Voltage-source-inverter-fed dual-three phase PMSM and drive

Previous investigations have been conducted to explore vector control using suitable pulse-width-modulation (PWM)
techniques and to extend its theory for dual-three phase machine drives [1, 7]. Although unexpected stator harmonic currents can
be minimized under these strategies, complicated and time-consuming calculation is essentially required.

On the other hand, direct torque control (DTC) strategy is an applicable alternative because of its simple structure, excellent
transient response and good robustness against machine parameters. Based on the vector space decomposition technique [5], only
the variables in of subspace in the dual-three phase system relate to the torque, which is similar to the case in three phase drives.
Therefore, the classical switching-table-based DTC (ST-DTC) strategy can be easily extrapolated to dual-three phase drives.
However, the classical DTC strategy suffers from the aforementioned large stator harmonic currents because of lacking
controlling of harmonic components in z;z, subspace. Hatua etc. [8] develops two new methods of ST-DTC technique, called
Resultant Flux Control Method and Individual Flux Control Method, for the dual-three phase machine drive to reduce the torque
ripple, however, the unexpected stator harmonic currents still exist. Harmonic suppression schemes have been dedicated for the
ST-DTC of five-phase machines [9-11].

This paper aims to reduce the stator harmonic currents in the classical ST-DTC strategy for dual-three phase PMSM drives,
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while preserving its advantages, such as simple structure and good robustness. This paper is based on [12], much more clear
description of the two-step process is proposed, and detailed experimental results have been shown to verify the proposed
method. The remainder of this paper consists of the following sections. In section 2, machine modeling and analysis based on the
vector space decomposition technique is described. In section 3, basic principle of switching-table-based DTC strategy for dual-
three phase drives is exposed. Then a two-step process to select the most appropriate voltage vector is presented in section 4:
firstly, according to the classical switching table and outputs of the hysteresis regulators, selecting the voltage vector group to
meet the requirement of torque and flux control, secondly, choosing the most suitable voltage vector from that group, basing on
the position of the harmonic stator flux, to reduce the harmonic currents. Experimental results are provided in section 5 to

demonstrate the validity of the proposed solutions.

2 Machine model and analysis of inverter voltage vectors

2.1.  Machine model

To develop the dual-three phase PMSM model, the following assumptions and approximations have been adopted:
1) Machine windings are sinusoidally distributed;

2) The magnetic saturation, the mutual leakage inductance, and the core losses are neglected.

According to the VSD approach [5], the original six-dimensional (6-D) system of the machine can be decomposed into three
two-dimensional (2-D) uncoupled subsystems: af, z;z,, and 0,0,. This transformation has the property to separate harmonics into
three groups:

1) The fundamental components of the machine variables (could be voltage, current, flux) and the harmonics of order
k=12m=l, (m=1, 2, 3,...) are mapped to the o/ subspace. These variables are related to the electromechanical energy conversion.

2) The harmonics with k=6m=1, (m=1, 3, 5,...), i.e., the 5th, 7th,... harmonics are transformed into the z,z, subspace. These
components are not related to electromechanical energy conversion.

3) The zero-sequence with k=3m, (m=I, 3, 5,...) are mapped to the o0;0, subspace to form the classical zero sequence
components.

The final model can be expressed in stationary reference frame as:

Vsa/] = RS saf + p‘/]mp (1)
Wsaﬂ = Ls I saf + !/Im/} (2)

Viep =V e’ 3
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Vi =Ry, + PY “)
Y. =LJ,,., %)
Vi, =R, 0, + PV, (6)
Yoo, = Lidy,,, @)
T, =3P ,i,5 =W i) (®)

where, L=L;+3L,, is the stator inductance.

It should be mentioned that, if the two stator sets have isolated neutral points, as shown in Fig. 1, it can be deduced that all the
vectors of 0,0, subspace are mapped to the origin, hence no currents flow in the 0,0, subspace according to (6) and (7).
Therefore, the machine model can be reduced to two sets of decoupled equations corresponding to the machine af and z;z,
subspaces. The detailed derivation can be found in [5].

Based on (8), after using VSD approach, torque and flux production involves only af components, which makes the machine
control as simple as the case of three phase machine. However, it also can be seen from (4) and (5) that the z;z, components are
responsible for the large circulating harmonic currents because of the small impedance in the z;z, subspace. Therefore, the
applied voltage vectors should contain not only the voltage commands in aff components but also the voltage commands to

minimize the average amplitude of z,z, components.

2.2.  Analysis of the inverter voltage vectors

Owing to its six inverter legs, dual-three phase system contains 2°=64 inverter voltage vectors, much more than three phase
system. By neglecting the zero voltage vectors, the af and z;z, subspace voltage vectors can be shown in Figs. 2 (a) and (b),
respectively. It should note that voltage vector number in Fig. 2 is termed based on binary value of V;=S;S5ySxScSsS,4 considering
V; as a 6-digit binary number, where value of each phase switching component S; is set as “1” when its equivalent stator terminal

is connected to DC link voltage rail and “0” if it is linked to zero voltage rail.
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Fig. 2. Inverter voltage vectors in two subspaces:

(a) af subspace

(b) z;z, subspace

It can be seen from Fig. 2 that the outmost voltage vectors in the a8 subspace causing highest effect in the torque production
are exactly the ones having the lowest influence in the z;z, subspace - innermost voltage vectors in the z,;z, subspace. Therefore,
the outermost voltage vectors in the aff subspace are often chosen for controlling dual-three phase machine drive to maximize the

efficiency of system and, at the same time, minimize losses because of the fact that voltage vector components in the z;z,
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subspace do not contribute to rotating air gap flux but cause stator harmonic currents and result in losses.

As stated above, in term of torque control, the machine model of a dual-three phase PMSM is the same as the single three-
phase PMSM. Therefore, the classical DTC strategy for the three phase system can be easily extrapolated to the dual-three phase

PMSM systems, as shown in Fig. 3. It is obvious that, compared to the ST-DTC for three-phase drives, the only change is that

3

Classical DTC scheme

the classical CLARK transformation (abc—=>af0) is replaced by a new transformation [Tg] (abexyz=> 0fz,2,0,0,) as follows:
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Fig. 3 Classical ST-DTC diagram of dual-three phase PMSM drives

Consequently, based on the estimated stator flux position, the af subspace can be divided into 12 sectors, Fig. 4(a). Then,
torque and flux regulators are used to generate the inverter vectors by using a switching table, as shown in Fig. 3. It should be
noted that, in order to achieve the best torque dynamic performance, only voltage vectors from the outermost layer of a 12-sided
polygon in the af subspace together with the zero vectors will be selected to structure the switching table. Fundamentally, when
the stator flux vector ;s lies in sector &, as shown in Fig. 4(b), instantaneous control of stator flux and torque can be achieved
via employing appropriate voltage vectors according to Table 1, where all the voltage vectors are selected to maximize torque
response.

Table 1 Classical switching table for DTC-based dual-three phase drive

are defined as

SECTORK | E, = Er—1 Er=0
&y =1 Vk+2 Vk—3 Vzero
&y =1 Vk+3 Vk—4 Vzero

In Table 1, the torque and stator flux control signals e7 and ¢,, are generated by torque and flux regulators, respectively, which
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1, to increase T, . (10)
1, to increase v,
& =40, to keep T, 3 €, = ‘

v

-1, to decrease
-1, to decrease T,

36

(a) )
Fig. 4. Basic principle of classical ST-DTC scheme:

(a) Definition of 12 sectors in off subspace

(b) Selection of voltage vectors when the stator flux lies in sector k

The classical ST-DTC strategy is very easy to implement. However, since only the aff components associated with torque
production are regulated under this control method, although the vectors of outmost layer in the of subspace has the lowest
amplitude in the z;z, subspace, the z;z, components are still freely circulated inside the machine. Large harmonic currents will

thereby be observed because of the only limitation is the leakage inductance, as shown in (5).

Therefore, it is obvious that a DTC technique taking into account the z;z, components to minimize their effects on the
harmonic currents is essentially required.

Proposed DTC scheme

It can be seen from (5) that in the z;z, subspace, the unexpected harmonic current is proportional to the stator flux in the z;z,
subspace v, ;.,. Therefore, minimizing the stator flux .., s an effective way to reduce the harmonic currents i ;.

It is obvious that, in the af subspace, there are three voltage vectors pointing to the same direction, e.g. Vy, V3 and V59 in Fig.
5(a), having nearly similar effects on torque and flux control except that the larger vectors provide faster responses. However, in

the z;z, subspace shown in Fig. 5(b), Vo and V), still point to the same direction, while V,; points to the oppositional direction
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compared to Vo and V59, and therefore cause oppositional effects on the variation of z,z, flux y,.;.».
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Fig. 5. Proposed voltage vector selection strategy in two subspaces:

54

37

(a) (b)

(a) off subspace

(b) z;z, subspace

In order to describe more clearly, the active vectors in the of subspace are classified into 4 layers according to their
amplitudes, from innermost to outermost: Dy, D,, D3, D4, whereas in the z;z, subspace the sequence, from innermost to outermost:
D4, Dy, D3, Dy, as shown in Fig. 5. Therefore, it can be easily deduced that the vectors of D; and D4 have the same effect on . ;.,,
while vectors in Dj layer have the oppositional effect. Consequently, by introducing the vectors of D; layer into control, the
amplitude of w,,.,1s possible to be reduced, and then the corresponding harmonic currents will be decreased. Owing to the same
direction both in aff subspace and z;z, subspace, but much smaller amplitude in the o subspace and larger amplitude in the z;z,
subspace compared to Dy, the vectors of D; will not be considered. The vectors of D, will not be employed either due to the
different direction both in the af and z,z, subspace compared to D;, D; and D,.

Thus, by dividing the z,z, subspace into two half-circle subspaces of which diameter is orthogonal to Vy and V3, Fig. 5(b), it is
obvious that if the z,z, flux vector is located in one half-circle subspace, voltage vector in the other half-circle subspace should be
adopted to minimize the z;z, stator flux magnitude and then reduce z;z, current harmonic components. For example, if w.;.»
locates in sector? in z;z, subspace, as shown in Fig. 5(b), then applying Vy will led to the increasing of amplitude of w,;.,, while

applying V,; will result in the decreasing of amplitude of w,,;.,. This is exactly the key reason why there is large harmonic
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currents in the classical ST-DTC controlled dual-three phase machines, although the vectors of outmost layer in the af subspace
has the lowest amplitude in the z;z, subspace. Hence, V3, instead of Vy, should be employed as that in the classical ST-DTC
strategy. Similar results can be extended to other sectors. It should be pointed out that, as shown in Fig. 5(b) and Fig. 4(a), the
definition of the sectors of z;z, subspace is the same as that of aff subspace, i.c.,

Sector k:

(an

safp® 7 sz1z2

B h-)<6 .0 <Z i Zk-1), k=1,2,..12
126 126

Consequently, based on the principle above, there are two steps to pick an appropriate voltage vector.

1) According to the sector of ;s in the aff subspace and the outputs of hysteresis comparators, one vector in D3 and one vector
in Dy, which have the same direction in the o8 subspace and are defined as one group in this paper, are chose as candidates;

2) Based on the position of i, ;., in the z;z, subspace, the vector which can reduce the amplitude of v,;., will be chosen from the
selected group.

It is obvious that the first step is the same to the collection of vectors in the classical ST-DTC, therefore, the vector groups can
be chosen from Table 1, and the vector group is also named with the vector chosen from Table 1. Consequently, a switching
table for the second step is presented in Table 2. For example, if the vector group 9 is selected from Table 1 in the first step, only
when ..., lies in sectors 1-6, Vy will be employed as that in the classical ST-DTC strategy, otherwise, V,; will be adopted to

decrease the amplitude of ;..
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Table 2 Switching table for step two in the proposed DTC of dual-three phase drive

VECTOR GROUP SECTOR OF SELECTED VECTOR GROUP SECTOR OF SELECTED
G, Vsz122 VECTOR G, Vsz122 VECTOR
9 7,8,9,10,11,12 Vo 54 1,2,3,4,5,6 Vsq

1,2,3,4,5,6 Vs 7,8,9,10,11,12 V2o

11 12,1,2,3,4,5 Vi 52 6,7,8,9,10,11 Vs,
6,7,8,9,10,11 Vs 12,1,2,3,4,5 Vss

27 5,6,7,8,9,10 V7 36 11,12,1,2,3,4 Vse
11,12,1,2,3,4 Vie 5,6,7,8,9,10 Vs;

26 10,11,12,1,2,3 Vs 37 4,5,6,7,8,9 4%
4,5,6,7,8,9 Vi 10,11,12,1,2,3 27

18 3,4,5,6,7,8 Vis 45 9,10,11,12,1,2 Vs
9,10,11,12,1,2 Vso 3,4,5,6,7,8 Vss

22 8,9,10,11,12,1 Vi 41 2,3,4,5,6,7 Vi
2,3,4,5,6,7 Vso 8,9,10,11,12,1 Vis

The block diagram of the proposed ST-DTC strategy is illustrated in Fig. 6. Compared to the block diagram of classical ST-
DTC strategy as shown in Fig. 3, only one harmonic suppression module consisting of the flux estimator in the z;z, subspace and
switching table 2 is added to decrease the stator harmonic currents, therefore, the merits of the classical DTC strategy, i.e. simple

structure and good robustness, are still preserved.

Harmonic
Suppression module ~ + Vae o —
T, ér I -;
orque .
Regulator | \ SAB(; 3 LsaBC
: |
Switching IGL Switching |SXYZ ’
Flux &y Table 1 | Table 2 I - 3 ixvz
| Regulator - | T
v, Y | Y I % .
s -
— Osap Oy1:2 | de
I i v Speed
Torque Ysap Flux || Flux | ™| Voltage Sensor
Estimator Estimator | Estimator | Estimator
] . b [ . | VeaBcy  (Vsxvz
. Lsap | Vsap Vsziz2 |1 <
lsaﬂ L _Sz_z — [Tﬁ]

Fig. 6 Block diagram of proposed ST-DTC strategy
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In general, the proposed ST-DTC strategy is simple as only the position information of the stator flux vector y,;., is required, as
shown in Fig. 6. As same as the situation in the aff reference frame, the problem of flux drifting still exists in the z,z, reference
frame, which will not only fail to reduce the harmonic currents, but also lead to the decrease of the average torque. Therefore, a
low pass filter is employed to replace the pure integrator. On the other hand, slight reduction of the utilization rate of DC supply
will inevitably occur because of the difference in magnitudes between voltage vectors in D; and D,. To be more specific, the

amplitudes of the vectors in D5 and D, can be calculated according to Fig. 2 (a), taking Vy and V,; as example, as follows:

Ny (12

D,: |V,|=2A4c0s15° = >

D;: |V,|=24c0s45" =24 (13)

where A is the amplitude of the synthesize vector of one set of three-phase drive.
It can be seen from Table 2 that, for each vector group selected from Table 1, the chance to select the vector from D; or D4 can
be considered the same. Therefore, the utilization rate of DC supply of proposed ST-DTC strategy compared to that of classical

ST-DTC strategy can be estimated as

J642 9
_|V9|*Tv /2+|V43|*Tv /Z*IOO(V —?A—F\/EA*IOOO/ =86.60%
= 0= 0 — . (V]
il * T, 56432
2

In summary, this proposed ST-DTC strategy only slightly changes average amplitude of the applied voltage vector. Therefore,
for the torque performance, simple structure and good dynamic performance have been preserved, which results in the similar good
robustness to the external disturbances, which will be verified by the experimental results.

For the sake of completeness, two issues which are usually considered as important in implementing ST-DTC strategies
should be mentioned here:

Remarkl: It is true that the hysteresis band has an important effect on the steady-state performance of torque. Since this paper
focuses on the reduction of harmonic currents and the hysteresis band has limited effect on the harmonic current, we do not expand
this analysis here. The detailed analysis of hysteresis band can be referred to literature [13]. However, we have reduced the
steady-state error of torque by using a band-shifted method which has been successfully applied on the ST-DTC for three phase
drives [14].

Remark2: For the real-time system, there are many factors that will cause the harmonic currents, such as the harmonic supply
voltage, dead-time, and inverter nonlinearity, etc. However, for the ST-DTC, the harmonic supply voltage is the most important

reason to the large harmonic currents, according to VSD approach. By employing this modified ST-DTC strategy, the majority
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of the harmonic currents have been suppressed, and at the same time, the merits of the classical direct torque control, i.e. simple
structure and good dynamic performance, are still preserved. Therefore, for the sake of simplicity and parameter independence,

other factors are not compensated in this paper.

5 Experimental Results

The experimental setup consists of a DC power supply, a dual-three phase inverter, a dASPACE DS1005 digital controller, and
a laboratory prototype of the dual-three phase PMSM. The parameters of test machine are listed in Table 3. The overall control
schemes with classical and proposed DTC strategies are shown in Figs. 3 and 6, respectively. The sample frequency is 10 kHz,

and the DC-Bus voltage is set to 40V. All the results were captured using dSPACE software, and then plotted using Matlab.

Table 3 Parameters of test machine

NUMBER OF POLE PAIRS 5
Permanent magnet flux 73.4mWb
Stator resistance 1.096Q2
d-axis and g-axis inductances 2.142mH
Rated speed 400rpm

5.1 Steady-state performance of different ST-DTC strategies

Figs. 7-9 show the experimental results of the classical and proposed ST-DTC strategies for dual-three phase PMSM drives.
The rotor speed reference and stator flux reference are set to 300rpm, 0.075Wb, respectively, while the load is about 2.5Nm
(partially loaded). It can be seen from Fig. 7 that the torque, stator flux can be controlled well both in the classical and proposed
DTC strategies. The torque ripple is slightly reduced due to the decrease of the average amplitude of the applied voltage in one
sampling period. The steady-state error of torque has been significantly reduced by using the band-shifted torque regulator [14].
However, it is obvious that the phase currents of the classical DTC strategy are seriously non-sinusoidal, Fig. 8 (a). This is because
the components in the z;z, subspace are not controlled in the classical ST-DTC strategy, hence, the stator flux in the z;z, subspace
Wi.122 18 not negligible any more, as shown in Fig. 8 (d), resulting in the large harmonic currents, Fig. 8 (b), (c). By using the
proposed two-step process to choose the appropriate voltage vector, the stator flux in the z;z, subspace v.;., is negligible compared
to that in the af subspace v, Fig. 9 (d). Therefore, the harmonic currents are significantly reduced, and consequently much more

sinusoidal phase currents are achieved, Fig. 9 (a), (b), (c).



v_(Wh)

S

T (Nm)

e

0.1

IET Electric Power Applications

' ~——— Estimated stator flux
— Reference stator flux

0.02 0.04 0.06 0.08 0.10 0.12
Time(s)
V Estimated torque

Reference torque|]

0 i i i i i
0 0.02 0.04 0.06 0.08 0.10 0.12
Time(s)
(@)

14

Fig. 7. Steady-state performance of torque and stator flux using different DTC strategies.

(a) Classical ST-DTC strategy

(b) Proposed ST-DTC strategy

(A)

1 &1
5

a

5X

(=]

=

'
(5]

lsaji
?_: 21 Iszlzl
3
= 0
<
7y
- -2

_4 = N i
4321012 3 4
I &1 (A)

S0 szl

®)

0.1 T T T T T
Estimated stator flux|
Reference stator flux
30.08 P ............. ........... 4
z . ————— S ——————1
= | |
0.06 -
0.02 0.04 0.06 0.08 0.10 0.12
Time(s)
: : Estimated torque
................................................. Dot 4oeresen H
Reference torque
E
€
PQ
0.02 0.04 0.06 0.08 0.10 0.12
Time(s)
(b)
4 r T T r r
g 2
7
] :
3 )
LM | ;
_4 1 l 1 1 1
0.02 0.04 0.06 0.08 0.10 0.12
Time(s)
(a)
4
i & lsuﬂ
g 2 I52112
B
<%
-m _2 %

-4 p " i . 5 i
4-3-2-1 0123 4
1 & L)

(b)



IET Electric Power Applications

15
= Fundamental (25Hz) =2.563 , THD=29.28% . Fundamental (25Hz)=2.577 . THD=10.37%
£ 100 1 £ ot :
o o
g g
= =2
- -
o S0 5th 7 w5 1
Q <
e o 7th E o 7t
= w0 3
= ¥ g ¥ *
= L 1 i . = . 1 1 A L
0 &5 10 15 20 0 5) 10 L5 20
Harmonic order Harmonic order
(c) (c)
0.10 0.10
P WSaB ~ WsmB
2 2
E 0.05 Voin % 0.05 Voan
3 9
> 0 5 ol
3 2
= -0.05 54 -0.05
-0.10 -0.10 : ; :
-0.10 -0.05 0 0.05 0.10 -0.10 -0.05 0 0.05 0.10
Wsm &Wszl (Wb) Wsu &Wszl (Wb)
0-02 0.02
0.01
_ 0.01
E =
-0 - e <
: S
> : N
-0.01} 5 -0.01
-0.02 .
-0.02 -0.01 0 0.01 0.02

Vo, (Wh)

(d)
Fig. 8. Steady-state performance of classical ST-DTC strategy
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Since the harmonic components do not contribute the electromechanical energy conversion, both the stator flux ripple in the

off subspace and the torque ripple are almost equal to those using classical ST-DTC strategy. Detailed quantitative results are

given in Table 4, where the torque and stator flux ripples are calculated as

1
Wsiripple = \/;Z (Wsii - l//xiav)z
i=1

(15)

l n
T;iripple Al : ,(T;J' -
noio

(16)

T;iav)z

where T, ; and y, ;are the instant value of torque and stator flux, respectively, whist T, ,, and y, ,, are the average values of



torque and stator flux, respectively.
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In the switching-table-based DTC strategies, the switching frequency changes with the operating conditions. Therefore, the

average commutation frequency f;,, which is calculated by counting the total commutation instants of one phase leg over a fixed

period, is used to indicate the switching losses [15].

Table 4 Experimental results of classical and proposed ST-DTC strategies

CLASSICAL ST-DTC PROPOSED ST-DTC
Ripple of stator flux, ¥ ,ipie (Wh) 5.4279¢-004 4.9134¢-004
Ripple of torque, T, ,ipie (Nm) 0.3106 0.2392
THD of phase-a current, i, rp (%) 29.28 10.37
Average commutation frequency, f,, (kHz) 2.7572 3.5472

It can be seen from Table 4, because of the decreasing of the average amplitude of applied voltage vectors, both the stator flux
and torque ripples of the proposed ST-DTC strategy slightly decreases compared to the classical ST-DTC strategy. The THD of
phase current has been decreased by 64.58%, from 29.28% to 10.37%, due to the significant reduction of harmonic currents in
z,z, subspace, Fig. 9 (b). One drawback of the proposed method is that the average commutation frequency will increase a little,
0.79 kHz in this case, which results in a little increase of the losses. This is reasonable because in the proposed strategy two
switching tables are needed to choose the most appropriate voltage vector, which makes the voltage vectors change more
frequently compared to the classical one. Of course, it is acceptable to achieve a significant reduction of harmonic currents at the
low price of increasing the average commutation frequency.

Table 5 shows the THD of phase-a current for classical and proposed ST-DTC strategies under the condition of same rotor
speed which is 400 rpm (rated speed) and various load torque from 1Nm to 3Nm (rated load). It can be seen from table 5 that the

proposed ST-DTC strategy can significantly reduce the THD of phase currents under a wide range of load conditions.

Table 5 THD of phase-a current for classical and proposed ST-DTC strategies

400rpm CLASSICAL ST-DTC PROPOSED ST-DTC
INm 52.14% 26.22%
2Nm 33.84% 14.65%
3Nm (rated load) 26.06% 9.83%
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5.2 Dynamic performance of inner torque loop control for conventional and proposed DTC
As mentioned above, the utilization rate of DC supply is slightly reduced in the proposed DTC strategy. Therefore, it is

necessary to check whether the dynamic performance of torque control will deteriorate accordingly.

—— Reference torque —— Reference torque
. Estimated torque

T (Nm)
N
T (Nm)

g ! § 3 1 l : 1 X ’ Iér . " 1

0 2 4 6 8 10 12 14 16 18 20 0 2 4 6 8 10 12 14 16 18 20
Time(ms) Time(ms)
(@) (b)

Fig. 10. Dynamic performance of inner torque loop control using different DTC methods: reference torque:1Nm to 3Nm

(a) Classical ST-DTC strategy

(b) Proposed ST-DTC strategy

Fig. 10 shows the dynamic response of torque when the torque reference changes from 1Nm to 3Nm, with the speed open-loop
control, i.e. with inner torque control only, for both conventional and improved DTC strategies. It is clear that the torque can

reach the reference torque in less than Ims, similar to that of the conventional DTC strategy. Hence, the proposed strategy will

not deteriorate the dynamic torque performance.

5.3 Dynamic responses to external load disturbance for proposed DTC strategy
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Fig. 11. Responses to external disturbance of different DTC strategies.
(a) Classical ST-DTC strategy
(b) Proposed ST-DTC strategy

The responses to external load disturbance are compared between the conventional DTC and the proposed method. When the
motor is operated under steady-state of 400rpm without load, the external load about 2.5Nm is suddenly added at the instant of
1.0s, Fig. 11. It can be seen that the torque generated with the proposed method can follow the reference produced by the speed
regulator as good as the conventional one. The speeds in both the conventional and the proposed strategy can back to its original

value in less than 0.3s.

Therefore, the experimental results prove that the proposed DTC method can preserve the good robustness against external

load disturbance as in the conventional DTC.

6 Conclusion

This paper presents application of ST-DTC to dual-three phase PMSM drives using the vector space decomposition technique.
To minimize the unexpected large stator harmonic currents, a two-step process voltage vector selection scheme has been
proposed. Classical ST-DTC strategy only controls the variables in the af subspace relating to the torque production, so the
uncontrolled flux space vector in the other subspace results in substantial stator harmonics currents. The proposed DTC strategy
not only controls the variables in the off subspace, but also significantly reduces the magnitude of the flux space vector in the z;z,

subspace, which results in considerably lower harmonics in stator currents. The experimental results verify that the proposed
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methods can significantly reduce the stator current harmonics. Furthermore, since only one harmonic suppression module

consisting of the flux estimator in the z,z, subspace and a switching table is added, the merits of the classical direct torque control,

i.e. simple structure and good robustness, are still preserved.
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