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Abstract: In this paper, a new vector control strategy is proposed to reduce torque ripples and
harmonic currents represented in switching table-based direct torque control (ST-DTC) of a six-phase
induction motor (6PIM). For this purpose, a new set of inputs is provided for the switching table
(ST). These inputs are based on the decoupled current components in the synchronous reference
frame. Indeed, using both field-oriented control (FOC) and direct torque control (DTC) concepts,
precise inputs are applied to the ST in order to achieve better steady-state torque response. By applying
the duty cycle control strategy, the loss subspace components are eliminated through a suitable
selection of virtual voltage vectors. Each virtual voltage vector is based on a combination of a large
and a medium vector to make the average volt-seconds in loss subspace near to zero. Therefore,
the proposed strategy not only notably reduces the torque ripples, but also suppresses the low
frequency current harmonics, simultaneously. Simulation and experimental results clarify the high
performance of the proposed scheme.

Keywords: direct torque control; duty cycle control; harmonic currents; six-phase induction motor;
torque ripple

1. Introduction

With the emergence of power electronic devices and adjustable-speed drives, multiphase machines
have attracted wide attention for special applications in the naval, automotive, and aerospace
industries [1,2]. The key features of these machines are high reliability, fault tolerant operation, low
rate of power switches, low torque pulsation and low dc-link voltage [3-7]. Among multiphase
motors, multiple three-phase winding motors have received more interest due to their advantage of
compatibility with conventional three-phase technology. Considering this benefit, the asymmetrical
6PIM, which is composed of two sets of three-phase windings spatially shifted by 30 electrical degrees,
seems desirable for many applications.

Direct Torque Control (DTC) is a simple and powerful scheme for variable speed 6PIM drives
that provides high-performance torque and stator flux control [8]. However, it suffers from some
serious drawbacks, including high torque ripples and low-frequency current harmonics, which can
strikingly degrade the performance of the drive system [9,10]. A great deal of effort has been invested
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in alleviating DTC high torque ripples, which mostly includes the modification of the hysteresis
controller [11,12], amending the switching table (ST) [13,14], or replacing hysteresis controllers with
other control strategies to provide Pulse Width Modulation (PWM)-based DTC [15]. A global minimum
torque ripple using modified switching pattern has been proposed in [16]. In [17], the torque ripples
have been reduced by applying active and zero voltage vectors in each sampling period using a
predictive DTC. With regard to a large number of voltage vectors in six-phase voltage source inverter
(VSI), elimination of loss subspace components seems possible through the vector space decomposition
(VSD) model. Aiming to reduce harmonic currents, elimination of z; — z, (loss subspace) components
using the duty cycle concept in DTC is proposed in [9,12] for a five-phase induction motor, and a
six-phase permanent magnet motor, respectively. Moreover, harmonic currents have been reduced by
adding an inductance filter to the 6PIM drive system [18]. On the other hand, structure reconfiguration
of 6PIM to minimize both harmonic currents and torque ripples has been done in [4]. On the other
hand, field-oriented control (FOC) can be easily applied to many types of electrical machines [19].

The main focus of this paper is on the parallel torque ripple and harmonic current reduction in
vector control of a 6PIM. To achieve these goals, a new vector control scheme is proposed, using a
combination of DTC FOC concepts to moderate steady-state torque ripples. To reduce harmonic
currents, twelve virtual voltage vectors are introduced by combination of large and single medium
voltage vectors (e.g., 48 and 57 in Figure 1la, respectively). The duration of each voltage vector
is determined such that the average volt-seconds in the z; — z subspace becomes near to zero.
Consequently, low-frequency current harmonics experience a considerable reduction, current will be
much smoother, and the efficiency of the drive system will be increased.

pr 60

Figure 1. 6PIM model in (a) « — B, (b) z; — zp bspaces.

The rest of this paper is organized as follows: in Section 2, 6PIM modeling is presented.
The conventional DTC and its drawbacks such as torque ripples and harmonic currents are discussed
in Section 3. The proposed method to reduce torque ripples and harmonic currents is presented
in Section 4.

2. 6PIM Modelling

There are two common methods for modelling of 6PIMs: double d — g [20] and VSD [21].
According to the VSD approach, the machine’s parameters are mapped into active and loss subspaces,
which makes the control strategy more convenient and efficient. Moreover, the VSD method can
easily be extended to other types of motors. In this study, the 6PIM modelling is based on the VSD
strategy. According to this modelling technique, a 6PIM with near-sinusoidal distributed windings is
modelled in three orthogonal subspaces, which are commonly named as the « — 8, z1 — zp, and 01 — 0p
subspaces. The produced voltage space vectors by switching states of a two-level six-phase voltage
source inverter in the « — 3, z; — z5 subspaces are shown in Figure 1. Among these subspaces, only
the « — f components share useful electromechanical energy conversion, while z; — z, and 01 — 0
components do not generate any electromechanical energy in the air-gap and just produce losses.
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The fundamental components and also harmonics of the order 12n +1(n =1,2,3...) are mapped
into the a« — § subspace. The losses of 6PIM are mapped into the z; — z, and 07 — 0, subspaces which
include harmonics by the order of 6n +1(n =1,3,5...) and 3n(n = 1,2,3...), respectively. By the
assumption that the stator mutual leakage inductance is ignored, the components of z; — z; and 07 — 02
subspaces have the same form [21]. Since the active and loss components are investigated separately,
it is clear that the control of 6PIM will be more efficient by using VSD. Additionally, isolation of the
neutral points of two three-phase windings, makes the 01 — 0, subspace losses become zero [21].

2.1. 6PIM Model in o — B Subspace

As already mentioned, only the « — § subspace components contribute to the electrical energy
conversion. Using the VSD strategy, the normal six-dimensional electrical components of the 6PIM are
mapped into the &« — B, z; — z3, and 07 — 0, subspaces by an appropriate matrix named Ty, which is
presented in Appendix A. The &« — 8 voltage equations in the stationary reference frame are as follows:

M

Vs = RsIs + p¥s
0=R1L+p¥r —jw ¥,

where, Vs = Ugy + jvsﬁ/ Ts = iy + jisﬁ/ Tr = iy + jirﬁ/ ?s = Psa + jlps‘B/ Wr = Pra + jl/]T“B/ Rs is the
stator resistance, R, is the rotor resistance, w;, is the angular speed, and p is the derivative operator.
The stator flux linkage (¥;) and rotor flux linkage (¥,) can be expressed as:

HEE ®

where, Ls, L;, and M are the stator, rotor and magnetizing inductances, respectively.

2.2. 6PIM Model in zy — zy Subspace

The 6PIM model in the z; — z; subspace behaves as a passive resistor-inductor (R-L) circuit as:
Vsz, Rs +pLjs 0 ] l Iz, ‘| 3)

Visz, 0 Rs + pLjs Lz,

where, Lj; is the stator leakage inductance. In this paper, 6PIM is applied with two isolated neutral
points, with which this structure prevents the zero sequence currents. Hence, the 01 — 0o components
can be neglected.

3. Conventional DTC of 6PIM

In a six-phase voltage source inverter (VSI), there are 2% = 64 switching states. Each state produces
a voltage space vector (defined as V;) in the &« — B or z; — z; subspaces, shown in Figure 1. As can be
seen, there are 12 large (e.g., 48), 12 single medium (e.g., 57), 24 double medium (e.g., 53), 12 small
(e.g., 54), and 4 null voltage vectors. The block diagram of conventional DTC is shown in Figure 2.
The stator flux in this approach is obtained as:

¥, = / (Vs — RI)dt @)
The electromagnetic torque can be calculated using the stator flux and current as:
T, = 15 P(¥s-I;) ®)

where, P is the number of pole pairs. The reference values of the stator flux and electromagnetic
torque are compared with the estimated ones, and the errors are applied to the hysteresis controller.
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The outputs of the hysteresis regulators denote the signs of torque and flux change. In order to
minimize the errors, the optimum vector is selected through ST, which is tabulated in Table 1.

Vector

Switching ] 6PIM

table

Sector
[ Stator flux position] Veabeder  Labeder

calculation

Torque and flux
estimation
D T

* *

Figure 2. Conventional DTC block diagram.

In this table, k is the number of the sector. Vj is the applied voltage vector to the inverter, which is
defined as binary numbers in switching states of VSI as in Table 2.

Table 1. ST of conventional DTC.

Ys/sector k Ar,=1 Ar,=0 Ar,=—1
Ag, =1 Vit Vo Vi+10
Ay, = —1 Vita Vo Vit

Table 2. Selected vectors in ST of conventional DTC.

Vo Vi Vo, W Ve Vs Vo V; Vg Vo Vo Vi1 Vp
0,21,42,63 48 56 60 28 12 14 15 7 3 35 57 49

In the conventional DTC, only the large voltage vectors in the & — B subspace are applied to the
6PIM to maximize the utilization of the dc-link. From Equation (4), it can be seen that the stator flux
variations and the applied voltage vectors have the same direction. Hence, the changes in the stator
flux depend on the applied voltage vectors. Compared to the stator time constant, the rotor time
constant is very large. Therefore, the rotor flux linkage changes are negligible and it can be assumed
constant during short transients [22]. By the application of the active voltage vectors, stator flux linkage
vector will be moved away from rotor flux linkage vector and the angle between them will be greater.
This leads to changes in torque according to Equation (5).

4. Harmonic Currents Reduction by Duty Cycle Control Strategy

From Figure 1, it can be seen that each voltage vector in the « — § subspace has a corresponding
vector in the z; — z; subspace with different position and magnitude. It is recommended to make the
average volt-second outcome in the z; — zp subspace near to zero. Accordingly, two voltage vectors
have been applied to the inverter in each sampling period. Active voltage vectors should be in a same
direction (in order to have high effect on torque) and their correspondents in z; — zp subspace should
be in an opposite direction (in order to have less losses). Therefore, the selected vectors will produce
high outcome in &« — B subspace and low outcome in the z; — z; subspace.
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The applied voltage vectors in the & — § subspace are expressed as:

{ VMutfﬂ = gvdc (6)
Vi, , = Y2y,

where, V), and V; _, are single-medium and large voltage vectors in the & — 8 subspace. A suitable
B e & 24 & P

B
duty ratio is calculated as:

{ ‘VMu_ T, ’ - ‘VLW_ Tr s ‘ N { Ty, , =073 7T, .
Trma—p + TLH; =T, TMH; =0.27T;

where, Ty Y and Ty, ; are the duration of the large and single-medium voltage vectors application
in the @ — f subspace, and T is the sampling period. In this way, the losses in the z; — z; subspace
are reduced strikingly, while the reduction in the electromagnetic components is subtle. For instance,
vectors number 48 and 57 have the same direction in the « — 8 subspace and the opposite direction in
the z1 — z5 subspace. These voltage vectors are applied to the motor as illustrated in Figure 3, where g,
is the number of legs in six-phase VSI, and Kj is the duty ratio defined as:

L — 027 )

57 48

K37 (-K)*T.

Figure 3. Switching pattern.

If g, = 1 the upper switch is on and the lower switch is off. On the contrary, when g, = 0,
the lower switch becomes on and the upper switch turns off. The compound of these vectors in each
sampling period is named virtual vector, shown in Figure 4.
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Figure 4. Virtual vectors in o-3 subspace.

Figure 3 shows that in two legs (among the six legs) of the inverter, the switches’ status has
been changed. Therefore, by this method has more switching frequency against DTC. This increase
in switching frequency is less than twice. The vectors in the « — 8 subspace are replaced by virtual
vectors in ST shown in Table 2.

5. Proposed Control Algorithm for the 6PIM Drive

Using FOC framework [23], 6PIM’s mathematical equations are transformed to the synchronous
reference frame (d — gq), which creates possibility of decoupled control of the torque and flux as a
permanent-magnet separated-excitation dc motor. In this reference frame, the stator flux vector is
located on d-axis which is shown in Figure 5.

Figure 5. 6PIM structure and stator flux vector in 3rd sector and applied inverter voltage vectors.

Orthogonal currents of the 6PIM are mapped into the synchronous reference frame using Park
transformation based on the flux vector position, which is achieved by field orientation process. For the
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6PIM control, i, is a torque -and i is a flux- producing components. Hence, the equations of the torque
and flux are related to stator currents in the d — g frame as follows:

{ Tgcxiq ©)

/\S(de

In order to decrease the torque ripples in the 6PIM, a new approach is employed by modifying
the ST’s inputs. Since the inputs of the ST in the classical ST-DTC are the errors between command
and actual values of the electromagnetic torque and the stator flux, it seems effective to use the errors
between the set and actual values of the iy, iy, instead. In order to redesign the ST-DTC method to use
these inputs, the inputs of ST in the conventional DTC are used as inputs for PI regulators. The outputs
of PI regulators are the command values of the currents in the d — g axis. Replacing At,, Ap, by Aig,
Aiy in ST-DTC, respectively, the proposed method provides better inputs to the same ST presented
in Table 1 which leads to a better performance in 6PIM. Table 3 shows that through defining virtual
vectors, the ST is the same with conventional DTC with different inputs.

Table 3. The switching table of the proposed scheme.

TS/SECtOV k Aiq =1 Ai,, =0 Aiq=71
A, =1 Vi Vo Viet10
A, =-1 Victa Vo Visr

Aj, and A;, imply that changing the signs of the i; and iy is required. If i; needs to be increased,
then A, =1 If there is no i; requirement, then Ai, = 0. Also, A, = -1 denotes the decrease of
ig. All the states are defined as the same for the notation of A;,. These digital output signals of the
hysteresis controllers are described as:

Az‘q =1 if iy <iy*—|hysteresis band|
A, =0 if ig=ig* (10)

A, = =1 if iy > ig*+|hysteresis band|

q

Similarly, for the changes required for the d-axis of the stator current, Ai; is described as:

A, =1 if iy <ig* —|hysteresis band|

11
A, =0 if iy > ig*+|hysteresis band| (1)

The block diagram of the proposed control strategy is shown in Figure 6. To concurrently achieve
low Total Harmonics Distortion )THD( of the motor currents and low torque ripples, the proposed
vector control scheme is synthesized with the duty cycle control strategy. The ST applies two voltage
vectors in each sampling period in order to eliminate z; — z, subspace components. In comparison with
the conventional DTC, the switching frequency of the proposed scheme is increased (less than twice
according to Figure 3.) because two voltage vectors are applied in each sampling period. In contrary,
both harmonic currents and torque ripples are reduced. Moreover, the proposed scheme has fast
dynamic response, similar to the conventional DTC, and does not need any PWM modulator that
creates complexity and time delay.
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(Duty ratio determination)
Time

Vector

8 of 14

6PIM

Switching
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calculation P—‘

f Torque and flux
e, estimation
T
0 ¢
+
* T*
(O ¥ €
v ¥
{Park transformer )«

lu/n'(/(j/'

Figure 6. Block diagram of the proposed control scheme for 6PIM.

6. Simulation Results

The proposed and duty cycle control methods are simulated in MATLAB/Simulink. The sampling
period of both methods are set to 100 ps. All the parameters are assumed to be constant, although
each of them can be changed under the thermal effect, which is not within the scope of this essay.
The simulations are carried out based on real specifications for 6PIM. The 6PIM parameters are

specified in Table 4.

Table 4. 6PIM parameters.

Parameter, Unit Value Parameter, Unit Value
Rated power, W 700 Ly, mH 588
Rated voltage, V 200 Ls, mH 603.3
Rated current, A 2 L, mH 604.4
Rated speed, rpm 1400 Rs, Q) 15.0
Frequency, Hz 50 Ry, Q 791

The simulation results for the duty cycle and the proposed DTC strategies under load change from
0 to about 3.5 Nm at t = 0.5 s, speed command of 100 rad /s, and flux command of 0.5 Wb are shown
in Figures 7 and 8, a speed torque and stator flux reference signals are shown with red dashed lines.
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Figure 7. Load change condition of the 6PIM controlled by the duty cycle control strategy (a) and
proposed method (b).



Energies 2019, 12, 1102 10 of 14

1'00 M N - .
S -
5 I fiessssseses Stator o |
' ' ' - . [ R..‘_'-Hlﬂl:!
i . i i 0 i H :
0 0.25 0.5 0.75 1 0 0.25 0.5 0.75 1
Time(s) Time(s)

an (o f5)
[a—
=
= =
1
Te(Nm)
= h
! H
LS
e
! i
o
2 ;-.
Ly

100
0025 05 025 05 075 1
i L OSfp————
S 0 | | S L N —
= : : : s :
0 0.25 0.5 0.75 1 0 0.25 0.5 0.75 1
Time(s) Time(s)

(b)

Figure 8. Speed direction change condition of the 6PIM controlled by the duty cycle control strategy (a)
and proposed method (b).

As it can be seen from the both simulations (Figures 7 and 8), the torque ripples and stator flux
fluctuations of proposed method is lower in compared to duty cycle control strategy. However, due to
additional PI controller is used for stator flux, Equation (4), running time is higher.

7. Experimental Setup

In addition to the simulations, the performance of the proposed method is validated
experimentally. Figure 9 shows the experimental setup, which contains the 6PIM and its coupled
load, the main processor, two three-phase VSIs, current and voltage transducers, shaft encoder, and
single-phase bridge rectifier.

The applied processor used in the driver is an eZDSP F28335 based on the floating point
TMS320F28335 chip. The motor speed is measured by an Autonics incremental shaft encoder (Autonics,
Busan, South Korea) mechanically coupled to the 6PIM with resolution of 2500 P/R. LEM LTSénp
current transducers are implemented to measure all the phases’ currents in order to be used in the
estimation and the control processes. The DC-link voltage is also measured using LV 25 — p voltage
transducer. A DC generator is applied as load machine and a PCI-1716 data acquisition card (DAQ,
Advantech, Milpitas, CA, USA) as an A/D converter. A 700-W, 24-stator slots three-phase squirrel-cage
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induction motor, which has been rewound to construct a 4-pole asymmetrical 6PIM is also tested
for the proposed method performance. The MATLAB/Embedded Coder is used to generate usable
code for the code composer studio development environment. The digital motor control and IQmath
libraries along with IQ17 data type are employed. The sampling period is set to Ts = 100 ps with a

dead-time of 2 us.

Computer
[

gaeyd 7

]
Ganeralon

: Inverter

—_ e Board

Y

Controller

of
Inverter Boards Rectifier Board

Figure 9. Experimental setup.

To demonstrate the torque ripples reduction precisely, the torque figures are shown within a short
time frame in Figure 10.

. -Y= 0.8 (Nm)/div - A “Y= 0.8 (Nm)/div *
. “X=0.5 s/div : . . X=0.5 s/div .
- o | | y . '
: } . . . .
Time Time
a) b)

Figure 10. The torque response of the 6PIM in steady state with 4 Nm load, derived by (a) duty cycle
control strategy; (b) proposed method.
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The experimental results of the duty cycle control strategy and the proposed method under
the load changing from 0 to about 3.5 N/m are shown in Figure 11. In this test, the speed and flux
commands are 100 rad/s and 0.5 Wb, respectively. The provided tests illustrate the alleviation of
torque ripples in the proposed method compared with the duty cycle control strategy.

¥=166 (rad/s)/div | s uunnnan nn a4
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=l
|

X= 0.5 s/div

T T

C AN E YN

v . T=5(Nm) fdivy
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R EE N

Time
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- . - - - v . . . . i
é‘ prrrarnnnananavanannnnnnnnrnenny 1=166(radfshdiv s a v ennan 0 nad
< . : . » " = ¥=0.5 s/div

v Y=5(Nm)fdivg gy

SN NN

. ¥=0.5s/div

i s P ——

..
b
b
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.
.
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- o : Tkl

w 5 . . ; .
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3
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3
¥
-
3
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Figure 11. Load injection experiment of 6PIM, controlled by duty cycle control strategy (a) and
proposed method (b).

In Table 5, the torque ripples in the no load condition are investigated to show the differences
between the proposed method and the conventional DTC and the duty cycle control-based DTC
strategies. It is clear that the torque ripples for the 6PIM is effectively decreased for the proposed
method in comparison with other two methods. Furthermore, as it is seen from current THD in
Figure 12, the low order harmonics of the stator currents, especially the fifth and seventh harmonics,
are considerably reduced for the proposed control method.
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Table 5. Torque ripples in three different conditions of 6PIM driving by three different methods.

Method No-Load Rated Load 50% Load
Conventional DTC %45 %49 %47
Duty cycle control %41 %37 %39
Proposed method %9 %12 %10

| : i 1 1 -( un\cun.xm,nl DTC

I B Proposed method_ |

S :\ %
T r -
o L

Harmonics' magnitude

(%)

<

“inlllllllhj‘.l.l.lﬂ-.
2 4 6 8 2 14

10 16 18

Figure 12. Current THD of the conventional DTC and proposed method.
8. Conclusions

In this paper the performance of the 6PIM was improved by a new vector control strategy.
Using a new set of inputs for the ST in DTC method and applying the duty cycle control strategy
leads to decrease in both torque ripples and harmonic currents. From a complexity viewpoint,
the proposed technique falls between the DTC and FOC. This method is more simple compared
with FOC strategy due to the absence of PWM algorithm, and has a fast dynamic similar to DTC
strategy. The main limitation of the proposed technique is variable switching frequency compared
with FOC. The effectiveness of the proposed control strategy was confirmed using both simulation
and experimental tests.
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Appendix A
[ 1 cos(4y) cos(8y) cos(y) cos(5y) cos(9y) ]
1 sin(4y) sin(8y) sin(y) sin(5y) sin(97y)
T— 1 | 1 cos(8y) cos(4y) cos(5y) cos(y) cos(9y)
V3| 1 sin(8y) sin(4y) sin(5y) sin(y) sin(9y)
1 1 1 0 0 0
L0 o0 0 1 1 1

where, y =a = 7
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