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Enhanced Predictive Torque Control for Open End
Winding Induction Motor Drive Without
Weighting Factor Assignment

Ravi Eswar Kodumur Meesala
Thippiripati

Abstract—Nowadays, predictive torque control (PTC) is the
most popular control technique in the field of electric drives. This
PTC strategy is introduced for open end winding induction mo-
tor (OEWIM) drive in view of advantages. The conventional PTC
offers a single-cost function where torque and stator flux control
objectives are present. Since these control objectives are dissimi-
lar, weighting factor designation to the respective control objective
is essential. Weighting factor tuning by an empirical approach
leads to a cumbersome control process. To overcome this tuning
problem, this paper suggests a single control objective containing
stator reference and predicted flux space vectors. This simplified
proposed control scheme relieves PTC from weighting factor and
facilitates combined torque and flux control. However, to control
inverter switching frequency including torque and flux in a single
cost function, weighting factors assignment and its proper tuning
is indispensable. The proposed scheme is extended by replacing
a single-cost function with separate multiobjectives and its opti-
mization is achieved using a simple ranking analysis with limited
prediction voltage vectors (VVs). This proposed feature permits
PTC independent from weighting factors. Simulation and exper-
imentation are performed on a dual inverter fed OEWIM drive.
The achieved results are related with conventional PTC to verify
the effectiveness of the proposed PTC.

Index Terms—Open end winding induction motor drive
(OEWIM), predictive torque controls (PTC), ranking analysis, and
stator flux space vector control.

1. INTRODUCTION

OLTAGE source inverter (VSI) fed induction motor (IM)

drive became much popular for industrial drive applica-
tions. Present research is to use multilevel inverters owing to
the availability of greater number of VVs. It results in improved
torque and flux regulation and accurate control of electric drive
[1]. Various multilevel VSI topologies are documented in [2]
and [3]. Apart from these, a dual inverter fed open end winding
IM (OEWIM) configuration achieves salient status. The merits
of the configuration are: simple, attaining multilevel inversion
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with a conventional two-level VSIs, absence of clamping diodes
compared to a neutral point clamped topology, reduced num-
ber of dc voltage sources compared to a cascaded H-bridge
inverter. The OEWIM drive’s various applications are presented
in [4]. The dynamic performance of a drive can be enhanced by
employing several control techniques. The invention of field-
oriented control technique in the year 1968 created remarkable
development in the field of electric drive controlling [S]-[7].
In this technique, controlling is realized in a rotating refer-
ence frame. The necessity of PI current controllers, reference
frame transformations, and rotor flux observer creates complex
controlling. These demerits vanished with the introduction of
the direct torque control technique in the year 1986. It uses
hysteresis-based controllers (torque and flux) and provides di-
rect torque and flux controlling in a stationary reference frame
by selecting a suitable VV [8]. Its limitations are as follows: dig-
ital platform implementation demands high sampling frequency
owing to the presence of nonlinear hysteresis controllers, poor
torque and flux regulation, switching frequency relying on mo-
tor speed, and hysteresis bands. The mentioned limitations are
addressed in [9]-[12].

Recently, model predictive control (MPC) technique is play-
ing a prominent role in the area of electrical engineering [13].
It can be worked for both power converter and electric drive
applications [14]-[17]. In [18], a detailed review is carried out
on a predictive control scheme for power electronics. MPC has
two divisions: continuous set MPC and finite set MPC (FS-
MPC). The application of FS-MPC technique in the field of
motor control is classified as predictive current control and pre-
dictive torque control (FS-PTC). Recently, FS-PTC has gained
much importance owing to the following merits: simple and
straightforward regulation by inclusion of control parameters
into the cost function, good dynamic control, intuitive nature,
lack of hysteresis controllers, and heuristic lookup tables. PTC
performs a control action on the basis of cost function depreci-
ation. This implies that cost function formulation plays a vital
role in control performance. Cost function is formulated with
a number of control objectives based on requirements [19]-
[21]. The dissimilarities in control objectives and to provide
relative importance among them demand weighting factor as-
signment to the respective objective. Therefore, weighting fac-
tor consideration in a cost function has a direct influence on
the control performance. This has become the main problem
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in this control area and leads to many research works these
days.

In [21], Cortes et al. suggested empirical procedures to solve
the weighting factor selection problem. However, this results
in weighting factor approximation but not optimal selection. In
[22]-[25], the predictive control of an IM is performed while de-
ciding the weights empirically. In [26], an analytical method is
carried out to attain an optimal weighting factor for a three-phase
VSI fed IM. In [27], PTC of an IM fed by an indirect matrix
converter is performed, where an optimized weighting factor is
considered for a control process. However, [26], [27] are exam-
ined with only flux and torque control objectives. It implicates
complex control and system parameter reliant. In [28], a mul-
tiobjective genetic algorithm supported approach is applied for
weights optimization, which demands a lot of search procedure
prior to control. In [29], PTC of an IM fed by a two-level VSI is
conducted while eliminating a flux weighting factor. Here [29],
ranking analysis is performed for all the possible prediction
VVs by considering torque and flux control objectives sepa-
rately. However, its implementation without limiting number of
prediction VVs makes the control process complex. In [30] and
[31], multidecision criteria based TOPSIS and VIKOR methods
are presented for IM drive control. However, in this process,
weighting factor coefficients are not completely eliminated. In
[32], predictive control of a matrix converter for the application
of VAR compensation is performed, where the optimal weight
is determined in every sample interval by autotuning of the
weighting factor. In [33], fuzzy-based PTC is performed for an
IM drive to alleviate weighting factors tuning. However, priority
coefficient tuning is required which are assigned to membership
function. In [34] and [35], PTC for OEWIM drive is introduced,
where empirical weighting factors are assigned to the respective
control objective in cost function. The tuning of these weight-
ing factors becomes difficult and time overwhelming with the
increase in the number of objectives.

This paper introduces a modified PTC for the OEWIM drive.
The requirement of a weighting factor for torque and stator flux
control objectives can be eliminated. Cost function is modified
with a single control objective having stator reference and pre-
dicted flux space vectors. This feature enables combined torque
and stator flux control with a single objective; thereby, elimi-
nating the burden of flux weighting factor tuning. To limit the
switching frequency of the OEWIM drive, an additional con-
trol objective needs to be added to the existing ones in the cost
function. Owing to the dissimilar objectives in the single cost
function, it demands weighting factor assignment. The proposed
scheme is further extended to alleviate this problem by a simple
ranking analysis with limited prediction VVs. This complete
modified feature improves the control response of the OEWIM
drive and limits switching frequency.

This paper is arranged as follows. Section II states the
OEWIM configuration and mathematical modeling. Section III
is related to the basic PTC in detail. Section IV presents the
proposed PTC scheme and its extension for the OEWIM drive.
Section V is related to the simulation and hardware validation
of the proposed PTC scheme for the OEWIM drive. Finally, in
Section VI, conclusion is derived which is satisfactory.
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Fig. 1. OEWIM fed by dual inverter.

II. OEWIM MATHEMATICAL MODELING

The dual inverter (VSI-1 and VSI-2) fed OEWIM configu-
ration is represented in Fig. 1. To attain a four-level inversion
[4], the dual inverter dc-link voltages are maintained in the ratio
of 2:1. Therefore, VSI-1 and VSI-2 dc-link voltages are set to
2Vq./3 and Vg, /3, respectively. Pole voltages of a dual inverter
are stated by (1) and (2). The addition of pole voltage difference
stated in (3) results in a nonzero term, named as zero sequence
voltage. It is represented as (4). By substituting (4) in (5), phase
voltages are represented in terms of pole voltages stated by (6):

V;w Sa

Vio | = | Sb | * (K1 Vace) (H
‘/(:o S(:
‘/a’o’ S{z’

V;)’o’ = Sb’ * (KZ ‘/d(:) (2)
‘/C/O' SC’

where K and K, are constants which are assigned as K1 = 2/3
and Kb =1/3

6‘/;1(1’ V;w — ‘/a’o’
6%[)/ = %0 — %/0/ (3)
5‘/(;(1’ ‘/(,’0 — ‘/;/0/
b Va0V 0V “
’ 3
V;za’ 6‘/(1(1/ VZ
%l)’ = 6%1)’ — VZ (5)
‘/C(:’ (5%0/ VZ
Vaa' 2/3 —1/3 -1/3 Vo
Ve ~1/3 -1/3 2/3 SV

OEWIM is modeled in a stationary frame of reference [36].
Its mathematical equations of voltage and flux linkage space
vectors are stated by (7)—(9). Equation (10) states the generated
motor torque and motor-load torque equation is given as (11)

Vs = Rgis + phs (7
0= Rrir + P)»r - jwr)W' (8)
As = Lsis + Ly, 7:7'7 andA, = Lyt + Lyt (9)
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Fig. 2. Basic PTC for OEWIM drive.
3P . - .
Tmotor = 55 (lmag ()"s ® Zs)) (10)
dwn,
Tmotor - Tload =J (11)

dt

Here subscript “s” and “r” denote stator and rotor terms,
respectively, and P represents number of poles in a machine.
Motor mechanical and electrical speeds are represented by terms
wy, and w,, respectively. Stator current (z;) and flux linkage
(As) space vectors are considered as state variables. Thus, state-
space representation of IM model is stated by (12) and (13). The
discrete form of (12) and (13) is utilized in the PTC algorithm

di . . . jW s
L:CI CQ)"S _C3Zs + K, (VS_C’LS _]wrxs)"_ St

dt 1

(12)

d\

dts = (Vg —Ciy) (13)
where

C:R57 C(1 :LstiLm2’ C? = [13; ) 03 = Lifr7 b= %7

K, f; y Us = lsa +jisﬂa As = Asa + Jhsps
(14)

III. Basic PTC

The required inputs for conventional PTC implementation
are: motor speed (w,), stator current (z,), combined dc-link
voltage (Vq.), reference torque (generated from speed PI con-
troller), and reference flux magnitude (1%). Its operational block
diagram is shown in Fig. 2. The main steps engaged in PTC are
explained as follows.

A. Measurement and Estimation

In PTC of the IM drive, stator flux has to be estimated as
the direct measurement is not possible. For this, forward Euler’s
method is used. The basic illustration of it is stated by (15).
Here, the term v represents any state variable, k represents the
present state, and 7’ is the sample interval.

dv _v(k+1)—wv(k)
dt T, '

The same is applied in (13) to estimate stator flux as follows:

(15)

Ag (k) =X (k - 1) + VT, — CTis. (16)

TABLE I
EFFECTIVE SWITCHING STATES AND VV REALIZATION

VSI-I VSI-II Space Vector Realization
(Sa,Sp,Sc) (SQ,S{J,S/C) Vs Via Vsﬂ
(0,0,0) (0,0,0) Vo 0 0
(1,0,0) (1,0,0) Vi Ve (0.222) 0
(1,1,0) (1,1,0) Vy Ve (0.11) (0.193) V4.
(0,1,0) (0,1,0) V3 Ve(—0.11) (0.193) V.
(0,1,1) (0,1,1) Vy Ve (—0.222) 0
(0,0,1) (0,0,1) Vs Vie(=0.11)  (=0.193) Vg
(1,0,1) (1,0,1) \ Ve (0.11) (—0.193) V.
(1,0,0) (1,1,1) V7 Ve (0.444) 0
(1,0,0) (1,0,1) Vg Ve (0.33) (0.193) Vg
(1,1,0) (1,1,1) Vg Ve (0.222) (0.385) V,
(0,1,0) (0,1,1) Vig 0 (0.385) V.
(0,1,0) (1,1,1) Vi Vae(—0.222)  (0.385)V,
(0,1,0) (1,1,0) Vis Ve (—0.33) (0.193) Vg4
(0,1,1) (1,1,1) Vi3 Ve (—0.444) 0
0,0,1) (1,0,1) Viy Vae(—0.33)  (—0.193) V
(0,0,1) (1,1,1) Vis Viae(—0.222)  (—0.385) V.
(0,0,1) (0,1,1) Vig 0 (—0.385) V.
(1,0,1) (1,1,1) Vi7 Vae(0.222)  (—0.385) V.
(1,0,0) (1,1,0) Visg Ve (0.33) (—0.193) V4
(1,0,0) (0,1,1) Vig Ve (0.667) 0
(1,0,0) (0,0,1) Vao Ve (0.55) (0.193) Vg4
(1,1,0) (0,1,1) Vo Ve (0.44) (0.385) Vg
(1,1,0) (0,0,1) Voo Ve (0.33) (0.577) Ve
(1,1,0) (1,0,1) Vo3 Ve (0.11) (0.577) Vg4
(0,1,0) (0,0,1) Vau Ve (—0.11) (0.577) Ve
(0,1,0) (1,0,1) Va3 Ve (—0.33) (0.577) Ve
(0,1,0) (1,0,0) Vag Ve (—0.44) (0.385) Vg4
(0,1,1) (1,0,1) Var Ve (—0.55) (0.193) Vg,
(0,1,1) (1,0,0) Vog Ve (—0.667) 0
(0,1,1) (1,1,0) Vag Viae(—0.55)  (—0.193) V4
(0,0,1) (1,0,0) V3o Vae(—0.44)  (—0.385) Vg,
(0,0,1) (1,1,0) Vi1 Vae(—0.33)  (—0.577) Vg
0,0,1) (0,1,0) V3o Vie(=0.11)  (=0.577) Vg,
(1,0,1) (1,1,0) Vi3 Ve (0.11) (—0.577) V.
(1,0,1) (0,1,0) Viy Ve (0.33) (—0.577) Vy,
(1,0.1) (0,1,1) Vis Ve (0.44) (—0.385) V.
(1,0,0) (0,1,0) Vg Ve (0.55) (—0.193) V,

The machine stator currents (4,, ;, and i) can be sensed and
subjected to Clarke’s transformation. With this, resultant stator
current space vector () is obtained.

B. Prediction

With the available switching states of inverter configura-
tion, prediction is done for stator current, flux, and torque of a
machine. For a dual inverter fed OEWIM, there are “37” ef-
fective possible inverter switching states out of “64.” The dual
inverter voltage space vectors are stated by (17) and (18). From
these, net voltage space vector is realized in (19) for a given
machine as follows:

2 . .
Vi = <3) (K * Vie) (Sa 4 Se2m/3 4 586]477/3) A7)

Viz

2 . . . P
<3) (Ko + Vae) (Su' + /)% 4 5,/e7/%) (18)

Vs = Vsl - ‘/:92- (19)

Table I states “37” effective switching combinations and net
voltage space vector (V) realization in a stationary reference
frame. The voltage space vector (V) allocations are presented in
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Fig.3. (a) Complete voltage space vector allocations for dual inverter fed OEWIM. With the location of stator flux space vector in Sector 1, possible prediction
VVs in dark color. (b) For Axs > 0. (c) For AT > 0.
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Fig. 4. Proposed PTC block diagram.

Fig. 3(a). From these, stator current, flux, and torque predictions  factors adjustment for every objective is difficult and has direct
for one step ahead (k + 1) are stated by the following: impact on optimal VV selection. Therefore, the only adjustable

) term “W” is influencing the control performance of PTC
As(k+1), = A (k) +T5 (Vs), — Cis (k) (20)

Cors (k) — Csig (k)

i(k+1), =i, (k) + T, |y +jfi()f‘/(l)c) )— Ci, (k)

Gn = | ;mtor - Tmotor(k + 1)n| +W p‘f - p‘@(k + l)nH :
(23)
Here, the reference stator flux magnitude and motor torque are
denoted by A} and T}, respectively. In literature [21]-[35],

Jwris (k) motor?
+=7 various empirical and analytical approaches are proposed to
(21)  solve the problem of weighing factor selection in a cost function.
T, k1), =22 As(k+1 io(k+1
(Tuotor (k1)) = 55 (imag (X (k +1), ®is(k +1),)) IV. PROPOSED PTC FOR OEWIM DRIVE

(22) In conventional PTC, the cost function is formulated with

where n =0,1,2,3.....36. the control objectives of torque and magnitude of stator flux
as stated by (23). This demands flux weighting factor (“W”)
assignment in it. To alleviate the problem of “W” selection
for torque and flux control, this paper introduces stator flux

Cost function deals with number of control objectives. As space vector control. The proposed PTC block diagram is shown
it involves different objectives, relative balance among them is Fig. 4. The new control objective is formulated with the
mandatory. The control action and switching state realization  eference and predicted stator flux space vector as stated by (24).
is to minimize the cost function. For IM drive applications, The main idea here is to make the predicted stator flux space

basic cost fgqction is s.tate.d by (23). Here, “W” is the weighting  yector close to the generated reference stator flux space vector
factor providing relative importance between torque and flux.

However, when the number of objectives is more, weighting G, =|A; —As(k+1),]. (24)

C. Cost Function Formulation
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The procedure for reference stator flux space vector (1) gen-
eration is as indicated in Fig. 4. Speed PI controller generates
reference motor torque needed to maintain the actual speed of
the motor at a given reference speed value. The machine actual
stator and rotor flux estimation is done using the mathemati-
cal equations as presented in Section II. The reference stator
flux magnitude is set to the machine nominal value. Thus, with
the information of reference motor torque, reference stator flux
magnitude, rotor flux magnitude, and angle, the reference stator
flux angle (0}) are figured out. Therefore, the reference stator
flux magnitude and angle (which is in polar form) undergoes
polar to complex form conversion, resulting the generated refer-
ence stator flux space vector (A}). The closeness of real part of
predicted stator flux space vector with the real part of generated
reference stator flux space vector ensures flux control. Similarly,
the closeness of imaginary terms of predicted stator flux space
vector and generated reference stator flux space vector ensures
torque control. Thus, entirely the closeness of predicted stator
flux space vector with the generated reference stator flux space
vector ensures a combined torque and stator flux magnitude
control with a single stator flux space vector control objective.
From (24), it is observed that the new cost function is relieved
from optimal “W” selection.

However, weighting factors cannot be eliminated when addi-
tional control objectives are included in cost function as stated
by (25). Here “N” represents weighting factor for switching fre-
quency control objective. Reduction in the switching frequency
of dual inverter is possible when the number of VV state transi-
tions is less. Thus, the control objective for switching frequency
reduction is formulated with the previously applied and present
applicable VVs. This can be stated by (26) as follows:

where

ne

Thus, the proposed scheme is extended to alleviate weighting
factors” burden completely using the ranking analysis. Fig. 5
depicts the proposed PTC flow graph. The step by step procedure
for it is explained as follows.

Step 1: Multiobjective Separation

Stator flux space vector and switching frequency control ob-
jectives are considered separately as stated by (27) and (28).
Owing to the sample delay problem, two-step ahead prediction
is desired. Therefore, control objectives are modified as (29) and
(30)

(G1), = A" = As(k+1),]
(Ga), = [Vi (k= 1) = Vi(K)

27
(28)

7?,|'

Control objectives formulated with two-step ahead
prediction
(G), = A" = hi(k +2),,| (29)

|Measure — olk)V, (k)i s (k )ld———

|App1y voltage vector — Vo t(k)l

| Estimate 4 (k) (16) |

[ Predict— A (k+1)i (k+1)|

Calculate Reference stator flux
vector(4, )

Choose set of limited
Prediction voltage vectors

v
For n=1:20 |
Y
[ Predict > A (k+2) |
y

| Evaluate — G, and G, |

Yes
Fig. 5. Proposed PTC flow graph.
where
As(B+2), = (k+1)+ T, (Vs (k+1)),—Cis (k+1)).

(€29)

Step 2: Assessment and Ranking

The control objectives (G and G5) are assessed for every
available VV. Lower rank of “1” is assigned to the VV for which
the control objective value is minimum compared to remaining
values. From this value, ranking increases with an increase in
the control objective value. As two control objectives are con-
sidered, every VV is associated with two ranks (12 and R5).

Step 3: Selection of Optimal Switching State

After assessment and ranking, the averaged rank value is de-
termined for every VV as stated by (32). The VV having mini-
mum averaged rank value is considered as the optimal switching
state for the next sample interval.

Vopt = VV {min <R1—;R2>] .

A. VV Selection

It is known that the dual inverter fed OEWIM offers “37”
effective voltage states. Thus, all these states can be consid-
ered for the control process. But it demands more computa-
tional time. To reduce the computational burden, VVs should be

(32)
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TABLE II
POSSIBLE SET OF VV PREDICTIONS

Sector number Set of VVs for Alg> 0 Set of VVs for Aig < 0

1 Vo, V6, V1, V2,Vig, Vi7,Vis, V7, Vs, Vg, Vig,
V33, V34,V35, V36, Vig, V2o, Va1, Va2, Vag

Vo, Vaa, Va5, Vag, Var, Vag, Vag, V3o, Vi1, Via, Vig,
Vi1,Vi12,Vi3,V14,Vi5,Vi6,V3, V4, Vs

2 Vo, V18, V7, Vs, Vg, Vig, V11, V12,V1, V2, V3,
V6, V19, Va0, Va1, Vaz, Vo3, Vaus, Va5, Vag

Vo, Va7, Vas,Vag, V30, V31, V32, V33, V3s, V35, Vig,
Vi3,V14,Vi5,Vi6, V17, Vis, V4, V5, Vs

3 Vo,Vs,V9,Vi0,Vi1,Vi2,Vi3,Vig, Vo, V3, Vy,
V21,V99,Va3, Va4, Va5, Vas, Va7, Vs, Vag

Vo, V30, V31, V32, V33, V34, V35, V36, Vig, V2o, V14,
Vi5,Vi6, V17, Vis, V7, Vs, V5, V6, Vi

4 Vo, V10, V11, Vi2,Vi13, V14, V15, Vi, V3, Vg, Vs,
Va4, Va5, Vas, Va7, Vas, Va9, V30, V31, V3o

Vo, V33, V34, V35, Vs6, Vig, Voo, Va1, Va2, Va3, Vie,
Vi7,Vis,V7, Vs, V9, V10, V6, V1, V2

5 Vo, Vi2,Vi3,Vi4, V15, Vi, Vi7, Vis, Va4, Vs, Ve,
Va7, Va8, V29, V30, V31, V32, V33, V34, V35

Vo, V36, V19, V20, Va1, Vag, Vag, Vag, Va5, Vag, Vis,
V7,Vs,V9,Vi0, Vi1, Vi2,V1,V2, Vs

6 Vo, V14, V15, V16, Vi7, Vis, V7, Vs, V5, Vs, Vi,
V30, V31, V32, V33, V34, V35, V36, Vig, Voo

Vo, Va1, V22, Va3, Vay, Vas, Vag, Vo, Vag, Vag, Vg,
Vo,Vi0,Vi1,Vi2,Vi3,Vi4,V2, V3, Vy

TABLE III 32505
CONTROL OPERATION DURING ONE SAMPLE INTERVAL 3
£ 250
=
VVs(Vy) Gy Gy R Ry 0.5%(R; + R2) %249'3.6 2.65 2.7 275 2.8 2.85 2.9 2.95 3
5
Vo 0.0144 222222 13 4 8.5000 < ANANANNAANNNANANANANN
Vi 0.0088  111.111 6 2 4.0000 g 0
Vy 0.0101 192.45 7 3 5.0000 S v v V V V V v v v v \«/ v \./ M V v
Ve 0.0164  192.45 14 3 8.5000 35 265 27 275 2.8 285 2.9 2.95 3
Vs 0.0033 0 1 1 1.0000 s 500
Vs 00045 111111 3 2 25000 2 JAAAAAAAAAAAANAAA
Vg 0.0121  222.222 10 4 7.0000 £ r{ rd W
Vio 0.0176  293.972 15 5 10.0000 >_503 V V V V( V u V V w W
Vig 0.024 293972 19 5 12.0000 6 2 7 R S 9 293 }
Vi7 0.0184  222.222 16 4 10.0000 (a)
Vis 00108 11L111 9 2 5.5000 —as0s
Vig 0.0086  111.111 5 2 3.5000 %
Voo 0.0043  111.111 2 2 2.0000 £ 250
Vo 0.0065 192.45 4 3 3.5000 g
Va2 0.0141 293972 12 5 8.5000 o M7 2.65 2.7 275 2.8 2.85 2.9 2.95 3
Va3 0.0197  333.333 17 6 11.5000 P
Vi3 0.026 333333 20 6 13.0000 = NNNANANANANNNANANANANANNN
V34 0.0205  293.972 18 5 11.5000 g0 \VARV/ \/
V35 0.0129 192.45 11 3 7.0000 S v \/ v VVVNVV v \./ v v \/
Vg 0.0107 111.111 8 2 5.0000 35 2.65 27 275 23 285 29 2.95 3
500
2z
TABLE IV ﬁohhﬂhﬁ\f\fhh,ﬂﬂfﬁ\hffhhfmh
OEWIM SPECIFICATIONS § W w V \'V' V "\“ V \" ‘V‘ \‘“ V "‘1' V \\‘ V ““
Ry 2.65 27 275 23 285 29 2.95 3
Time (Sec)
Motor Parameter Quantity (b)
Stator Resistance (Rs) 420 Fig. 6. Simulated steady-state waveforms of voltage and current at speed of
Rotor Resistance (R;) 2.670Q 250 rad/s. (a) Conventional PTC. (b) Proposed PTC.
Stator Inductance (Ly) 0.54 H
Rotor Inductance (L) 0.54 H
Mutual Inductance (Ly,) 0.512H
Poles (P) 4 R VVs made available to decrease flux magnitude are located at
Inertia (J) 0.031 Kg-m . . . . . .
Rated Power (kW) 37 KW the right side of plane as shown in Fig. 3(b). Thus, with this

technique number of prediction, VVs are limited to “’20.” It is
also possible to find the limited prediction vectors, considering
torque error (17, .or — Tmotor)- Fig. 3(c) shows limited prediction

limited. This can be possible by knowing the stator flux position

and flux error. Considering the instant where stator flux vector
location is in Sector 1 and flux error (Axy, = |A%| — |As]) is =
0, the VVs made available to increase flux magnitude are as
shown in Fig. 3(b) (Dark side of plane). Similarly for the same
location of the stator flux vector, when flux error is < 0, the
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vectors made available to increase torque when flux vector is
located in Sector 1 and torque error (A T) is > 0. But here,
prediction VV number increased to “22” compared to the flux
error-based technique where it is “20.” Therefore, the former
technique is used for finding the limited VV predictions.
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Fig. 7. Speed, torque and flux dynamic characteristics with the step changes in reference speed (100 to 200 rad/s and finally 250 rad/s). (a) Conventional PTC.
(b) Proposed PTC.
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Fig. 8. Simulated dynamic response of motor speed, torque, flux and current at reference speed of 200 rad/s with the step change in load torque. (a) Conventional
PTC. (b) Proposed PTC.

Table Il represents limited VV predictions in six sectors based ~ multiobjective ranking analysis. This simplifies control process
on stator flux error condition. Null state (1)) is always involved and computational time is reduced.
with the active vectors (V] to Vi) for minimizing torque and flux The proposed control technique is examined for one sam-
ripples. With this, there are only “20” prediction VVs selected ple period. Table III represents control objective values for
out of “37” in each sample period and made available for a the available limited VVs in a particular sample period and its
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Fig. 9. Simulated forward to reverse motoring dynamic characteristics from +200 to —200 rad/s. (a) Conventional PTC. (b) Proposed PTC.
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Fig. 11. Steady-state speed, current, and voltage at reference speed of

250 rad/s. (a) Conventional PTC. (b) Proposed PTC.

corresponding rankings. It is observed that the VV V7 exhibits
minimum averaged rank value which is selected as optimal state
for dual inverter switching in the next sample interval.

V. RESULTS AND DISCUSSION

To check the performance of the proposed PTC of the
OEWIM drive, simulation and experimental tests are con-
ducted on existing 3.7-kW, 1440 R/min OEWIM. Its machine
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Fig. 13.  Speed, torque, and flux dynamic characteristics during forward to
reverse motoring operation. (a) Conventional PTC. (b) Proposed PTC.
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Fig. 14.  Motor speed, torque, stator flux, and current dynamic characteristics with step changes in load torque. (a) Conventional PTC. (b) Proposed PTC.

parameters are represented in Table IV. Results are presented
in comparison with basic PTC to accentuate its merits. For this,
the basic PTC cost function weighting factor is opted conven-
tionally in (23).

A. Simulation Results

The proposed PTC scheme for OEWIM drive as shown
in Fig. 4 is simulated in MATLAB software. The dual in-
verter fed OEWIM is mathematically modeled using (1)—(14).
DC-link voltages of the dual inverter are maintained at 333.33
and 166.67 V, i.e., in the ratio of (2Vj./3) and (Vg /3). Here Vg,
corresponds to combined dc-link voltage which is set to 500 V.
The reference stator flux magnitude (|A}|) is set to a nominal
value of 1 Wb. The performed simulation results are shown in
Figs. 6-9.

Fig. 6 shows the motor speed, phase voltage, and current sim-
ulated waveforms at the reference speed of 250 rad/s (electrical).
Steady-state characteristics of a machine (speed, motor torque,
and stator flux) at the reference speed of 200 rad/s are shown in
Fig. 7 in an expanded view. The dynamic performance of a ma-
chine is analyzed with step changes in reference speed (100 to
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200 rad/s and then 250 rad/s) at no load. Its motor speed, torque,
and flux characteristics are shown in Fig. 7. Step changes in load
torque are performed from no load to 6 N-m of load. It is ob-
served that motor torque is tracking load torque with low ripple
content for the proposed PTC of OEWIM drive. Its dynamic
characteristics (speed, torque, current, and flux) at the reference
speed of 200 rad/s are shown in Fig. 8.

At no load, the motor reference speed is changed from +200
to —200 rad/s conveying forward to reverse motoring. Its dy-
namic characteristics are shown in Fig. 9. From these results it
is evident that the proposed PTC of OEWIM drive exhibits op-
timal control response having low-steady-state torque and flux
ripples.

B. Hardware Results

The hardware setup of the existing machine as shown in
Fig. 10 is used for real-time execution of the proposed PTC of
OEWIM drive. The proposed control algorithm is implemented
in a discrete platform using dSPACE real-time interfacing (RTI-
1104). The sensed dc-link voltages from voltage sensor (LV-25)
and stator currents from current sensor (LA-25) are given to
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Fig. 15.  Switching state transitions at speed of 200 rad/s. (a) Conventional PTC. (b) Proposed PTC.
TABLE V
COMPARATIVE ANALYSIS

Control scheme Speed Torque ripple (N-m)  Flux ripple (Wb)  Switching Frequency (Hz)
Conventional PTC 100 rad/s 3.7 0.036 4250
Proposed PTC 2.9 0.03 3860
Conventional PTC 200 rad/s 3.1 0.025 3900
Proposed PTC 2.5 0.018 3610
Conventional PTC 250 rad/s 2.6 0.014 3800
Proposed PTC 1.9 0.012 3500

ADC BNC connectors of dSPACE controller board interfacing.
From the motor encoder, speed is measured and interfaced to
dSPACE incremental encoder. The controlled switching pulses
are acquired at digital I/O pins and processed to interface with
inverter switches. The conducted experimental results are shown
in Figs. 11-15.

During no load operation, motor speed, phase voltage, and
current at the reference speed of 250 rad/s are shown in Fig. 11.

For online step changes in the reference speed, controlDesk
software is used. Thus, the dynamic performance of the ma-
chine is examined by step changes in reference speeds (100 to
200 rad/s and then 250 rad/s) at no load as shown in Fig. 12.
Fig. 13 shows forward to reverse motoring operation at no load,
when a step change in the reference speed is given from 200 to
—200 rad/s.

For applying load torque, an equivalent resistive load is con-
nected to a dc generator which is coupled to an OEWIM. Thus,
by loading the dc generator with a resistive load, step changes
in load torque are performed when the motor is operating at a
speed of 150 and 200 rad/s. These dynamic experimental results
are shown in Fig. 14. Steady-state performance under loaded
condition is also shown in Fig. 14.

While in operation, dual inverter switching states are
shown in Fig. 15. From this, minimum switching state tran-
sitions are observed for the proposed PTC scheme indi-
cating a lower switching frequency. Finally, a comparative
table is prepared for flux and torque ripple, and switching
frequency achieved in conventional and proposed PTC of
OEWIM drive as shown in Table V. These results indicate ef-
fectiveness of the proposed PTC over the conventional PTC
scheme.

VI. CONCLUSION

In this paper, modified PTC for an OEWIM drive application
has been introduced and implemented. This approach eliminates
flux weighting factor assignment and provides combined torque
and flux control by introducing stator flux space vector based
control in a cost function. However, when additional control
objective, i.e., switching frequency is involved in a single cost
function, the proposed scheme is extended to eliminate weight-
ing factors completely using a multiobjective ranking analysis.
To reduce the control algorithm complexity, prediction VVs of
OEWIM drive are limited by a stator flux error strategy.

The proposed PTC for OEWIM drive is verified by conduct-
ing simulation and experimental tests. These results are exam-
ined in comparison with the conventional PTC scheme. It is
observed that the OEWIM drive exhibits better torque and flux
response for the proposed PTC. Switching frequency of dual in-
verter also reduced compared to the conventional PTC scheme.
Finally, an improvised predictive control is accomplished for
the OEWIM drive.
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