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Abstract— Variable speed induction motor (IM) drives with
predictive torque control (PTC) technique is an advancing
technology nowadays. The PTC technique is introduced for dual-
inverter fed open-end winding IM (OEWIM) configuration owing
to its benefits. The conventional PTC requires flux weighting
factor assignment because of two different control objectives
(torque and flux) in single cost function. This weighting factor
selection plays a key role in selecting optimal voltage vector for
better torque and flux response. Several analytical and empirical
methods are introduced for optimal selection of weighting factor,
which demands more computation time. This paper aims to
develop modified PTC, eliminating flux weighting factor. The
flux control objective is replaced by an equivalent reactive torque
control. Thus making two control objectives of the same units
and eliminating the requirement of flux weighting factor in cost
function. Furthermore, nearest voltage vector selection strategy
is introduced to limit the number of prediction voltage vectors
in each sampling period. Thus, overall computational burden
is reduced achieving minimum torque and flux ripples. The
performance of the proposed PTC for multilevel inversion fed
OEWIM is evaluated through MATLAB/Simulink simulations
and experimental analysis. To highlight its benefits, these results
are compared with those of the conventional and recent PTC
techniques.

Index Terms—Dual-inverter fed open-end winding induction
motor (OEWIM), nearest voltage vector selection, predictive
torque control (PTC), reactive torque control, weighting factor
elimination.

I. INTRODUCTION

HE application of voltage source inverter (VSI) in vari-

able speed motor drives became more popular. The
present research establishes that the precise control of motor
drive is possible, as the number of voltage vectors increases
while using the multilevel VSIs (MLI) in electric drive
applications [1]. Various MLI configurations are documented
in [2]-[4]. Apart from these, a dual-inverter fed open-end
winding induction motor (OEWIM) configuration facilitates
more benefits such as easy availability of two-level VSIs for
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multilevel inversion, fewer dc link voltages, and the absence of
clamping diodes makes the configuration simple compared to
cascade H-bridge and neutral point clamped (NPC) structure.
In [5], various applications of OEWIM drive are documented.
The dynamic performance of a drive can be improved by
employing several control methods. In the past 1960s, field-
oriented control is the first control technique introduced for
electric drive [6], [7], where controlling is in rotating reference
frame. The presence of current proportional—-integral (PI) regu-
lators, reference frame transformations and rotor flux observer
results in complex control structure.

To overcome these limitations, direct torque control (DTC)
is introduced [8] for electric drive applications in 1986. It pro-
vides controlling in stationary reference frame. It offers simple
control structure. However, it has the following drawbacks: the
presence of torque and flux hysteresis controllers demands low
sampling times in practical implementation, poor torque and
flux regulation, and switching frequency dependent on motor
speed and hysteresis bands. These limitations are exhibited
in [9]-[12]. In [13], DTC technique is introduced for dual-
inverter fed OEWIM drive.

Recently, model predictive control (MPC) is introduced in
the control process. The MPC scheme is applied for power
converter and drive applications [14]. The MPC has two
divisions. They are continuous control set MPC and finite
control set MPC (FS-MPC). Predictive torque control (PTC)
is the part of FS-MPC, becoming popular for electric drive
application. The following are the merits of PTC: simple struc-
ture, easy control by involving regulation parameters into the
cost function, better torque and flux regulation, and intuitive
nature. In [15] and [16], PTC is conducted on induction motor
(IM) drive with an extended prediction steps. In [17], a five
leg ac—dc—ac converter fed IM drive with PTC scheme is
implemented. In [18], PTC is achieved on IM drive fed by
three-phase four-switch inverter configuration.

The control process involves in PTC is cost function mini-
mization. Several cost function formulations are given in [19].
Basic PTC cost function is the combination of torque and
flux control objectives. Since both of these objectives are of
different units, to provide relative balance, weighting factor
allocation to the respective objective is required. Thus, selec-
tion of weighting factor influences the control performance of
motor drive. Present research in PTC is to solve the problem
of weighting factor selection.

Cortes et al. [20] formulated different structures of cost
function and weighting factors for motor drive application.
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However, the weighting factor value is considered by empir-
ical procedure for achieving better response. The empirical
approach of weighting factor selection is a time consuming
process. In [21], genetic algorithm-based approach is followed
for weight determination which requires lot of look up process
prior to control. In [22], optimal weighting factor is determined
for indirect matrix converter fed IM, considering the derivative
of torque ripple square with respect to weight is zero. However,
this approach is dependent of system parameters and requires
more mathematical analysis. In [23], optimal set of weighting
factors are determined, performing lot of search process with
a broad range of parameter values, which is more complex
approach. In [24] and [25], fuzzy technique is introduced in
PTC to alleviate weighting factor tuning. However, in [25], the
effort of priority coefficient tuning for membership functions
cannot be eliminated. In [26], predictive control is performed
on matrix converter in the application of volt ampere reactive
compensation, where weighting factors are tuned online. How-
ever, the autotuning feature demands more computation time.
In [27], PTC of IM drive is performed, where the weighting
factors are eliminated using multiobjective ranking analysis.
However, increase in prediction vectors makes the control
process complex as it involves more mathematical analysis.
Recently, PTC for OEWIM drive is proposed in [28], where
weighting factors in cost function are empirically selected
which is cumbersome process. In [29] and [30], multide-
cision criteria-based technique for order of preference by
similarity to ideal solution and VlseKriterijuska Optimizacija
I Komoromisno Resenje methods are applied for PTC of
IM drive to solve the weighting factor selection problem.
However, it demands comprehensive mathematical analysis,
thereby increased computational burden of control process.
In [31], PTC of OEWIM drive with zero-sequence current
suppression is performed considering conventional cost func-
tion, where the weighting factors are selected empirically.
In [32], an improved PTC technique is introduced for IM
drive fed by two-level inverter with limited prediction voltage
vectors. In [33] and [34], elimination of weighting factor in
PTC of IM drive is performed by introducing new single
control objective for combined torque and flux control. In [33],
limited prediction voltage vectors are selected by knowing the
sector information of stator flux vector and stator flux error.
However, the entire scheme involves trigonometric functions
which are again additional burden to the processor. In [35],
PTC is implemented on OEWIM drive, where the weighting
factor is optimized in each sample interval by incorporating
self-tuning feature.

In this paper, a dual-inverter fed OEWIM is modeled and
its possible effective voltage space vector allocations with
unequal dc link voltages of VSIs to achieve four-level inver-
sion are presented. An improved PTC scheme is implemented
for the controlling of OEWIM, where the weighing factor in
cost function is completely eliminated. A number of prediction
voltage vectors are limited based on selection of nearest volt-
age vectors, thus reducing the computational burden of control
process. This feature allows an additional benefit of switching
frequency reduction, without including separate switching
frequency control objective in cost function. The decrease in
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Fig. 1. OEWIM model.

dual-inverter switching frequency adds the benefit of common
mode voltage (CMV) reduction [36]. The proposed scheme for
OEWIM drive is verified through simulation and experimental
analysis. Its results are compared with conventional scheme
to show the effectiveness of the proposed scheme. This paper
structured as follows. Mathematical modeling of dual-inverter
fed OEWIM is discussed in Section II. Detailed information
about the operation of classical PTC for OEWIM drive is
specified in Section III. In Section IV, the proposed PTC
and its control concepts are discussed. The validation of the
proposed PTC scheme and its effectiveness over classical
PTC is illustrated in Section V by performing simulation and
experimentation. At long last, conclusions are provided in
Section VI.

II. MATHEMATICAL EQUATIONS OF DUAL-INVERTER
FED OEWIM

From Fig. 1, dual-inverter (VSI-1 and VSI-2) pole voltages
are represented by (1) and (2). Pole voltages are measured
with respect to negative rails of their corresponding VSIs.
To obtain four-level inversion, dc link voltages of dual inverter
are maintained in 2:1 ratio. Therefore, VSI-1 dc link voltage
is set to C1 Vg where Cj is 2/3 and VSI-2 dc link voltage is
set to C2Vye where Ca is 1/3. S4, Sp, S¢, S, S, and S, are
the switching pulses provided to the upper switches (S, S3,
Ss, Si. S5, S5) of dual inverter

Vao Sa
Voo | = | Sb | * (C1Vae) (D
VCO SC
Va’o/ Sa’
Vo | = | S | * (C2Vac)- (2)
Vc’o/ Sc’

The difference of pole voltages of dual inverter is stated by (3).
The sum of pole voltage difference in (4) is not equal to zero
is termed as zero-sequence [5] voltage given by (5). Thus by
substituting (5) in (4), voltages applied to OEWIM phases are
given by (6)

Vaar Vao — Vator
Vo | = | Voo — Vo (3)
oVeer Veo = Veror
5Vaa’ Vaa’ VZ
Ve | = Vo | +| V2 4)
5Vcc/ Vcc/ VZ
1
Vz = g(évaa’ +5Vbb’ + 5VCC/) (5)
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The OEWIM is modeled in stationary reference frame. The
machine stator and rotor voltage dynamic equations in space
vector form are represented by (7) and (8), respectively.
Space vector representation of stator and rotor flux linkages
is given by (9) and (10), respectively. The subscript-“s” and
“r” indicate stator and rotor terms, respectively. The generated
electromagnetic motor torque (7,,) and fundamental motor-
load torque equation are represented by (11) and (12). Here,
the term 7; represents load torque on motor shaft. w,, and w,
are motor mechanical and electrical speeds

Vi = Ryis + ply ™
0 = Ryiy + phr — joo, Ay (8)
Ay = Lyis + Luyiy 9)
Jr = Lmis + Lyiy (10)

3P . - .
T = = —(imag(is * iy)) (11)

22
dwpy,

T —T = J——. 12
m l dt ( )

The variables, stator current space vector (i5) and flux space
vector (Ag) are considered as machine state variables. Thus,
the state space representation of machine model is stated by
the following equations:

di j oy
— = R (RZ/IS_R3is+Kr(Vs+Ris_jwrls)+J - S)
dt Ry

(13)
di .
d_ts = (Vs + Riy) (14)

where R = —Rs, Ri = (Ln/LsL; — L},), R2 = (R;/Lp),
R3 = (Ler/Lm)’ P = (d/dt)’ K, = (Lr/Lm)s Vs = Vi +
jVSﬁ7 iy = lsq + jisﬁ» Ay = Asa + jisﬁ

P = number of poles in a machine and J is the moment
of inertia.

ITI. CLASSICAL PTC
The functional block diagram of classical PTC is rep-
resented in Fig. 2. The requirements of classical PTC for
its operation are: sensed speed, reference torque, combined
dc link voltage, flux reference magnitude, and stator current
space vector. Speed PI controller generates torque reference in
such a manner to maintain the actual speed of motor nearest
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Fig. 3. Dual inverter effective voltage space vector allocations for four-level
inversion.

to the reference speed. In PTC algorithm, machine model
is represented in discrete manner using the mathematical
equations (13) and (14) by applying forward Euler’s method.
Its basic illustration is given as

dZ  Z(k+1)— Z(k)
dr T,
where “T” is sampling period, “Z” is any state variable, and
“k” is present sampling state.

The prime steps involved in classical PTC of OEWIM drive
are discussed as follows.

5)

A. Step 1: Measure and Estimate

Dual-Inverter combined dc link voltage and motor speed are
directly measured. The machine stator currents (i, ip, and i.)
are directly sensed from the motor phases. The sensed three-
phase currents are converted to two phase currents (i, and ig)
in stationary reference frame using Clarke’s transformation.
From these, stator current space vector (iy = i, + jip) is
obtained. Therefore, all the measured quantities (Vgc, w,, and
iy) are given to PTC algorithm.

In a machine direct measurement of stator flux quantity
is not possible. So, stator flux is estimated with the help of
Euler’s method as stated in (15). Thus, with the knowledge of
previous sample state (k — 1) variables, present sample state
(k) stator flux can be estimated as

As(k) = Ag(k — 1) + To((Vs (k — 1)) + Rig(k — 1)). (16)

B. Step 2: Prediction

The machine stator flux (45) and current (i5) are predicted
for one step ahead (k + 1) using all the effective voltage space
vectors for a given inverter configuration. For dual inverter,
with an unequal dc link voltages (C1Vy. and CaVyc), Vii
and Vi, are the voltage space vectors generated from VSI-1
and VSI-2, respectively. Their representation is given by (17)
and (18). Thus, the effective voltage space vector (V;) applied
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TABLE I

DUAL-INVERTER EFFECTIVE SWITCHING STATES AND VOLTAGE VECTOR
REALIZATION IN STATIONARY REFERENCE FRAME

Voltage
VSI-1 VSI-2 Space Realization
Vector

(Say Sb; sc) (Sa‘s Sb,: Sc’) (Vs) Va Vll
(0,0,0) (0,0,0) Vo 0 0
(1,0,0) (1,0,0) Vi Vad2/9) 0
(1,1,0) (1,1,0) Vs Va(1/9) (1.7321/9) Vg,
(0,1,0) (0,1,0) Vs Val(-1/9) (1.7321/9) Vg
(0,1,1) (0,1,1) Vu Va(-2/9) 0
(0,0,1) (0,0,1) Vs Val-1/9) (-1.7321/9) Vg
(1,0,1) (1,0,1) Vs Va(1/9) (-1.7321/9) Vg
(1,0,0) (1,1,1) \ Vae(4/9) 0
(1,0,0) (1,0,1) Vg Vae(1/3) (1.7321/9) Vg
(1,1,0) (1,1,1) Vo Vad2/9) (3.4642/9) V4
(0,1,0) (0,1,1) Vio 0 (3.4642/9) V.
(0,1,0) (1,1,1) Vi Va(-2/9) (3.4642/9) V4,
(0,1,0) (1,1,0) Vi Vae(-1/3) (1.7321/9) Vg,
(0,1,1) (1,1,1) Vis Val(-4/9) 0
(0,0,1) (1,0,1) Vi Val-1/3) (-1.7321/9) Vg
(0,0,1) (1,1,1) Vis Val(-2/9) (-3.4642/9) Vg
(0,0,1) (0,1,1) Vis 0 (-3.4642/9) Vg
(1,0,1) (1,1,1) Viz Vad2/9) (-3.4642/9) Vg
(1,0,0) (1,1,0) Vig Va(1/3) (-1.7321/9) Vg
(1,0,0) (0,1,1) Vig Va(2/3) 0
(1,0,0) (0,0,1) Vo Va(5/9) (1.7321/9) V4,
(1,1,0) (0,1,1) Vau Vae(4/9) (3.4642/9) V4.
(1,1,0) (0,0,1) Vo Vadl1/3) (1.7321/3) Vg
(1,1,0) (1,0,1) Va3 Vadl1/9) (1.7321/3) Vg
(0,1,0) (0,0,1) Vo Val(-1/9) (1.7321/3) Vg
(0,1,0) (1,0,1) Vas Val(-1/3) (1.7321/3) V4,
(0,1,0) (1,0,0) Vs Va(-4/9) (3.4642/9) V.
(0,1,1) (1,0,1) Vay Va(-5/9) (1.7321/9) Ve
(0,1,1) (1,0,0) Vag Val(-2/3) 0
(0,1,1) (1,1,0) Vo Val-5/9) (-1.7321/9) Vg
(0,0,1) (1,0,0) V3o Va(-4/9) (-3.4642/9) Vg
(0,0,1) (1,1,0) Vi Val(-1/3) (-1.7321/3) Vg
(0,0,1) (0,1,0) Vi Va(-1/9) (-1.7321/3) Vg
(1,0,1) (1,1,0) Vi3 Va(1/9) (-1.7321/3) Vg
(1,0,1) (0,1,0) V4 Va(1/3) (-1.7321/3) Vg
(1,0,1) (0,1,1) Vs Vae(4/9) (-3.4642/9) Vg
(1,0,0) (0,1,0) Ve Vad5/9) (-1.7321/9) Vg

to the machine is stated by (19). Out of the possible 64 dual-
inverter switching states, the effective switching states are 37
(see Fig. 3). These switching states are categorized into three
groups, i.e., small, medium, and large. The voltage vectors
(V1=Ve), (V7=V13), and (V19—V3g) classified as small, medium,
and large, respectively

2 ) .
Vo = (g) (C1 * Vae)(Sq + Spel?™3 + S.e/47/3)  (17)

2 . )
Vi = (5) (Ca % Vao) (S, + Sped ™3 + SLel*™/3)  (18)
Vs = Vsl - VS2~ (19)

Table I represents dual-inverter possible effective switching
states and voltage space vectors (Vy) realization in stationary
reference frame. Thus, with the information of present sample
state variables, stator flux and current are predicted for all the
37 effective voltage vectors as given by (20) and (21). Here,

1165

! Predictive Torque Control

2 Nearest voltage Vo
s vector selection
* strategy

*
Flx |4 Frer] L
[Reference] ontrolle

0
+.[soecart] Tn_| Actives

wref i
= ontrolles Reactive

, @, Torque

Cost function|
(7, (k-+1), | eptimization [s:
n A

j—

Stator Flux  [«—14
estimation |37«
Vs

Fig. 4. Proposed PTC operational block diagram.

[T 1)

n” represents the voltage vector number, i.e., O to 36

/13 (k + 1)11 = /Is (k) + Ts((Vs (k))n + Rig (k))
RoAs(k) — R3is(k)
+ K ((Vs(k))n + Ris (k)
Jjoris (k)

—jwrls(k))—i-T

(20)

is(k + 1)11 is(k) + Ts Rl

21

Motor torque prediction at one step ahead for the 37
effective voltage vectors is given as

(T (k + 1))y = %gﬁmag(is(k b D sistt+ D). (22)

C. Step 3: Cost Function Formulation

In predictive control scheme, the cost function is expressed
with different control objectives. These control objectives
are organized with control parameter reference and predicted
values of the respective control parameter. The cost function
formulation plays a key role in PTC, as the control action
and realization of optimal switching state in this scheme is
performed based on its minimization. The commonly involved
control objectives in PTC cost function are motor torque and
flux as stated by the following equation:

Gy = |T — Tk + 1| + Wr|2E — 125k + Dal]. (23)

Here, T,; and A are the reference values of motor torque
and flux, which are compared with their predicted values,
respectively. The term “W,” denotes flux weighting factor,
which is assigned to provide the relative importance between
torque and flux control objectives. In [28], the value of
Wy is considered as the ratio of nominal torque and flux
(Thom/Anom) of a machine. However, it is only approximated
value. Therefore, in real-time operation Wy value need to be
adjusted for achieving optimal control response of OEWIM
drive.

IV. PROPOSED PTC FOR OEWIM DRIVE

From the classical PTC discussed in Section III, it is
observed that the only term need to tune in cost function
is flux weighting factor (Wy) and its improper selection
leads to distortions in motor torque and flux. Therefore, its
proper tuning in order to achieve optimal control response
of motor drive becomes one of the major problem. To solve
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this problem, various control methods are introduced in the
literature. In conventional PTC of OEWIM [28], heuristic
procedure is followed for weight determination achieving
better torque and flux control response. However, it is a time
taking process. Recently in [33], flux weighting factor has
completely eliminated by modifying the cost function. New
control objective is formulated having the reference and pre-
dicted values of stator flux vector. Thus, the combined torque
and flux control is possible with a single control objective,
thereby eliminating weighting factor. However, the calculation
of reference stator flux space vector involves trigonometric
functions and parameter dependent.

In this paper, an improved and simple PTC for OEWIM
drive is introduced. Fig. 4 depicts functioning block diagram
of the proposed PTC.

A. Modified Cost Function Formulation

In a conventional PTC cost function, the difference in con-
trol objectives of motor torque and flux, demands weighting
factor to provide the relative importance between them. In this
paper, a reactive torque control objective is introduced, which
is equivalent to the flux control. The modified cost function is
stated as

Gu =T — Tulk + Du| + |7 = T, (k + 1) (24

Here, T is the reference reactive torque generated from
the flux PI controller. The flux in a machine is related to the
reactive torque. The basic representation of reactive torque is
stated in [37], which is given as

3P -
T, = Eg(real(is *Ig)). (25)

The one step ahead prediction for the reactive torque is
given as

(T3 4+ D)o = 3 2 Greal Gy (k4 D 15k + D). 26)

Thus, the closeness of predicted value of reactive torque
[T (k + 1)] with the generated reference reactive torque value
(T7) ensures flux control. From (24), it is observed that the
first control objective represents electromagnetic torque con-
trol and the second control objective represents reactive torque
control which is an equivalent flux control, thus ensuring both
the control objectives are of the same units. The similarity in
control objectives alleviates flux weighting factor assignment
in cost function. Thereby, an improved predictive torque and
flux control of OEWIM drive is achieved with the modified
cost function, eliminating weighting factor.

B. Nearest Voltage Vector Selection

In PTC of OEWIM drive, the optimal voltage vector is
the one which gives minimum cost function value. Thus for
optimal selection of voltage vector, the modified cost function
(24) value needs to be determined for all the 37 dual-inverter
voltage states in every sample period. In order to reduce
the computational burden of control process, the number of
prediction voltage vectors available in each sample interval
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Fig. 5. Possible limited prediction vectors selection for next sample interval
when the present optimal vector is V5j.

has to be limited. Recently in [32] and [33], based on the data
of sector division and stator flux error, set of limited voltage
vectors are made available for the prediction and evaluation
of cost function. This requires stator flux vector position
information using inverse trigonometric function. However,
it demands more computation time and also the number of
voltage vectors required for prediction depends on sector
information. Hence, it needs more number of voltage vectors
when compared to the proposed PTC scheme.

In this paper, prediction voltage vectors are limited by
nearest voltage vector selection strategy. It does not require
any information about the stator flux vector position and sector.
In this, a number of prediction voltage vectors are limited by
considering only nearest voltage vectors to the optimal one,
which is selected in previous step. With the information of
previous optimal voltage vector state, form the nearest voltage
vectors set. The set of nearest voltage vectors to the optimal
one are determined in such a way that it includes at least one
from small vector group, at least four from medium vector
group and at least four from large vector group. With this all
the group of voltage vector candidates (small, medium, and
large) are get involved and thus forming overall 12 limited
prediction voltage vectors including null vector. This set of 12
limited prediction voltage vectors are made available for cost
function evaluation and from this set, optimal switching state
is figured out which gives minimum cost function value (24).
Its corresponding switching states are fed to dual inverter
switches. This process keeps on continuing.

Considering the case where the voltage vector Vap is
selected as optimal, now the set of voltage vectors nearer to the
optimal vector Va1 are: Vy, Vi, Vo, V7, Vs, Vo, V1o, Vig, Voo,
Va2, and Vp3. Fig. 5 illustrates the instant of selecting the set of
nearest voltage vectors to the optimal voltage vector V>;. Here,
the voltage vectors V; and V> represent small vectors, V7, Vg,
Vo, and Vg represent medium vectors, and Vi, Voo, V22, and
Va3 represent large vectors. Null vector (Vp) is always engaged
with the active vectors (V—V3¢) for reduction of torque and
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Fig. 6. Proposed PTC flow graph.

flux ripples. These voltage vectors (see Fig. 5) along with
V1 are made available for the next sample interval as a set
of prediction voltage vectors for the cost function evaluation.
Consider one more case, where the null voltage vector Vj
is selected as optimal, in this situation the previous set of
prediction voltage vectors are considered for the present cost
function evaluation.

Thus in each sample interval, cost function is evaluated
for only 12 prediction voltage vectors, instead of evaluating
for all the 37 voltage vectors. This proposed feature permits
reduction in computational burden of control process and also
it adds switching frequency limitation as the next selecting
optimal voltage vector is nearer to the previously selected
optimal voltage vector. The overall control steps involved in
the proposed PTC are exhibited in Fig. 6 and are discussed as
follows.

Step 1: Measure combined dc link voltage (Vyc), stator
current space vector (iy), and motor speed (@, ).

Step 2: Estimate present stator flux [1;(k)] with the informa-
tion of previously applied optimal voltage vector [V,(k — 1)],
stator flux and current.

Step 3: Follow the nearest voltage vector strategy [set of
voltage vectors nearer to the Vs(k — 1)] and limit the number
of prediction voltage vectors for the prediction in next sample
interval.

Step 4: With the help of limited prediction voltage vectors,
Predict stator flux [As(k 4+ 1)] and current [iz(k + 1)], which
further provides active torque [7},(k + 1)] and reactive torque
[T (k + 1)] predictions.

Step 5: Evaluate the modified cost function G, (24), with
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TABLE 11
OEWIM SPECIFICATIONS

Motor Parameter Quantity
Poles (P) 4
Rated speed 1440 RPM
Rated Power 3.7kW
Rated Torque 24.5 Nm
Inertia (J) 0.031 kg-m’
Stator Resistance (Ry) 1.8Q
Rotor Resistance (R,) 0.8Q
Stator Inductance (Ly) 0.54 H
Rotor Inductance (L,) 0.54 H
Mutual Inductance (L,,) 0.512H

the limited predicted values of active torque and reactive
torque (obtained from the limited prediction voltage vectors).

Step 6: Select the optimal voltage vector for the next sample
interval providing minimum cost function value and apply its
corresponding switching states to the dual inverter.

Thus, a simplified PTC of OEWIM drive, eliminating
weighting factor requirement in cost function and limiting pre-
diction voltage vectors without any additional computational
burden, is achieved.

V. RESULTS AND DISCUSSION

The proposed PTC for OEWIM drive is verified by per-
forming MATLAB simulation and real-time experimentation.
The machine parameters of real-time test setup are given
in Table II. The obtained results of the proposed PTC are
compared with the classical PTC scheme. For this, classical
PTC is executed with the cost function given in (23) and
evaluated for all the 37 prediction voltage vectors of dual
inverter in each sample period. In (23), for flux weighting
factor (W) determination, heuristic procedure is followed and
the value of it is considered as 75.

A. Simulation Results

The proposed PTC for OEWIM drive is implemented in
MATLAB/Simulink software. The dual-inverter fed OEWIM
drive mathematical modeling is performed in Simulink by
considering (1)—(12) and real-time parameter values (as listed
in Table II) are assigned to it. The combined dc link voltage
(V4e) of dual inverter is taken as 500 V, i.e., VSI-1 dc link
voltage is set to 333.33 V and for VSI-2, it is set to 166.67 V.

To assess the effectiveness of the proposed PTC over clas-
sical scheme, MATLAB simulations are executed at different
operating conditions of motor at no load. The obtained simu-
lation results of both proposed and classical PTC are shown in
Fig. 7. Till the simulation time of 2 s, motor reference speed is
set to +150 rad/s (electrical). During this time interval, motor
exhibit steady-state forward speed, torque, flux, and current
response. At the simulation time of 2 s, step change in motor
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Fig. 8. OEWIM drive test setup.

reference speed is given from +150 to —150 rad/s. During this
instant, motor speed, torque, and current dynamic response are
observed. After the time instant of 2.15 s, motor speed settles
at —150 rad/s, indicating reverse motoring operation. The
steady-state reverse speed, torque, flux, and current response
are observed.

From Fig. 7(a) and (b), it is observed that both classical
and proposed PTCs of OEWIM performed similar dynamic
characteristics. Improved steady-state torque, flux, and current
response are achieved for the proposed PTC of OEWIM in
Fig. 7(b). Thus, it is verified that better steady-state response
of OEWIM drive is achieved by implementing the proposed
PTC scheme than the classical PTC.
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Fig. 10. Dual-inverter voltage-state transitions at motor speed of 200 rad/s.
(a) Classical PTC and (b) proposed PTC (x-axis timescale—20 ms/div).

B. Experimental Results

The real-time validation of the proposed PTC is exhibited
by performing experimentation on 3.7-kW OEWIM drive. The
OEWIM is coupled with dc generator, in order to apply load
torque on motor by loading dc generator with a resistive
load. Fig. 8 depicts experimental test setup of OEWIM drive.
For real-time execution, MATLAB software is interfaced with
dSPACE RTI 1104 controller. The inputs to the PTC algorithm
are combined dc link voltage (Vg4), motor speed (w,), and
current (is). Motor speed is measured with encoder and con-
nected to dSPACE incremental encoder. DC link voltage and
motor phase currents are sensed from the sensors LV-25 and
LA-25, respectively. These sensed signals are given to analog
to digital converter-Bayonet Neill-Concelman connectors of
dSPACE control board. The optimal switching states of dual
inverter achieved from the PTC algorithm are given to the
dSPACE Master bit I/O pins and thereby interfacing with the
dual-inverter switches. The conducted experimentation results
of both conventional and proposed PTCs for various operating
conditions of motor are shown in Figs. (9)—(17).The speed and
flux PI regulator gains are tuned empirically. In fact the tuning
of PI regulators is easier when compared to the weighting
factor tuning [38].

During no-load condition, motor is operated at the reference
speeds 200 and 250 rad/s (electrical). Its steady-state speed,
phase voltage, and current response are shown in Fig. 9.
Fig. 9(a) and (c) are the motor response at reference speeds
200 and 250 rad/s when classical PTC technique is used
for motor control. At the same speeds, Fig. 9(b) and (d) are
the motor response obtained for the proposed PTC scheme.
The improved voltage and current response is achieved in the
proposed PTC scheme than the classical PTC. When the motor
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reference speed is set to 200 rad/s, the response of motor
speed and dual-inverter switching transitions are shown in
Fig. 10. Fig. 10(a) and (b) shows the experimental response
for the classical and proposed PTC schemes, respectively.
With the help of nearest voltage vector selection strategy in
the proposed PTC, the nearest limited voltage vectors set to
the optimal one (which is selected in previous state) is made
available for the present cost function evaluation. Thus, the
optimal voltage vector selection for the next sample interval is
mostly nearer to the previous one. Thereby, reducing switching
state transitions. In Fig. 10(b), less dual-inverter switching
state transitions are observed in the proposed PTC compared to
classical PTC scheme. Number of switching state transitions in
a fixed time period decides the dual-inverter average switching
frequency. Thus, the average switching frequency reduction is
achieved in the proposed PTC scheme.

In Fig. 11, the effect of CMV is observed. The reduction in
CMYV is observed for the proposed PTC as the proposed PTC

stip e | Maise Fite 0
Speed (100 rad/s/dw“)‘ /, Torque (SNm/div) . Speed (100 rad/s/div) ‘ Torque (SNm/div)
ooy e
N Flux (1 Whidiv) & Flux (1 Whvdiv)
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Fig. 14.  Experimental dynamic response of OEWIM drive from forward
(4220 rad/s) to reverse motoring (—220 rad/s). (a) With classical PTC and
(b) proposed PTC (x-axis timescale—1 s/div).

of OEWIM drive operates at lower switching frequency. The
observed CMV rms values at motor speed of 200 rad/s for
the conventional, PTC [33] and the proposed PTC are 67.7,
51.2, and 50.1 V, respectively. At the reference speed of 100,
150, and 200 rad/s, the steady-state motor speed, torque, and
flux response are shown in Fig. 12. Fig. 12(a) represents the
experimental response obtained for classical PTC of OEWIM
running at 100, 150, and 200 rad/s. At the same speeds,
Fig. 12(b) represents the motor response obtained for the
proposed PTC scheme, where the optimal torque and flux
response are observed. Thus, the reduction in motor steady-
state torque and flux ripple are achieved in the proposed PTC
scheme for OEWIM.

In Fig. 13, dynamic response of OEWIM is observed during
forward and reverse motoring operations. For dynamic analysis
of motor, dSPACE Control Desk software is used to trigger
the reference speeds online. During the operation of motor
at speed of 150 rad/s, step change in reference speed is
given from +150 to +220 rad/s and finally +250 rad/s.
The motor exhibited dynamic responses of speed, torque, and
flux for both classical and proposed PTCs that are shown
in Fig. 13(a) and (b), respectively.

During reverse motoring operation, for the same step
changes in reference speeds, i.e., —150 to —220 rad/s and
finally —250 rad/s, the exhibited dynamic responses of
motor for the both classical and proposed PTCs are shown
in Fig. 13(c) and (d), respectively. In Fig. 14, forward to
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TABLE III
COMPARISON OF TORQUE RIPPLE, FLUX RIPPLE, AND AVERAGE SWITCHING FREQUENCY ACHIEVED IN THE
PROPOSED PTC OF OEWIM DRIVE AND EXISTING ONES IN THE LITERATURE
Motor
speed Torque ripple (Nm) Flux ripple (Wb) Switching frequency (Hz)
(rad/sec)
Classical In [33.] Proposed | Classical In [33.] Proposed | Classical In [33.] Proposed
PTC PTC with PTC PTC PTC with PTC PTC PTC with PTC
OEWIM drive OEWIM drive OEWIM drive

100 1.77 1.48 1.21 0.033 0.03 0.023 4018 2658 2528

200 1.401 1.24 1.16 0.022 0.02 0.015 4724 3226 3104

250 1.09 1.01 0.804 0.018 0.011 0.008 4458 2984 2962

Prebu_ — | — Faoise Fiver O Prevu_ 3 Hose Fitee Off Prety | — —] Noise Fiter Off Preduy [ b 1 Naise Filter 01f
: i i ] : : ] U~ Speed (100 rad/s/div) ¥ 7~ Speed (100 rad/s/div)
Speed hﬂﬂ rad/s/div) Speed (100 rad/s/div)
> i~ Torque (SNm/div) ||} Torque (SNm/div) s Torque (12 Nm/div) - Torque (12 Nm/div)
[ o \ o, WSS " 0 4
»
: \-(‘urrcnl (2 A/div)) | p— Current (2 A/div) > Flux (1 Wh/div)
— — T F— - — — > Current (10 A/div)

——————— s

~

i PSS i

o fo

| Speed (100 rad/s/div) ~* a Speed (100 rad/s/div) —*
= /v'lorqlle(i\lm/dlv) £ - Torque (SNm/div)

7™ o
Current (2 A/div) Current (2 A/div)

(a) (b)

Fig. 15. Experimental dynamic response of OEWIM drive with the load
disturbance operating at a speed of 200 rad/s. (a) With classical PTC and
(b) proposed PTC (x-axis timescale—2 s/div and zoomed-in view x-axis
timescale—20 ms/div).

reverse motoring characteristics are shown. While motor is
operating in forward direction at a speed of +220 rad/s, step
change of —220 rad/s is triggered. During this operation, the
motor speed, torque, and flux response for both classical and
proposed PTCs are shown in Fig. 14(a) and (b), respectively.

In Fig. 15, dynamic response of OEWIM with the load
disturbance is observed. During no load, while motor is
operating at the speed of 200 rad/s, load torque of 5 N-m is
applied and removed after certain time. The exhibited motor
dynamic speed, torque, and current responses for both classical
and proposed PTC schemes are shown in Fig. 15(a) and (b),
respectively.

From these experimental results, it is observed that both
classical and proposed PTC schemes exhibited almost similar
dynamic characteristics during step change in reference speed
and load torque disturbance. The prominence of the proposed
PTC is observed during the steady-state operation of motor
exhibiting low torque and flux ripple at different operating
speeds compared to the classical PTC scheme. Thus, the
weighting factor elimination in modified cost function of the
proposed PTC results in better control response of motor
drive, i.e., improved torque and flux regulation. Furthermore,
the nearest voltage vector selection scheme facilitates the
benefits of reduced computation time and switching frequency
reduction without affecting the motor drive response achieved
when all the voltage vectors are involved in the evaluation of
modified cost function. The proposed PTC of OEWIM drive
is tested at rated speed of 1440 RPM (301 rad/s-electrical)

Fig. 16. OEWIM drive response for the proposed PTC at a speed of 301 rad/s
and a load torque of 24.5 N-m (x-axis timescale—20 ms/div).
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Fig. 17. OEWIM drive speed, torque, and flux response. (a) PTC [33] and

(b) proposed PTC (x-axis timescale—20 ms/div).

and full load torque condition. The experimental results of
OEWIM drive response are shown in Fig. 16.

Comparison of torque, flux ripple, and average switching
frequency at various operating speeds among the classical
PTC, PTC [33] performed with OEWIM drive, and the pro-
posed PTC of OEWIM is listed in Table III. The torque
and flux ripples are calculated by considering the sum of the
difference between the measured and reference over 125 000
samples. From these results, it is validated that the proposed
PTC exhibits better steady-state torque and flux response.
The concept of PTC in [33] is implemented for OEWIM
drive control, where the flux weighting factor is eliminated.
To limit the switching frequency in PTC [33], switching
frequency control objective is added in cost function as given
in [33, eq. (18)], which again demands switching frequency
weighting factor assignment to it (without considering third
term which is specific to NPC scheme). The selection of proper
switching frequency weighting factor value in cost function,
decides the optimal voltage vector selection.
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TABLE IV

COMPARISON OF AVERAGE COMPUTATION TIMES ACHIEVED IN THE
PROPOSED PTC OF OEWIM DRIVE AND EXISTING
ONES IN THE LITERATURE

Implementation method Overall Computational time
In Classical PTC 60 psec
In [33] PTC with OEWIM drive 46.8 psec
Proposed PTC 34.2 psec

The comparative results of speed, torque, and flux obtained
for PTC [33] and the proposed PTC are shown in Fig. 17.

The top results in Fig. 17 indicate low-speed operation of
40 rad/s with very light-load condition and bottom results
indicate high-speed operation of 250 rad/s at no-load con-
dition. For limiting number of prediction voltage vectors,
stator flux error strategy is followed for PTC [33] of OEWIM
drive. It demands 20 prediction voltage vectors in each sample
interval, whereas for the proposed PTC only 12 prediction
voltage vectors are required without any additional computa-
tional burden in control process. The total computation time
for the proposed PTC of OEWIM drive in comparison with
classical PTC and [33] is listed in Table IV.

Thus from the entire results, it is evident that the proposed
PTC of OEWIM drive facilitate simple control structure,
optimal torque and flux response, and switching frequency
reduction with low computational burden when compared to
the classical and PTC [33] implemented with OEWIM drive.

VI. CONCLUSION

In this paper, an improved predictive torque and flux
control scheme for OEWIM drive with four-level inversion
has been proposed which is independent of flux weighting
factor. To achieve this, flux control objective is replaced by
an equivalent reactive torque control. Furthermore, number of
prediction voltage vectors selection in each sample interval is
reduced to 12 from 37 which are used in the case of classical
PTC. The reduction in number of prediction voltage vectors
in each sample interval is achieved by nearest voltage vector
selection strategy, which allows switching frequency reduction
and thereby decrease in CMV. Thus providing overall simple
control without any additional complex calculations and alle-
viating the problems faced by classical PTC of OEWIM drive.

The reliability of the proposed PTC is verified by conduct-
ing simulation and experimental assessment on dual-inverter
fed OEWIM drive. From the conducted tests, it is evident
that the proposed PTC offers improved steady-state torque and
flux response. Lower torque, flux ripple, and average switching
frequency reduction are observed for different operating con-
ditions of OEWIM drive when compared to the classical PTC.
Furthermore, the proposed PTC offers lower computation time
when compared to the other PTC schemes of OEWIM drive.
In the future, the proposed PTC scheme can be extended to
improve its robustness toward the model parameter variations.
Therefore, it is very clear that the proposed PTC gains all
these benefits and this simple improved control technique is
applicable for OEWIM drive control.
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