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Abstract: Direct torque control (DTC) and predictive torque control (PTC) strategies emerged as powerful tools for speed
control of variable frequency drives (VFD). The limitations in classical DTC and PTC are: higher ripple in torque, flux, variable
switching frequency, and higher common-mode voltage (CMV). High dv/df and CMV results in shaft voltages, bearing currents,
malfunction of power electronic devices and electromagnetic interference (EMI). To eliminate the CMVs and also to reduce the
switching frequency, voltage vector selection-based DTC and PTC strategies are introduced to an open-end winding induction
motor (OEWIM) drive. Another limitation of classical PTC is cumbersome tuning of weighting factors. To address this limitation,
modified cost function-based PTC strategy has been developed to eliminate weighting factors. OEWIM drive operates with dual
inverter configuration and the two inverters are operated with equal DC-link voltages; therefore, it delivers three-level output
voltage. This article introduces various DTC and PTC strategies to an OEWIM drive to reduce torque, flux ripples, switching
frequency, elimination of CMV, and weighting factors. The effectiveness of proposed DTC and PTC strategies is tested by

dspace-1104 real-time interface controller and comparing the obtained results with classical DTC and PTC.

1 Introduction

Variable frequency drives (VFDs) are popular for speed control of
induction motor drives (IMD). To enhance the performance of
VEDs, several speed control algorithms came into existence. One
of the speed control method to IMDs is direct torque control
(DTC). The combination of DTC and model predictive control
(MPC) is termed as predictive torque control (PTC). The concept
of DTC or PTC strategies is to control stator flux and torque by
application of proper voltage vector [1-3]. In general, DTC and
PTC strategies are used to trace their reference torque and flux [4].
The hysteresis bounds used in DTC causes current distortions; flux
ripple and torque ripple [5]. The implementation of DTC in digital
platform needs higher sampling frequencies [6] and leads to
develop higher common-mode voltages (CMV). The developed
CMV creates shaft voltage through electrostatic coupling. In AC
motor drives, electrostatic coupling exists between stator and rotor
winding, rotor and frame of the motor. The shaft voltage causes
bearing currents, the flow of excessive bearing currents results in
premature failure of motor. CMV also causes large common-mode
leakage currents. These currents flow back to input terminals and
eventually develops common-mode electromagnetic interference
(EMI). CMV with high dv/d¢ results in bearing currents, shaft
voltages, damage of motor bearings, malfunction of power
switches, and EMI [6]. In order to operate VFDs efficiently for
long durations, it is obvious to eliminate or reduce CMV. There are
various methods to reduce CMV: (i) reducing switching frequency
[7], (ii) using odd or even switching [8], (iii) making CMV as
constant [9], (iv) hardware modifications [10], and (v) using
passive filters [11]. In this article, an attempt is made to eliminate
CMV with a novel switching state algorithm-based DTC and a
simplified cost function-based PTC strategy.

OEWIM drives are best alternative for multi-level inverter-fed
induction motors. OEWIM drives have several applications: easy
interface with PV arrays [12], hybrid electric vehicles [13], ship
propulsion [14], rolling mills etc. OEWIM provides higher
redundancy in switching states when compared to neutral point
clamped (NPC) inverter configuration. OEWIM can provide two,
three, and four-level inversion. By operating the dual inverter
configuration of OEWIM with equal DC-link voltages (1:1 ratio),
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it delivers two- and three-level output voltages. If dual inverter
configuration is operated with unequal DC-link voltages (2:1 ratio),
four-level inversion can be achieved. The OEWIM configuration
has several advantages, when compared with other multi-level
inversion (MLI) topologies, such as absence of clamping diodes,
needs less number of capacitors, capacitor voltage balance
problems do not present [15].

OEWIM drives are more suitable for ship propulsion, electric
vehicles, and renewable energy interfacing. The applications like
electric vehicles, rolling mills, and other industrial applications
require less torque and flux ripples with high dynamic
performance. To obtain high dynamic performance, DTC or PTC
strategies are preferable. The classical DTC and PTC strategies
give higher ripples in torque and flux. Generally, lesser torque and
flux ripples can be obtained by using constant switching frequency,
duty ratio control, or MLI [16-22]. DTC with constant switching
frequencies can be obtained using space vector modulation (SVM).
DTC-SVM can reduce torque and flux ripples, but it cannot
climinate the CMV and calculation of timings of active voltage
vectors and reference vector location is cumbersome [23]. Duty-
ratio-based DTC or PTC [20-22] are based on the concept of
application of active voltage vectors and null vectors for certain
time intervals. Duty-ratio control algorithm involves calculations
of time intervals for active and null vector based on slope of torque
error. The generation of reference flux space phasor is cumbersome
and duty-ratio-based DTC or PTC cannot eliminate CMV. To
reduce torque, flux ripples, and CMV, MLI-fed VFD's are used.
CMYV in direct torque-controlled IMDs was reported [24], and this
DTC strategy utilises active voltage vectors for its operation. DTC
strategy used in [24] does not accounts the torque ripple, since it
eliminates null vector for its operation. Elimination/reduction of
CMV for open-loop configuration of OEWIM configuration was
reported [25-28]. DTC and PTC strategies to an OEWIM drive
with two-level and more than two-level inversion schemes are
reported [29-37]. DTC of OEWIM drive with two-level inversion
was reported [29]. Space vector modulation-based DTC strategies
are reported in [30, 31]. In [30], DTC of OEWIM drive
implemented for ship propulsion with SVM technique. Five-level
inversion-based space vector modulated DTC strategy introduced
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Fig. 2 Space vector locations
(a) Inverter-1 and, (b) Inverter-2

for an OEWIM drive [31]. In [32, 33], effective voltage switching
state algorithms introduced to an OEWIM drive for three-level and
four-level inversion, the modified look-up tables utilises rotor
speed. PTC of OEWIM drive with equal and unequal DC-link
voltages are reported in [34-37]. In [16, 34, 37], PTC of OEWIM
has been introduced to reduce zero-sequence currents and CMV,
but these strategies utilises weighting factor for its operation. In
[34], PTC of OEWIM was introduced with two, three, and four-
level inversion schemes, but the PTC strategies used in this article
uses modified cost function, predefined set of voltage space vectors
based on rotor speed and complex tuning of weighting factors. In
[35], weighting factor elimination-based PTC strategy was
introduced by considering flux space vector in the cost function
and it also states that if the cost function comprises of more than
two control objectives, then weighting factors are unavoidable.
Self-tuning of weighting factors was introduced for OEWIM for
four-level inversion [36], but it cannot reduce ripples in torque and
flux in addition it increases computational burden on controller.
The effects of dead-time effects to eliminate CMV for OEWIM
drive with three-level inversion have been addressed [38].

This article introduces enhanced voltage switching algorithm,
simplified cost function-based DTC and PTC strategies for an
OEWIM drive. The DTC and PTC strategies used in this article
provide all features of classical PTC and DTC strategies. The
proposed PTC algorithms do not involve complex equations to
reduce switching frequency. Another limitation of classical PTC
strategy is tuning of weighting factors. To address the problem of
weighting factor, modified cost function is used. The modified cost
function comprises of active torque and reactive torque
components as control objectives. The intents of this article are: (i)
developing discrete models of dual inverter configuration and
OEWIM drive, (ii) implementing simplified voltage switching state
algorithm to eliminate CMYV, (iii) modified hysteresis controller-
based DTC strategy to an OEIWM with three-level inversion, (iv)
introduces a simple weighting factor elimination-based PTC
strategy for OEWIM with three-level inversion (v) elimination of
CMYV, weighting factors in DTC and PTC strategies (vi) reduction
of dead time effects and (vii) reduction of switching frequency.

The proposed algorithms are implemented to OEWIM, by
considering the inverters are operating with equal DC-link
voltages. In this configuration, OEWIM has 64 switching states.
Out of these 64 switching states, there are 12 voltage space vector
locations which provide ‘+1/6° of effective DC-link voltage as
CMYV and seven voltage vectors provide zero CMV. The proposed
DTC/PTC strategies are implemented with simplified switching
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state algorithms for OEWIM drive with two-level and three-level
inversion.

In this article, one-step prediction algorithm is used to
implement PTC of OEWIM drive by considering discrete model of
dual inverter and OEWIM drive. The structure of this article is as
follows. Section II describes power circuit configuration and
discrete model of OEWIM drive. Section III discusses
implementation of two-level DTC of OEWIM drive with CMV
(DTC-I), three-level DTC of OEWIM (DTC-II) and DTC of
OEIWM drive without CMV (DTC-III). Section IV focuses on
implementation of PTC of OEWIM with CMV (PTC-I), weighting
factor eliminated PTC (PTC-II) and PTC of OEWIM without CMV
and reducing switching frequency (PTC-III). Section V is to prove
the effectiveness of the proposed algorithms by implementing in
real time with dspace DS-1104 controller. The obtained simulation
and experimental results are compared with classical two-level
DTC of OEWIM drive.

2 Power circuit and dynamic model of OEWIM
2.1 Configuration of dual inverter fed OEWIM drive

The configuration of dual inverter fed OEWIM drive is shown in
Fig. 1. It comprises of two two-level voltage source inverters and
those are operated with equal DC-link voltages. The space vector
locations of inverter-1 and inverter-2 are given by (1-8) and (1°-8'")
shown in Fig. 2. By operating the two inverters with ‘V4./2’°, each
inverter provides six active vector locations and two null vectors.
Two inverters provide 64 switching states. OEWIM is rich in
redundancy of switching states; hence, it provides 18 active voltage
vectors and a null vector (V) as shown in Fig. 3a. These vectors
are classified into three categories; these are high (V5—V5),
intermediate (V71—V7¢), and low-voltage vectors (V1—V§). High-
voltage vectors (V,1—Va¢) are used in DTC-I, PTC-I, whereas
intermediate voltage vectors (V;;—V¢) used for DTC-III, PTC-III.
In contrary, DTC-II and PTC-II are formulated by considering 19
voltage space vector combinations. Realisation of these 19 voltage
space vectors and their switching combinations are shown in
Table 1. Fig. 3a, represents voltage space vector locations of dual
inverter configuration and Fig. 3b represents classification of
sectors used in DTC-II. The pole voltages of inverter-1 and
inverter-2 are represented by (Vio, Vyo, Vo) and (Vi Vyigr, Vo).
Pole voltages of inverters are given by (1) and (2).

Vio
Vac/4 when S, =8, =5, =1 |
P17 |~ Vael4 when S, = S, = 5, = 0 (1)
Vbo
Vr’o’
V4c/4 when S, = Sy’ =S,=1
Vy’o’ = _ _ _ (2)
—Vic/4 when S, =S, =85, =0
Vi )

To determine the phase voltages of inverters, it is necessary to
determine difference of pole voltages (3) and CMV (4).

5Vrr’ Vro - Vr’u’
Vyy | =[Vyo = Vyor 3)
Vi Voo = Viror

The CMV of OEWIM drive is determined between the points ‘o’
and ‘0" [15].

1
Voo = g((ﬁVrrr +0Vyy + 5Vbbr) @)

The phase voltages of OEWIM drive are obtained by subtracting
(3) and (4). The phase voltages of OEWIM are given by (5) and (6)
represents simplified form of phase voltages of OEWIM drive [15].
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Vrr’ 5Vrr’ Voo’
vy'| =Yy [ [ Voo (5)
Vi) 6Vor) Voo

Vrr’ | 2 -1 -1 5Vrr’
Viy| = 3 -1 2 —1fdVyy (6)
Vi -1 =1 2 )6V

The output voltages of inverter-1 & 2 are given by (7) & (8), (9)
represents resultant voltage vector [34]. Fig. 3a represents voltage
vectors of OEWIM drive corresponding to switching states shown
in Table 1.

V23

Vi3

Vi4

V25

\%13

V . )
Vg = (%)(%)(5} + Sye](27l/3) +Se /(zms)) )
Ve . )
Vi = (%)( 2d )(S’r + S’yeJ(Zm) + S/be—j(er/S)) (8)
And
Vsr =Vyg—Vgp (9)

2.2 Dynamic model of OEWIM drive

The dynamic model of OEWIM drive used for simulation and
experimental verification is shown in Fig. 4. The dynamic

Sector-3 | Sector-2
|
Vi2
A

Sector-1

Va1

a b

Fig. 3 Voltage space vector locations of dual inverter configuration with three-level inversion
(a) Classification of voltage space vectors and, (b) Classification of sectors
Table 1 CMV and Realisation of voltage space vectors of dual inverter fed OEWIM drive
VSI-1 (Siyb) VSI-2 (Spyw) CMV Vv, Realisation Voltage Vector

Vq 7 Vsr
000 000 0 0 0 Vo
110 010 Vgc/6 0.33xVqe 0 V4
010 011 —Vyc/6 0.167%xVyc 0.28xVqc Vo
011 001 Vgc/6 -0.16xV{yc 0.28%x V¢ V3
001 101 —Vyc/6 -0.33xVyc 0 Va4
101 100 Vgc/6 -0.16%xVyc -0.28xVyc Vs
100 110 —Vyc/6 0.167xVyc -0.28%Vyc Vs
100 001 0 0.5%xVyc 0.28%x Ve Vi1
010 001 0 0 0.57xVqy¢ V12
010 011 0 -0.5%Vyc 0.28% V¢ Vi3
001 011 0 -0.5%Vyc -0.28xVyc Vig
001 010 0 0 -0.5%Vyc Vis
100 010 0 0.5%Vyc -0.28xVyc Vie
100 011 —Vyc/6 0.667xVyc 0 V24
110 001 Vgc/6 0.33%x V¢ 0.57xVyc Voo
010 101 —Vqc/6 -0.33xVyc 0.57%Vyc Vo3
011 100 V4c/6 -0.67xV{yc 0 Vou
001 110 —Vyc/6 -0.33xVyc -0.57xVqyc Vos
101 010 Vgc/6 0.33xVqe -0.57xVyc Ve
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Fig. 4 Configuration of OEWIM drive in stationary reference frames
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Fig. 5 DTC strategy of dual inverter fed OEWIM drive

equations used for DTC and PTC of OEWIM are given by (10)—
(15). The stator and rotor voltage equations in complex form are
given by (10) and (11).

Vs = Riis + py; (10)
0=Ri + py, — joy, (11)

Stator and rotor flux linkage of OEWIM is given by (12) and
(13).

vy = Lyig + Ly, (12)
W, = Ly, + Lyi, (13)

The electromagnetic torque of OEWIM is obtained by using (10)—
(13). The torque of OEWIM drive is given by (14)

3P. .
T.= iilmag(ll/f is) (14)

Mechanical equation of OEWIM is used to find the speed. From
(14) the mechanical speed of OEWIM can be written as (15).

dw,,

Jdt

= (T.-T) (15)

In (10)—(15), suffix ‘s’ refers to stator quantities, suffix ‘»’ refers to
rotor quantities, ‘R’ represents resistance, ‘L’ represents self-
inductance, ‘L,,’ represents magnetising inductance, ‘i’ represents

current, ‘y’ represents flux linkages, ‘¥’ represents stator voltage,
‘P’ represents number of poles, ‘7,’ represents electromagnetic
torque, ‘7" represents load torque applied on to the shaft of motor
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Wm O Encoder

We g
P/

‘w,’ represents angular speed of rotor in electrical systems (rad/s)
and ‘w,,’ represents mechanical speed of rotor in mechanical
systems (rad/s).

3 Proposed direct torque control strategies
3.1 DTC of OEWIM with CMV (DTC-I)

The block diagram used to implement DTC-I is shown in Fig. 5.
The block diagram comprises of two inverters operating in dual
mode, speed encoder, estimator to find torque, flux and angle.
DTC-I is implemented by using three-level torque hysteresis
controller and two-level flux hysteresis controller. The output of
hysteresis controllers and sector identifier are used to select the
voltage vector to be applied for inverters. The selection of voltage
vector plays a vital role on the operation of OEWIM drive. The
switching states used in DTC-I are given in Table 1 (V, V21—V2¢).
The CMV corresponding to each switching state used in DTC-I is
also described in Table 1. The switching states used to implement
proposed DTC strategy develops less CMV [24].

Fig. 6a represents voltage space vectors used for DTC-I,
whereas Fig. 6b represents classification of sectors and each sector
is distributed with an angle of 60°. After finding location of active
voltage vectors and sector identification, it is easy to find voltage
vector to be applied for operation of OEWIM drive [29]. The
selection of voltage vector is shown in Table 2. The choice of
voltage vector should provide dynamic changes of torque and flux.
By applying proper voltage vector the output voltage of dual
inverter fed OEWIM can be varied. The voltage vector should
maintain less distortion in current. If the distortions in current are
less, it leads to fewer ripples in torque and flux. From (14), torque
of OEWIM depends on stator flux and stator current. As the time
constant of rotor is high when compared with stator, hence rotor
flux is assumed to be constant. Dynamic performance of OEWIM
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a b
Fig. 6 Classification of active voltage vectors
(a) Locations of full voltage vectors and, (b) Sector classification
Table 2 Voltage vector selection table for DTC-I
Flux Error Torque Error Sector
dyg dTe 1 2 3 4 5 6
1 1 V22 Va3 Voq Vs Vg V21
0 Vo Vo Vo Vo Vo Vo
-1 Voe V24 V22 Va3 V24 Vos
0 1 Va3 Vg Vas Vg V21 V22
0 Vo Vo Vo Vo Vo Vo
-1 Vos Voe V21 V22 Va3 Vs
Table 3 Impact of Voltage Space Vectors on Dynamic Characteristics of OEWIM drive for DTC-l and PTC-I
Vo V21 27) Va3 Vo4 Vas Vs
flux (ws) 0 m " ! W H 1
torque (Te) 0 ! " m ) H W
: 2,1,0 B
(5[ PI] T, 6> HE (> Voltage Sy
w, A A o »
r 1 Y o -1,2| Vectors Sy L v
wr Te Selection
1,0 Table (or) Sr >
‘ Ws T1T] ™ Look-up | Sv_| Inverter-1 Inverter-2
Ws — Table Sh
ector
Vdc/2 OEWIM Vde/2
e = \ -
\
\
Estimation of / Clarke’s | inly ,, \\
s, Te, Lys, T and O |<€—{Transformation 77 \
| ig
wr l< Wm O Encoder
\%l‘

Fig. 7 DTC of OEWIM drive with three-level inversion

drive is influenced by stator flux and current [39]. To obtain
dynamic variation in torque and flux specified voltage vector
should be applied as shown in Table 2. The influence of the voltage
vector on performance of OEWIM drive by considering the stator
flux is in sector-I and it is shown in Table 3. In Table 3, 1
represents increment and | decrement.

3.2 DTC of OEWIM drive with three-level inversion (DTC-Il)

DTC of OEWIM drive with three-level inversion is shown in
Fig. 7. The same principle of classical DTC (DTC-I) can be
extendible for three-level inversion. The voltage space vectors for
three-level inversion is shown in Table 1. The voltage vectors in
DTC-I are six active voltage vectors and a null vector; therefore,
six sectors are used. In DTC of OEWIM drive with three-level
inversion there exist 18 active voltage vectors and a null vector,
hence it needs modifications from DTC-I. The proposed DTC
strategy utilises a five-level torque hysteresis controller, two-level
flux hysteresis controller and sector identifier. In DTC-I, to utilise

1990

the voltage vectors six sectors are used. In DTC-II, 12 sectors are
used and each sector is divided with an angle of 30°.

The voltage vector selection table for DTC-II is given by
Table 4. In Table 4, it is identified that flux error varies between
zero and one, whereas torque error varies in the range of+ 2. The
voltage vectors are selected by torque error and flux error, if the
torque error is+2, then intermediate (7];—V16) and high-voltage
vectors (V51—Va¢) are used. If the torque error is=+ 1, then low-
voltage vectors (V1—Vg) are used and the selection of voltage
vectors is same as DTC-I. The proposed DTC strategy is very
simple, since it uses a simple five-level torque hysteresis controller
and a two-level flux hysteresis controller. The effect of voltage
vectors on torque and flux ripple is same as DTC-I shown in
Table 3.

3.3 DTC of OEWIM drive without CMV (DTC-IlI)

The block diagram used to implement DTC-III is shown in Fig. 5.
To implement DTC-III intermediate voltage vectors (V,—V¢) are
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Table 4 Voltage vector selection table for DTC-II

Flux Error Torque Error Sector
dys dTe 1 2 3 4 5 6 7 8 9 10 1" 12
1 2 Voo Vi2 Vo3 Vi3 Voa Vig Vo5 Vi5 Vg Vie V21 Vg
1 Vo Vo V3 V3 Va Va Vs Vs Vs Vs Vi V4
0 Vo Vo Vo Vo Vo Vo Vo Vo Vo Vo Vo Vo
-1 Ve Ve V4 V4 Vo Vo V3 V3 Va4 V4 Vs Vs
-2 Vog Ve Vo1 Vir Va2 Vi Vo3 Vi3 Voga Vig Vo5 Vg5
0 2 Voz. Viz Vo4 Vg Vos  Vis Vo Vg Vo1 Vi1 Voo o Vp2
1 V3 V3 Va4 Va4 Vs Vs Ve Ve V4 V4 Vo Vo
0 Vo Vo Vo Vo Vo Vo Vo Vo Vo Vo Vo Vo
-1 Vs Vs Vs Vs V4 V4 Vo Vo V3 V3 Vay Vay
-2 Vos Vis Vos  Vie Vo1 Vi1 Voo V2 Vo3 Vi3 Vg Viy
V12 Vi
Sector-2
Vi3 Vi1
/ Sector-3 Vie
5
Vo
Vid \ Sector-4
Vi6
VisY
a b
Fig. 8 Classification of active voltage vectors
(a) Locations of intermediate voltage vectors and, (b) Sector classification
Table 5 Voltage vector selection table for DTC-III
Flux Error Torque Error Sector
dys dTe 1 2 3 4 5 6
1 1 V12 Vi3 Vi Vis Vie V11
0 Vo Vo Vo Vo Vo Vo
-1 Vie V11 V12 Vi3 Via Vis
0 1 Vi3 Vig Vis Vie V14 Vi2
0 Vo Vo Vo Vo Vo Vo
-1 Vis Vie V14 Vi2 Vi3 Via
Table 6 Impact of voltage vectors on dynamic characteristics of OEWIM drive for DTC-IIl and PTC-III
Vo Vi1 Viz Viz Vig Vis Vie
flux (ws) 0 m " ! W H 1
torque (Te) 0 ! " " 1 H W

used to eliminate CMV and dead-time effects by allowing a current
flow path [38]. The location of intermediate voltage vectors are
shown in Fig. 8. The proposed DTC-III strategy works on the same
principle of DTC-I except two modifications.

The modifications are: (i) classification of sectors and (ii)
selection of active voltage vectors. In DTC-III, the sectors are
distributed with 60° and sector-1 is from 0 to 609, whereas in DTC-
I sector-1 is from —30 to 30°.

The location of active voltage vectors used to implement DTC-
IIT is shown in Figs. 8a and b represents classification of sectors
used in DTC-III. The intermediate voltage vectors (V1—Vie) to
eliminate CMV and their realisation are shown in Table 1.

The selection of voltage vectors used in DTC-III strategy is
shown in Table 5. The influence of voltage vectors on the
performance of OEWIM by assuming flux space phasor in Sector-1
is shown in Table 6. The voltage vectors used in DTC-III are
intermediate voltage vectors; therefore, these voltage vectors gives
zero CMV.

4 Proposed predictive torque control strategies
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4.1 PTC of OEWIM drive with CMV (PTC-I)

The block diagram to implement PTC of OEWIM drive is shown
in Fig. 9. Operating principle of PTC is same as DTC. In PTC, the
reference values of control variables are compared with predicted
variables. The cost function is used to make comparison between
reference and predicted variables. The proposed PTC strategy can
be implemented with the following steps: (i) Find the variables
which can be directly measurable, (ii) Estimate the variables which
cannot be measurable, (iii) Predict the control variables from
measurements and estimates, (iv) Formulate the cost function and
(v) Minimise the cost function to generate the switching pulses
[34].

To implement the proposed PTC strategy speed, DC-link
voltage, and stator currents are used as measurements. Flux and
torque are considered as control variables, and these are estimated
at kth instant by using measurements. The prediction of control
variables at (k+ 1) instant is obtained by (16)—(21); hence, one-step
ahead prediction horizon is used. The optimisation of cost function
is considered for the switching states of dual inverter configuration
shown in Fig. 6a, for high-voltage vectors (Vy, Va1—Va). The
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Fig. 9 PTC strategy of dual inverter fed OEWIM drive

switching combinations of dual inverter configuration for high
voltage vectors are shown in Table 1. For these switching states,
the cost function is evaluated and the switching state which
delivers minimum amount of torque and flux ripple can be chosen
as optimum voltage vector.

To predict torque and flux of OEWIM drive Eulers forward
differentiation is used. Forward Eulers approach is given by (16).

dr _ xk+D—x(k) (k+1)_

- T T +x(k) (16)

Here, ‘T’ indicates sample time.
The predicted flux is obtained from (7) and it is given by

dys(k) .
dr - Vs(k) - Rsls(k) (17)
Wa(k + 1) = (Vs - Rsis)Ts + l//a(k) (18)

On simplifying (10)—(13), stator current in state variable form can
be written as

= Ai(Vi(k) — Asis(k) + Asp (k) —

di(k
B0 jownd)  (19)

From (19), the predicted stator current is given by

is(k + 1) = T(A(V(k) = Aui(k) + Aspr(k) — joey,A)) + i
®) (20)

L LR, R, L,
m, AZ—RS-FTr,Ag—E andA4—fr.The
electromagnetic torque (14) of OEWIM is dependent on stator flux
and stator current. If the predicted stator flux and currents are
known then it is easy to find electromagnetic torque at (k+ 1)
instant.

Here, A, =

Tok+1) = leag(y/ #(k+ Dig(k + 1)) @1

If the control variables are determined at (k+ 1) instant, then it is
easy to formulate cost function and it is described by (22).

J = Tret = T(k + D] + 0lprer — wik + D) (22)

In (22), Tif indicates torque reference, ‘wi.r is stator flux

reference and ‘o’ is weighting factor of flux [19].
From (18) and (20) the stator flux and stator current are
dependent on output voltage of inverter V(k), hence these are
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predicted for seven switching states shown in Fig. 6a. Finally, the
selection of switching state is done by minimisation of cost
function [34]. The cost function contains the control law, in (21)
the cost function is used to control torque and stator flux of
OEWIM drive. The cost function is evaluated for seven switching
combinations and the switching state which gives lowest value is
selected as optimal switching state and thus drives the inverters.
The weighting factor ‘o’ used in PTC-1 is ‘75 [34].

4.2 Weighting factor eliminated PTC of OEWIM drive with
three-level inversion (PTC-II)

From PTC-I, it is evident that the cost function comprises of
weighting factor ‘o’, tuning of weighting factor is difficult. The
choice of ‘o’ affects the performance of OEWIM drive. There are
several methods available to tune the weighting factors. In [34, 37],
branch and bound algorithm was used to tune weighting factor. In
this article, a simplified PTC strategy has been developed by
modifying the cost function in such a way that it does not use
weighting factors. The block diagram of PTC-II is shown in
Fig. 10. The steps used to develop PTC-II are same as PTC-I,
except that it uses a modified cost function.

f = |Tref - Tk + 1)| + |TRref — Tr(k + l)l (23)

The cost function used in PTC-II is given by (23), in (23) ‘Treef’
indicates reactive torque reference and ‘Tp(k+1)’ is reactive

torque at (k+ 1) instant.
For an OEWIM, drive reactive torque T% is given by (24),

Tp = 3 real(pi) (24)

If the reactive torque is known [39], in discrete form reactive form
at (k+ 1) instant is given by (25).

Trtk+1) = real(ylj‘(k + Digk + 1)) (25)

The cost function (23) is evaluated for all voltage space vector
combinations of dual inverter configuration shown in Table 1. The
electromagnetic torque 7(k+ 1) and Tg(k+ 1) are evaluated for all
19 space vector locations. Out of these 19 space vector
combination, the optimal switching state is selected for the
minimum value of cost function (23). The cost function used in
PTC-II comprises of electromagnetic torque and reactive torque;
therefore; PTC-1I is free from weighting factors.
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Fig. 10 PTC strategy of OEWIM drive with three-level inversion

4.3 PTC of OEWIM drive without CMV and reduced
switching frequency (PTC-III)

In the above section, weighting factor eliminated PTC strategy has
been introduced to an OEWIM drive. The cost function in PTC-II
comprises of electromagnetic torque and reactive torque
components; therefore, PTC-II cannot reduce switching frequency
and do not eliminate CMV. To eliminate CMV and also to reduce
switching frequency, selective voltage vector-based PTC strategy
(PTC-1II) is introduced. The block diagram of PTC-III is shown in
Fig. 10. Intermediate voltage vectors (V11—V¢) are used to develop
PTC-III strategy and these voltage vectors are shown in Table 1.
The cost function (26) used to implement PTC-III comprises of
three control objectives. The control objectives are: (i) torque error
reduction (ii) flux error reduction/reactive torque error reduction,
and (iii) reduction of switching frequency. In PTC of OEWIM
drives, the switching frequency is very high; hence, it is important
to reduce switching frequency. By reducing the switching
frequency number of commutations of power switches can be
reduced. To reduce number of commutations, the voltage space
vector at (k+ 1) and kth instants are used.

J = Treg = Telk + DI+ Treer = Trtk + DI + AV(k + 1) = V(&)
(26)

In (23), Vi(k+1) and V(k) are the voltage vectors at (k+ 1) instant
and kth instant. The switching frequency of OEWIM drive can be
reduced by controlling number of switch transitions. The cost
function (23) is evaluated for the voltage space vectors shown in
Fig. 8. The voltage vector which gives minimum torque ripple and
switching frequency used as optimal voltage vector and applied in
next control interval. In (26), ‘A’ is weighting factor of switching
frequency. The weighting factor is chosen empirically. In order to
achieve desired performance of the OEWIM drive, several offline
simulations are performed. To obtain desired performance the
weighting factors are tuned by observing several oftline
simulations, finally it has been observed that the OEWIM gives
good response for A= (1/Vy4.)=0.0018 [16, 19, 34].

5 Simulation and experimental results

The proposed DTC and PTC strategies shown in Figs. 5, 7, 9, and
10 are developed in MATLAB. To validate the effectiveness of the
DTC and PTC algorithms, the proposed algorithms are developed
with dspace DS-1104 controller. The parameters used for
simulation and experimentation are shown in Table 7. The
effectiveness of proposed algorithms (DTC-1I, DTC-III, PTC-II
and PTC-III) is verified by comparing the simulated and
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P/ZI:

Table 7 Specifications of OEWIM drive

Motor Parameter Value
stator resistance (Rg) 42 Q
rotor resistance (Ry) 6.27 Q
stator inductance (Ls) 0.54 H
rotor inductance (Lr) 0.54 H
mutual inductance (Lm) 0.512H

poles (P) 4

rated power (Pp) 3.7 kW
rated speed (rpm) 1440
rated torque (Nm) 24.48
rated flux (Wb) 1
inertia (J) 0.051 kg.m?2

experimental results with DTC-I, PTC-I and other control
strategies [24, 32, 34].

5.1 Simulation results

The simulation studies are performed by implementing proposed
strategies in MATLAB/SIMULINK. The dual inverter fed OEWIM
drive is modelled mathematically by using (10)—(15) in simulink.
The inverters are operated with equal DC-link voltage of 270V,
with an effective DC-link voltage of 540V (Vy.). To verify the
effectiveness of the proposed algorithms, the OEWIM drive is
subjected to operate at different operating speeds. In interest of
brevity, the simulation results are shown for step change in speed
variation from forward motoring to reverse motoring.

Figs. 11 and 12 demonstrates simulated response of OEWIM
drive for the step change in speed variation from 250— —250 rad/s.
Fig. 11 represents simulated response of DTC-I, DTC-II and DTC-
III. Fig. 12 represents simulated response of PTC-I, PTC-II and
PTC-IIL. Initially OEWIM drive is operating at 250 rad/s (forward
motoring), at the simulation time of 2 seconds step change in speed
of —250 rad/s (reverse motoring) is applied to OEWIM drive.
When the step change in speed applied to OEWIM drive, the speed
settled at 2.12 s. After 2.12 seconds the OEIWM drive is operating
at a steady speed of —250 rad/s.

From Figs. 11a and 12a PTC-I develops fewer torque and flux
ripples when compared with DTC-I. From Figs. 115 and 12, it is
clear that the torque, flux ripples of OEWIM drive are less in PTC-
II when compared with DTC-II. From Fig. 11¢ and 12c¢ it is also
clear that PTC-III delivers higher torque ripples when compared
with PTC-II and lesser ripples when compared with PTC-I whereas
switching frequency of PTC-III is less than that of PTC-I and PTC-
II. From Figs. 11b, ¢, 12b and c it is observed that the proposed
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Fig. 11 Simulation response of speed, torque, flux, current, voltage and CMV of OEWIM drive during forward motoring to reverse motoring
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Fig. 12 Simulation response of speed, torque, flux, current, voltage and CMV of OEWIM drive during forward motoring to reverse motoring
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Fig. 13 Test Bench used to implement proposed strategies

DTC/PTC algorithms (DTC-II, DTC-III, PTC-II and PTC-III)
provides similar dynamic performance of classical DTC/PTC
strategy (DTC-I and PTC-I).

5.2 Experimental results

The proposed DTC/PTC strategies experimentally tested on dual
inverter fed OEWIM drive. The experimental set-up used to
implement proposed DTC/PTC strategies is shown in Fig. 13. The
experimental studies are performed by implementing proposed
algorithms with dSPACE DS-1104 controller board. The switching
pulses from the controller are given to the inverters. The feedback
signals required to implement the proposed algorithms are obtained
by speed encoder, two voltage sensors: (LV-25) to measure DC-
link voltage and two current sensors: (LA-25) to measure phase
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currents. The sampling time used to implement the proposed DTC
and PTC strategies is 80 pus. OEWIM drive is coupled with
separately excited DC generator; the load torque is applied by
connecting resistive load bank to DC generator.

Figs. 14 and 15 shows experimental results of OEWIM drive
for step changes in speed from forward motoring to reverse
motoring. OEWIM drive is subjected to operate at 250 rad/s and
—250rad/s. Figs. 14 and 15 also represents the dynamic
characteristics of proposed DTC and PTC strategies, the proposed
algorithms provide high dynamic performance as similar to
classical DTC/PTC. From Figs. 14a and 15a, it is observed that the
torque ripples are less in PTC-I with respect to DTC-I. From
Figs. 14a and b, the proposed DTC-II strategy gives lesser ripples
in torque and flux when compared with DTC-1. The proposed DTC
and PTC strategies provide lesser ripples in torque and flux with
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Fig. 16 Speed, torque and current of OEWIM drive at a steady speed of 250 rad/s and a load torque of 14 Nm

(@) DTC-1, (b) DTC-1I and, () DTC-III

respect to classical DTC/PTC strategies and it is identified from
Figs. 14 and 15.

Figs. 16 and 17 represents speed, torque, and current of
OEWIM drive at a steady speed of 250 rad/s for DTC-1, DTC-II,
DTC-III, PTC-I, PTC-II, and PTC-III. The currents are shown for
the operation of OEWIM at a load torque of 14 Nm and speed of
250 rad/s ~1193 rpm. The current THD (total harmonic distortion)
of DTC-I, DTC-II and DTC-III at load torque of 14 Nm is 7.12,
5.24 and 6.68%. The current THD of PTC-I, PTC-II, and PTC-III
are 4.48, 3.94 and 4.42%. From the THD of phase currents of
OEWIM drive PTC-II gives lower distortions in current when
compared with all other DTC/PTC strategies. The current
distortions in PTC-I is lower than current distortions in DTC-I. The
THD of PTC-III is slightly more than PTC-II but it is lower than
PTC-I. Fig. 18 demonstrates voltage and CMV of OEWIM drive at
a steady speed of 250 rad/s for DTC-I, DTC-II, and DTC-IIIL.
Fig. 19 demonstrates voltage and CMV of OEWIM drive at a
steady speed of 250 rad/s for PTC-I, PTC-II, and PTC-III. The
CMV is zero for DTC-III and PTC-III. From Figs. 18¢ and 19c, it
is evident that the proposed DTC or PTC algorithms eliminate
CMV. Fig. 20 represents switching transitions involved in PTC
strategies of OEWIM drive at a steady speed of 250 rad/sec. From
Fig. 20, the switching transitions involved in the implementation of
PTC-III are less with respect to PTC-I and PTC-II. Table 8
represents performance analysis of OEWIM drive with classical
DTC, Proposed DTC and recent DTC strategies. In [24], to reduce
CMV only active voltage vectors are used because the use of null
vector increases CMV. By neglecting null vector in DTC [24]
torque ripple, flux ripple and distortions in current increase. DTC
algorithm used in [32] utilises modified switching state tables for
its operation; therefore, it gives less ripples in torque and flux when
compared with DTC-I. Torque ripple and flux ripples are measured
by taking sum of the difference between measured and reference
values of torque and flux over 1,25,000 samples. The switching
frequency is calculated by measuring the number of commutations
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of power devices from Table 9. Table 9 represents performance
indices of OEWIM drive with classical PTC, proposed PTC and
recent PTC strategies. In [34], modified cost function is used to
reduce CMV and CMV term is included into the cost function;
therefore, it increases number of weighting factors and needs more
computations. Self-tuning of weighting factors is used in [36], it
reduces the complex tuning of weighting factor but it needs more
computations and increases torque, flux ripples. From Tables 8 and
9, it is observed that DTC-III and PTC-III gives less torque and
flux ripples with zero CMV when compared with classical DTC
and PTC strategies (DTC-I and PTC-I). DTC-II and PTC-II also
gives lesser ripples in torque, flux and fewer distortions in current,
these DTC and PTC strategies cannot eliminate CMV. In many of
industrial applications, it is necessary to control number of
commutations of high power switches, for those applications PTC-
IIT is preferable. The proposed DTC/PTC strategies offer several
benefits like zero CMYV, reduced torque, flux ripples, and reduced
switching frequency. The computational time required for
developing the proposed DTC and PTC strategies are shown in
Table 10. From Table 10, it is evident that the PTC strategies
require more computational time than DTC strategies, whereas the
performance of PTC strategies is better than DTC strategies. In
summary, the limitations of classical DTC can circumvent by
proposed PTC strategies. The proposed DTC and PTC strategies
eliminate CMV, weighting factors, without losing features of
classical DTC/PTC, and provide lesser ripple in torque, flux and
less switching frequency.

6 Conclusion

In this article, enhanced DTC and PTC strategies implemented to
an OEWIM drive with novel switching state algorithms. One of the
limitation of DTC-I and PTC-I is higher CMV. The proposed DTC
and PTC algorithms eliminate CMV by introducing selective
voltage states to dual inverter fed OEWIM drive. The dual inverter

1995

85UB017 SUOWILIOD 3A 381D 3|qeo ! [dde au Aq peusenob a1 S3jolife YO ‘5N JO S3NJ 10y Areiq 1 8UINUO AB|IA UO (SUOKIPUOD-PUR-SLUBYWOD AB| 1M ARe.d 1 [ou 1 {UO//SdRY) SUORIPUOD Pue S L 83 88S *[5202/TT/82] Uo AreigiTauliuo Ao|im 'O siminsu| fuolieN Aq 6655'8T0C" PA-1e1/610T 0T/I0p/uod" A 1M Atelq | [puljUO 4o Jeasaia1/:sdny woly papeojumoq ‘8 '6T0Z ‘€rShSSLT



L RN —— - m.‘...: i SO — e e s NOSTRMOIITENEE L P | Se— — —— I EREIT——
i 250 rad/s R 4 250 rad/s ¥ | ! B 250 rad/s 8 | |

¥ . 2 I I 1 1]
A Sl A G M e T e Y T I T e Ot M T T T
5 Nm/div “ '.1 5 Nm/div o 5 Nm/div k |
B in A A B gy £ el g - BTN CHY O TR N MR (R R |, SN T R WO O T O SR

o \ v v N il - " : / v / v 4 i Ik |/ w ‘\ g vy o 4

Dbl S - S 5 A/div e e I 5 Aldiv A e 5 A/div

v - v | 4 1) T, . i T] T,
E Joooms oo 4.5 S <loMfivanes | F - k'oum (00008 ﬁ S0y <10Hf1 35S fa - b\w’m [ H SV <10Hf133515

a b c

Fig. 17 Speed, torque and current of OEWIM drive at a steady speed of 250 rad/s and a load torque of 14 Nm
(@) PTC-L, () PTC-II and, () PTC-III
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Fig. 18 Experimental response of voltage and CMV at a speed of 250 rad/s
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Table 8 Comparison of steady-state torque, flux ripple, switching frequency, CMV and Current THD of Proposed DTC
Algorithms with Classical and Recent literature

DTC-I DTC-II DTC-III DTC [24] DTC [32]
Speed (rad/s) 100 200 250 100 200 250 100 200 250 100 200 250 100 200 250
torque ripple (Nm) 275 268 252 212 219 235 261 255 243 301 292 287 205 223 25
flux ripple (Wb) 0.057 0.048 0.045 0.039 0.036 0.032 0.052 0.046 0.042 0.062 0.056 0.054 0.048 0.042 0.036
CMV (V) (rms) 68 75 81 52 58 65 0 0 0 568 675 72 5482 6025 654
current THD (%) 641 692 712 435 486 524 612 643 668 569 714 751 462 518 532

Table 9 Comparison of steady-state torque, flux ripple, switching frequency, CMV and Current THD of Proposed PTC
Algorithms with Classical and Recent literature

PTC-I PTC-II PTC-III PTC [34] PTC [36]

Speed (rad/s) 100 200 250 100 200 250 100 200 250 100 200 250 100 200 250
torque ripple (Nm) 25 225 215 168 142 135 214 193 165 188 169 148 194 183 174
flux ripple (Wb) 0.035 0.032 0.025 0.028 0.024 0.02 0.033 0.031 0.028 0.03 0.027 0.023 0.03 0.028 0.026
switching frequency (Hz) 4252 4527 4381 3895 4206 3928 3462 3971 3635 3785 4169 3845 3942 4128 3845
CMV (V) (rms) 58 67 77 495 56.8 623 0 0 0 53.8 586 66 569 625 68.2
current THD (%) 526 492 448 438 431 394 502 476 452 452 429 414 468 453 424
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Table 10 Computational time needed to develop various
DTC and PTC strategies

DTC Computational PTC Computational
Strategy time, us strategy time, us
DTC-I 45.62 PTC-I 58.45
DTC-II 54.95 PTC-II 65.42
DTC-Ill 45.35 PTC-lII 60.58

configuration has 19 space vector locations. The proposed DTC-III
and PTC-III strategies used in this article utilises only seven
voltage space vector locations; hence, the proposed algorithms
reduce computational burden on controller when compared with
DTC-II and PTC-II. Another limitation involved in PTC-I is higher
switching frequency. To reduce switching frequency involved in
the implementation of PTC of OEWIM drive (PTC-I & PTC-II),
PTC-III is introduced. PTC-III uses a modified cost function, to
reduce switching frequency. DTC-II and PTC-II are developed by
using all voltage space vectors of dual inverter configuration.
DTC-II utilises a simplified look-up table and PTC-II eliminates
the use of weighting factors into the cost function.

The effectiveness of proposed DTC and PTC strategies verified
by conducting simulation and experimental studies on dual inverter
fed OEWIM drive. From simulation and experimental results,
PTC-III provides zero CMYV, lesser torque ripple, flux ripple, and
switching frequencies. Furthermore, the proposed DTC and PTC
strategies offer all features of classical DTC and PTC (DTC-I and
PTC-I), with simpler control algorithms. Finally, simplified DTC
and PTC strategies have been developed to an OEWIM drive. The
proposed DTC and PTC strategies provide lesser torque ripples,
flux ripples, current distortions, zero CMV and weighting factor
elimination.
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