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Abstract—Predictive torque control (PTC) of induction motor
drives is one of the best suitable alternatives for direct torque
control (DTC). In this article, the weighting factor eliminated PTC
for four-level inversion fed open end winding induction motor
drive (OEWIMD) has been introduced. The major limitations of
classical PTC are as follows: assignment of weighting factor due
to dissimilar control objectives, tuning of weighing factors and
high computational burden. To circumvent these problems, this
article introduces an effective weighting factor elimination-based
PTC scheme to an OEWIMD. The proposed algorithm eliminates
the complex tuning process of weighting factors by classifying the
cost function. The proposed PTC algorithm is simple and provides
less computational burden on the controller. In the proposed PTC,
the cost function is segregated and ranked accordingly to reduce
flux and torque ripples. Cost function-I is formulated to obtain
optimum voltage vectors to reduce flux ripples. The same voltage
vectors obtained from cost function-I are used in cost function-II
to maintain minimum torque ripple. Therefore, the proposed PTC
reduces torque and flux ripples with a limited number of voltage
vectors and maintains minimum computational burden. The
effectiveness of the proposed PTC is verified through MATLAB/
SIMULINK and experimentation.

1. INTRODUCTION

Variable speed drives (VSDs) are more pronounced in case
of Industrial drives and Electrical Vehicles (EVs). VSDs
with Induction Motor drives are used in many industrial
applications and also in EVs. In recent days, many of the
VSDs are employed with multi-level inverters (MLIs). The
MLI configurations can provide a large number of voltage
vectors, which in turn gives precise control and reduces
ripples in torque and flux [1]. In the literature [2], there are
several MLI configurations, apart from these MLI configu-
rations dual inverter fed open-end winding induction motor
drive (OEWIMD) provides several benefits such as: (i) it
gives multi-level inversion by using two inverters in dual
mode, (ii) clamping diodes are not needed, these are used
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in neutral point clamped (NPC) inverters, (iii) high in
redundancy of switching states, (iv) it operates with less
capacitors as compared to flying capacitor MLIs and (v) it
uses few DC sources as involved in cascaded H-Bridge
MLIs (CHB-MLI). The OEWIMD became popular, due to
its potential applications like ship propulsion, electric
vehicles and renewable energy interfacing [3].

The speed control of VSDs can be done by various con-
trol algorithms [4]. For high-dynamic performance applica-
tions Field Oriented Control (FOC) and Direct Torque
Control (DTC) are preferred. The scheme of DTC uses
hysteresis controllers, the control in a stationary reference
frame and do not use modulator [5]. DTC has several
advantages; however, there exists certain limitations for
classical DTC. The limitations in classical DTC are the use
of hysteresis boundaries causes variable switching fre-
quency, problems during startup and low speeds, complex
switching state tables for MLIs and higher ripples in torque
and flux. In order to reduce the torque ripple and also to
maintain constant switching frequency, modulated hyster-
esis control using space vector modulation (SVM) has been
introduced for a two-level inverter-fed induction motor
drive [6]. Some of the problems in DTC can be easily
handled by another promising technology known as pre-
dictive torque control (PTC) or Finite Control Set
Predictive Torque Control (FCS-PTC). The scheme of PTC
combines the features of model predictive control (MPC)
and DTC. MPC has several advantages: ease of implemen-
tation, inclusion of constraints into cost function and sim-
ple control algorithms [7]. PTC uses discrete models of
power circuit and VFD. The discrete models are used for
prediction of control variables and minimization of cost
function. The switching state which gives a minimum value
of cost function is termed as the optimal voltage vector
and it is applied to inverter in sequential control cycle. The
cost function used in classical PTC consists of torque and
flux error minimization. If the cost function comprises dis-
similar terms, the weighting factors is unavoidable. The
tuning of these weighting factors is quite difficult.
Nevertheless, PTC also has several limitations [8, 9]: (i) it
operates with variable switching frequency, (ii) higher rip-
ples in torque and flux, (iii) cumbersome tuning of weight-
ing factors and (iv) higher computational burden.

In the recent past, various researchers came up with
their analytics to address the limitations of classical PTC.
In [10], PTC of induction motor with discrete space phasor
modulation has been proposed to reduce the computational
burden and also to maintain constant switching frequency;
this method does not create any sub-optimization issues

during both steady state and transient modes. In [11, 12]
duty cycle control-based PTC with extended set of voltage
vectors has been introduced to reduce ripples in torque and
flux. The performance of motor drive has been improved
[11, 12], whereas the problem of weighting factors, switch-
ing frequency issues and computational complexity are not
solved. In [13], PTC of induction motor has been devel-
oped for fault tolerant with four switch three-phase inverter
topology. It utilizes discrete space vector modulation and
also presents mathematical relations in fault tolerant control
PTC strategy. In order to eliminate the weighting factors,
two individual cost functions are used and their results are
cascaded to obtain an optimal voltage vector [14]. For sta-
ble operation, field weakening strategy and generalized
sequential model predictive control have been used. This
method has been applied for a two-level inverter-fed induc-
tion motor, and it contains less number of switching states
[14]. In the recent past, several researchers initiated
weighting factor elimination strategies for classical two-
level three-phase inverter-fed motor drives [15, 16]. In
[15], the weighting factors are eliminated by calculating
the torque boundaries and evaluating the cost function with
flux error. The cost function in terms of flux eliminates the
weighting factor, and it is also known that stator flux vec-
tor can be converted into stator voltage vectors [16], a
modified cost function has been used in terms of stator
voltage vectors to reduce computational burden and
weighting factors tuning process.

For medium power applications, the preferable alterna-
tive is MLI-fed induction motor drives. PTC of MLI-fed
induction motor drives has been introduced [17-24]. In
[17, 18], PTC of OEWIMD with four-level inversion has
been introduced. PTC of OEWIMD has been introduced
with a limited number of voltage vectors by classifying
them into different groups [17]. In [18], predictive angle-
based PTC has been developed for an OEWIMD. The limi-
tation of this method is the accuracy of angle prediction
depends on parameters of the motor drive. To address the
computational burden, the application of voltage vectors
used for prediction is reduced by using the position of sta-
tor flux and its deviation from the reference [19], but it
requires pre-selection of voltage vectors based on the pos-
ition of stator flux by classifying flux trajectory into sec-
tors. To eliminate the weighting factors, and also to
maintain a constant neutral point voltage, a two-stage flux
optimization-based PTC has been introduced [20]. The use
of two-stage flux optimization stage and calculation of ref-
erence flux vector require more accurate estimation of rotor
angle and the computational burden will also increase. In
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FIGURE 1. Configuration of dual inverter fed OEWIMD.

[21], vector partition-based torque control is introduced to
eliminate the weighting factors. It requires stator flux pos-
ition and a predetermined set of voltage vectors. PTC of
OEWIMD, with elimination of weighting factors based on
ranking has been performed [22], by evaluating the cost
function for all voltage vectors. For an OEWIMD to elim-
inate the weighting factors, a simplified PTC has been
introduced with electromagnetic torque and reactive torque
components into the cost function [23]. In order to reduce
the computational burden on controller nearest voltage vec-
tor scheme has been applied. It requires additional PI con-
troller as compared to classical PTC and also requires an
algorithm to find the nearest voltage vector. In [24], to
eliminate the weighting factor reference stator flux vector
calculation has been performed to eliminate weighting fac-
tors and information on flux space phasor has been used to
reduce the computational burden. In [25, 26] and [27],
non-linear model predictive control techniques have been
introduced for an hybrid system with repetitive disturban-
ces, constrained and unconstrained systems in the presence
of disturbance and the presence of uncertainty are pro-
posed. The methods introduced in [25-27] are used for
non-linear systems in real time applications.

This article focuses on the implementation of PTC strat-
egy to an OEWIMD with four-level inversion. The
OEWIMD has several advantages over other Multi-level
inverter fed Induction motor drives and those are as fol-
lows: It requires two two-level inverters to obtain four-
level output voltage. Clamping diodes are not required,
neutral voltage fluctuations are absent, offers high redun-
dancy in voltage space vectors, it requires smaller number
of capacitors as compared to other topologies, ease of con-
trol, requires less number of DC supplies as compared to
cascaded H-bridge topologies and it has the capability to
operate in faulty conditions. The following are limitations
of OEWIMD configuration: There may be problems due to
common-mode voltage and require more number of gate
pulses as compared to conventional two-level inverter fed

Induction Motor Drive. Classical PTC of OEWIMD has
been developed by considering all possible space vector
locations of an inverter. In a dual inverter fed OEWIMD
there exist ‘64’ switching combinations and these combina-
tions provide ‘37’ active space vector locations. These ‘37’
space vector locations are considered to maintain less com-
mon-mode voltage (CMV) and less number of switching
transitions. In this article PTC of OEWIMD is developed
by classifying the cost function into two terms in order to
eliminate weighting factors. The cost function-I is used to
reduce flux errors and the voltage vectors that provides
minimum values of cost function-I are used in cost func-
tion-II. The second cost function comprises torque error
and the voltage vectors that give the minimum value of
cost function-II are used to obtain the optimal voltage vec-
tor. In order to verify the effectiveness of the developed
weighting factor eliminated PTC strategy, it is implemented
in MATLAB and performed by experimentation. The
obtained experimental results are compared with classical
PTC and compared with recent PTC techniques. In order
to compare simulation and experimental results, articles
[22] and [24] are used. In [22] and [24] weighting factors
are eliminated by assuming flux space phasor. These meth-
ods [22, 24] are quite complex because these methods use
sector information, trigonometric function and predefined
set of voltage vectors.

2. DUAL INVERTER FED OEWIMD
CONFIGURATION

2.1. Dual Inverter Configuration

The dual inverter configuration is shown in Figure 1. It
uses two two-level Voltage Source Inverters (VSI) for its
operation and the two inverters are operated with unequal
DC-link voltage (asymmetrical configuration). The two
inverters are operated with DC-link voltages of 2:1 ratio
thereby the dual inverter configuration provides four-level
inversion. The two inverters are operated with V; (voltage
of inverter-I) and V, (voltage of inverter-II), where V| =
(2V4/3) and V,=(V4/3). Net DC-link voltage (Vg4)
is Vge=V+V,.

The pole voltages of inverter-I are shown in (1) and
these are mentioned as V,,, Vi, and V,. The pole voltage
of inverter-1I is given by (2), and these are denoted as
Vans Ve and V.. The difference in pole voltages is
given by (3). From the difference of pole voltages (6V,,",
OVpp,0Vee), the CMV (V,.) has been evaluated and it is
given by (4).
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FIGURE 2. Voltage space vectors of dual inverter
fed OEWIMD.

Van 5 when S,=8,=3S8.=1
Ven | = 2] (1)
Ve - when S, =8,=S.=0
V.
Vaw 22 hen Sy =8y =8Ss=1

Vow | =3 %, )
Vo —— when Sy =Sy =8,=0

2
0 Vaa Van— Vaw
Vo | = | Ven— Vw 3)
0 Vcc’ Vcn - Vc’ n'
Vc = (1/3)(5Vaa’ + 5Vbb’ + 5Vcc’) (4)

From the difference of pole voltages (3) and CMV (4),
the phase voltages (V. Vi Vee') are obtained and it is
given by (5) whereas (6) represents a simplified form of
phase voltage.

Vaa/ 5 Vag/ Vc
Ve | = | Vi | —| Ve (5)
Vcc’ 0 Vcc’ Vc
Vaa 2 -1 -1 OV
Vip | =(5) | -1 2 -1 OV (6)
Ve -1 -1 2 OVep

Figure 2 represents active voltage space vectors of dual
inverter-fed OEWIMD. The voltage space vectors of
inverter-1 (V,;) and inverter-2 (Vy,) are given by (7), (8).
The voltage space vector of the dual inverter configuration
is given by (9).

2 4 .
Vi = <§> (V)(S, + Spe*™ > + S.43) (7

2 p .
Vo = (5) (72) (Sw + Sye™™ + Sue*?) - (8)

The resultant voltage space vector (V) (14) is obtained
from the difference of (12) and (13).

Vi =Va—Vs (9)

The realization of voltage space vectors and their
switching combinations for four-level inversion is shown in
[3] and [22]. Voltage space vector locations are obtained
from switching combinations of Inverter-1 and Inverter-2.

2.2. Dynamic Model of OEWIM

The discrete/dynamic model of OEWIMD is developed in
stationary reference frames (Clarke’s transformation). The
discrete model of OEWIMD is used for the estimation and
predictive of control variables (flux and torque). The stator

and rotor voltage equations of OEWIMD are given by (10)
and (11).

(o) = (i) () o
(0)==() (i)~ ()

(11)
The stator and rotor flux is given by (12) and (13).

From (10)—(13), the electromagnetic torque of OEWIMD
can be obtained (14).

(Vo) =i ) o
(Vo)) = ) o
1w = (3) (£) oo — vy a9

The speed of OEWIMD is estimated by using (15) [3]
and [22].

J%:T(k)—T; (15)

In (10) to (15), stator voltages, flux and currents are
Vsoc(k)’ Vsﬁ(k)9 lﬁsa(k)s lp.s/ﬁ’(k) and isoc(k)9 is/f(k)s respeCtiVGIY
Rotor currents are i,,(k), i,(k). Rotor flux is y/,,(k), ¥,5(k).
Stator and Rotor resistances are R, and R,. Stator and
Rotor inductances are L; and L,. The number of poles of
OEWIM is P and the differential operator is p. The
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FIGURE 3. Block diagram of classical PTC.

electromagnetic torque and load torque is 7(k) and 7;. The
motor speed is w,,.

3. PROPOSED WEIGHTING FACTOR
ELIMINATION-BASED PTC STRATEGY

3.1. Classical PTC

The block diagram of classical PTC is shown in Figure 3.

Classical PTC of OEIWM was implemented by considering

37 possible space vector locations of dual inverter config-

uration [22]. If the voltage space vectors and their realiza-

tions are known, then it is easy to develop the PTC
algorithm. PTC works on the following steps:

Step 1: Estimation of flux at kth instant with the help of
voltage and current measurements (10).

Step 2: If the flux is estimated, then with the help of flux
at kth instant, flux at (k+ /) is predicted (16). By using
flux, current at (k+ 1) instant (16), (18); torque is
estimated at (k+ /) instant (19). The derivation of torque
at (k+ 1) instant is clearly described in [17, 22].

Step 3: With the help of torque and flux at (k+ 1) instant
cost function is formulated (20).

Step 4: The cost function is evaluated for all 37
combinations of voltage space vectors and the switching
state which gives the minimum cost function is known as
optimum voltage vector and it is applied in the next
control cycle.

(16)
(w(k)) ‘A<ﬂ~sﬁ<k>) +B(w(k)) 1
Yo (k)N . ( isa(k)
(l.m(k‘i’l)) — R E(%p(k)) F(is/}(k)> + (lm(k))
igp(k +1) G ( ,l//r’}(@» N é Il;s;(k)> isp(k)
(13)
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3P
Tk+1) = 33 (Zou(k + D)igp(k 4+ 1) — Ap(k + Digu(k + 1))
19

g:O-T|Tref_T(k+1)|+Ul//|}sref_is(k+1)| (20)
Where
== () o ()= (4

- Lm B - m Lm > - Lr s - L,- s

LuR, _ Ly (LuR | R, _ (Ln

E = (LfD)’F =1LD (T—i_ﬂ) and G = (Lr_D)

In (20), o7 and o, are known as torque and flux weight-
ing factors. The selection of these weighting factors affects

the performance of OEWIMD. There is no particular
method to select weighting factors; various researchers

came up with their thoughts to simplify these weighting
factors [12, 17, 22]. The torque ripple, flux ripple associ-
ated with classical PTC is also high. In order to reduce the
ripples in torque, flux and also to eliminate the effect of
weighting factors, this article introduces a simple weighting
factor eliminated PTC strategy to OEWIMD.

3.2. Simplified Weighting Factor Eliminated PTC

The block diagram of the weighting factor elimination-
based PTC strategy is shown in Figure 4. The proposed
PTC strategy works in a similar way to the conventional
PTC strategy. The proposed PTC strategy utilizes the oper-
ating speed of the motor that is taken from the encoder of
the motor, the voltage vectors corresponding to all switch-
ing combinations, the phase currents of the motor obtained
from current sensors, and the DC link voltage of the
inverter obtained from voltage sensors. With the help of
DC-link voltage, the voltage vectors required for the oper-
ation of OEWIMD are obtained. The measured phase cur-
rents and phase voltages are used to estimate the flux of
the OEWIMD and The flux prediction, currents prediction
and torque predictions are obtained by using (16), (18) and
(19). With the help of the operating speed, predicted flux
and torque of the OEWIMD, the cost function has been
formulated. The proposed cost function utilizes splitting of
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Praxis Vo3

FIGURE 5. Voltage space vectors used to increase or
decrease flux ripple by assuming flux space vector in sector-1.

the cost function used in conventional PTC (20). The

working model of the proposed PTC is as follows.

The algorithm used to implement this strategy is
as follows:

Step 1: Estimate flux at & instant for all 37 voltage space
vector combinations of dual inverter configuration by
using current measurement and realization of voltage
space vectors.

Step 2: Predict the flux at (k+ /) instant by using (16) for
37 voltage space vector locations.

Step 3: Formulate cost function g; by using A,k + 1), Ager

Step 4: Evaluate the cost function g; and arrange the first
20 minimum values of the cost function with their
switching state combinations.

&1 = |Agrer — A5k + 1) @n

Step 5: Store the first 20 voltage space vector combinations
and Ayk+ 1) for those switching combinations in a
ranked manner.

Step 6: Predict current at (k+ /) instant by using (18) for
the switching combinations obtained in step 4.

Step 7: By using current and flux obtained in Step 5 and
Step 6 and predict Torque at (k+ /) instant (19).

Step 8: Formulate cost function g,, with the help of
T(k+1) and T,..

g = | Ty — T(k+ 1) (22)

Step 9: Minimize cost function g, and also store the
voltage vectors which give less torque ripple that are
arranged in a ranked manner.

| Measure Speed, V., is(K) !:

Y
| Estimate A(k) |

Y

for i=1 to 37 |«

A/
| Predict L (k+1) |

\
l Evaluate cost function (g;) |

A\
Arrange first 20 minimum values
of cost function in ascending order
Y
Store j=1 to 20
In ranked manner

\
Predict ig(k+1), T (k+1)
for j=1 to 20

\i
Evaluate cost function (g,) |

Store Minimum values of g,
In ranked manner

Y

Select voltage vector for which the
Rank of two functions is minimum

Y

FIGURE 6. Flow chart of weighting factor eliminated
PTC strategy.

Step 10: From the (21) and (22), the switching combination
which gives minimum rank is chosen as the optimum
voltage vector and applied in the sequential control cycle.

Figure 5 is for illustration of the effect of voltage space
vectors on flux ripple. The dark portioned voltage vectors
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Name of the parameter Annotation Quantity
Stator Resistance R, 420
Rotor Resistance R, 2.68Q
Stator Inductance L 0.54H
Rotor Inductance L, 0.54H
Mutual Inductance | 0.512H
Poles P 4
Inertia J 0.031 kg-m?
Line-Line Voltage Vims (L-L) 400 V
Rated Power Poom 3.7kW
Torque Thom 24.48 N-m
Rated or Reference flux Anom OF Agref 1 Wb
Rated Speed N; 1440 RPM
DC- link Voltage Ve 540 V

TABLE 1. Parameters of OEWIMD used for
experimental validation.

i.e. vectors Vig to Vg gives minimum flux ripple, by
assuming the flux space vector is in sector-1 (in between
0° to 60° with respect to the a-axis). Another advantage of
this method; it does not need sector information, for the
sake of understanding only flux space vector is assumed to
be in sector-1, whereas the recent PTC strategies [22] and
[24] require sector or position information, therefore, the
complexity gets increases.

Figure 6 represents the flow chart of the proposed PTC
strategy. While developing the proposed PTC strategy, it is
important to consider g; comprises flux error minimization
and g, comprising torque error minimization because if the
torque ripple is used in cost function g;, then g; should be
evaluated for 37 switching combinations. Out of these 37
combinations to reduce torque ripple there exist 22 voltage
vectors then g, should be evaluated for 22 switching combina-
tions. The torque error-based PTC strategy is shown in [22].
As per these articles if the torque ripple is considered in func-
tion g; it increases computational complexity and minimiza-
tion of cost function g, has to be performed for 22 switching
combinations rather than 20 switching combinations.

The proposed algorithm has several advantages, when
compared with classical PTC and other recent PTC strat-
egies they are as follows:

(i) The cost function is divided into g; and g,, therefore,
it eliminates weighting factors, and hence the effect
of weighting factors is eliminated.

(i) Cost function g; gives the voltage vectors that
produce minimum flux ripple and the cost function
g, delivers an optimal voltage vector that gives
minimum torque ripple, therefore the obtained

voltage vector can reduce flux ripple as well as
torque ripple.

(iii) The cost function g; 1is evaluated for 37
combinations, whereas g, is evaluated and optimized
only for 20 switching combinations. Therefore, the
computational burden on controller reduces since the
prediction of flux is easy whereas the prediction of
torque involves more number of steps.

(iv) In step 4 on arranging the ascending order of voltage
vectors that gives a minimum flux ripple provides
another advantage i.e., the voltage vectors near to
another give minimum flux ripples; thereby the
number of switching transitions between one voltage
space vector to other voltage space vector is less,
therefore switching frequency gets reduces. It does
not involve additional terms in cost function to
reduce switching frequency.

(v) As switching frequency reduces the common-mode
voltage also gets decreases.

4. SIMULATION AND EXPERIMENTAL RESULTS

4.1. Simulation Studies

In order to verify the effectiveness of the developed PTC
strategy, simulation and experimental studies are carried on
OEWIMD. The specifications of OEWIMD used to simu-
late and also to perform experiment are shown in Table 1.
After implementing the proposed PTC strategy, the
obtained experimental results are compared with the clas-
sical PTC strategy. The simulated response of OEWIMD
with classical and proposed PTC strategy is shown in
Figure 7. Figure 7a represents the simulated response clas-
sical PTC whereas Figure 7b represents the proposed PTC.
Figure 7 shows speed, torque, flux, a-phase current, a-
phase voltage and CMV of OEWIMD for forward motor-
ing to reverse motoring. Figure 7 is to describe the
dynamic variation of speed from forward motoring
(100 rad/s) to reverse motoring (—100rad/s). From Figure 7,
it is identified that torque and flux ripple with the proposed
PTC is less. From Figure 7a and b, it is also observable
that the proposed PTC provides all characteristics as that
of classical PTC. In addition, it gives less switching fre-
quency and CMV. Figure 8a represents the steady-state tor-
que ripple of OEWIMD with classical DTC, and Figure 8b
represents the proposed PTC at a speed of 125rad/s,
whereas Figure 8c and d represents flux ripple waveforms
of classical and proposed PTC for visual representation of
torque ripple; the zoomed portion in Figure 7 has been
shown. Figure 9 demonstrates the torque, flux and currents
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FIGURE 7. Simulated response of OEIWM drive for the
speed variation from 125rad/s to -125rad/s: (a) Classical
PTC and (b) Proposed PTC.

under transient conditions. From Figures 8 and 9, it is evi-
dent that the proposed PTC gives less ripples in torque,
flux and also shows the improved transient response.

4.2. Experimental Studies

The experimental setup used to implement the proposed
PTC is shown in Figure 10. The experimental studies are
performed by implementing the proposed PTC with the
dSPACE-1104 controller. Speed, DC-link voltage and
phase currents are sensed with transducers and these are
fed back to the control algorithm by using analog to digital
converters of dSPACE. From the control algorithm, switch-
ing pulses are obtained and these are provided to the
inverter with the help of digital I/O pins. The experimental
studies are performed for various speeds and different load-
ing conditions; in the interest of brevity the response of
OEWIMD is shown for 125rad/s and 100rad/s during
loaded and no-load conditions. From the experimental
results, the proposed PTC algorithm provides all the fea-
tures of classical PTC.
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FIGURE 8. Simulated response: Torque ripple (a)
Conventional PTC (b) Proposed PTC and Flux ripple (c)
Conventional PTC (d) Proposed PTC.

Figure 11 demonstrates torque and flux of OEWIMD
for dynamic speed variations. The OEWIMD operates with
constant reference flux even if there is a speed variation
from 125rad/s to —125rad/s. From Figure 11a and b, it is
also obvious that the proposed PTC gives lesser ripples in
torque and flux. Figure 12 demonstrates CMV of
OEWIMD at a speed of 125rad/s. The CMV in the pro-
posed PTC is less when compared to classical PTC shown
in Figure 12a. CMV obtained in classical PTC is 86.3V
(RMS) and CMV with proposed PTC is 754V (RMS) at

0.95 1 1.05 1.1 1.15

70.95 1 1.05 1.1 1.15

095 1 1.05 11 115
(b)

FIGURE 9. Simulated response of Torque, Flux and

Current during Transient case: (a) Conventional PTC and

(b) Proposed PTC.
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FIGURE 10. Experimental test bench.
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FIGURE 11. Speed, torque and flux of OEWIMD for the
speed variation from 125rad/s to -125rad/s: (a) classical
PTC and (b) Proposed PTC.

125rad/s. Therefore, proposed PTC gives less CMV.
Figure 13 presents phase voltage, phase current and voltage
space vector transitions during no-load condition. From
Figure 13a and b, the proposed PTC operates with less
switching frequency as compared to classical PTC. The
switching frequency of classical PTC is 3.23 kHz, whereas
the proposed PTC operates with 2.87kHz at 125rad/s,
hence from Figure 13 it is evident that the proposed PTC
operates with low switching frequencies.

To verify the dynamic response of the proposed PTC,
the OEWIMD is subjected to a sudden load torque and it
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FIGURE 12. CMV of OEWIMD at a speed of 125rad/s:
(a) classical PTC and (b) Proposed PTC.

is shown in Figure 14. In Figure 14, a load torque (top fig-
ure) is applied and the zoomed portion represents phase
current and load torque at 100rad/s (bottom figure). From
Figure 14, it is clearly observed that the proposed PTC
gives less torque ripples and less current distortions. Figure
15 presents total harmonic distortion (THD) in phase cur-
rent at a load torque of 5 Nm for the classical PTC and the
proposed PTC. From Figure 15a and b, it is evident that
the proposed PTC gives less THD than the classical PTC.
Experimental studies are performed for various speeds of
operation; for simplicity only some of the results are pre-
sented. The torque, flux ripple, switching frequency and
computational time of proposed PTC were tabulated. Table
2 represents steady-state numerical ripples and distortions
in current. The proposed PTC is compared with classical
PTC and recent PTC techniques from (Table 2), and it is
identified that the proposed gives better performance.

The ripples in torque and flux are calculated using (23).

Ripple = \/ (ﬁ) 3 (k- k) (23)

i=1

where k =1%" | k. In Egs. (22) and (23), n indicates the

number of samples and n=1,25,000 samples.
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transitions at a speed of 125rad/s: (a) classical PTC and FIGURE 14. Phase current of OEIWM at a load torque of
(b) Proposed PTC. 5Nm and speed of 100rad/s: (a) classical PTC and (b)
Proposed PTC.

The switching frequencies in classical PTC and pro- P.., the total drive loss (Pp) has been obtained. With the
posed PTC are listed in Table 3. To determine the effi- help of shaft output power and losses of the drive, the effi-
ciency of the proposed PTC, the OEWIMD has been ciency (1) has been determined. The Py, P, P and (%
loaded with a load torque of 5Nm. At a steady load torque n) are shown in Table 3. From the losses, it is evident that
of 5Nm, the switching looses (Ps,r), conduction losses  the proposed PTC gives good performance than the clas-
(P.L), have been determined. With the help of Py, and  sical PTC. After implementing the proposed PTC strategy
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’E‘ Fundamental (39.78Hz) = 1.724 , THD= 4.04% ‘ Method Computational Time
=
[
_§ 4 Classical PTC 65.5 us
g3 PTC [24] 58.5 us
Eo: 2 PTC [22] 56.4 us
1 Proposed PTC 52.5 us
é"o 5 %00 TABLE 4. Computational time involved in proposed PTC in
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FIGURE 15. Total Harmonic Distortion in Phase current
of OEIWM at a load torque of 5Nm: (a) classical PTC and
(b) Proposed PTC.

Proposed
Classical PTC ~ PTC [24] PTC [22] PTC
Torque Torque Torque Torque
Speed ripple ripple ripple Ripple
(rad/s) (Nm) (Nm) (Nm) (Nm)
50 1.96 1.84 1.85 1.65
100 1.74 1.7 1.65 1.42
125 1.48 1.35 1.4 1.28

TABLE 2. Quantified values of steady-state average
torque ripple.

and recent PTC strategies [22] and [24], it is evident that
the proposed PTC is simple and easy. The complexities of
[22] and [24] are as follows: estimation of flux space pha-
sor angles of both stator and rotor, identification of flux
space phasor position, sector information of flux space pha-
sor and an additional PI controller. Table 4 demonstrates

comparison with recent PTC.

computational burden of the proposed PTC strategy with
respect to recent PTC strategies.

5. CONCLUSIONS

This article introduced a simplified weighting factor elimi-
nated PTC strategy to an OEWIMD with four-level inversion.
This method simplifies the cost function. The proposed PTC
classifies the voltage vectors in order to reduce torque and
flux ripples. The flux error is reduced by using cost function
g; with 37 space vectors. The optimum voltage vectors
obtained in cost function-l are used to reduce torque error
with the help of cost function-II and it uses 20 voltage vec-
tors. By dividing the cost function into two categories, the
proposed PTC gives lesser ripples in torque and flux. The
simplicity of the proposed PTC is using of the cost functions
g; and g,. The proposed PTC is easy to understand and
implement in real time with less computational burden. It
does not require complex expressions and evaluations. The
proposed PTC is free from weighting factors, trigonometric
equations, sector identification, pre-defined set of voltage
space vectors and exact location of flux space phasor.

To verify the effectiveness of the proposed PTC strategy
simulation and experimental studies are performed and
these are compared with classical PTC strategy as well as
recent PTC methods. From the experimental results, it is
evident that the proposed PTC gives superior performance
in terms of lesser ripples in torque, flux, less switching fre-
quency, CMV and computational burden. Finally, an effect-
ive weighting factor eliminated PTC strategy has been
developed to an OEWIMD in a simpler way.

Classical PTC (Losses & #) Proposed PTC (Losses & 1)
Speed Classical PTC ~ Proposed PTC P (W)  P..(W) PL(W) % n Pswt(W)  PoL(W) PL(W) % n
100 rad/s 3.15kHz 2.76kHz 92.38 6.37 98.75 87.5 77.262 6.32 83.582  89.42
200 rad/s 3.75kHz 3.08 kHz 77.615 6.52 84.135  89.35 53.03 6.62 59.65 92.45
250rad/s 3.23kHz 2.87kHz 122.63 13.25 135.88 82.8 93.49 11.25 104.74  86.74

TABLE 3. Switching frequency, losses and % Efficiency of the proposed PTC in comparison with classical PTC.
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