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Abstract: Medium voltage drives especially induction motor
drives are mostly using in industries for many applications. The
precious intelligent control of induction motors is high required
in nuclear power generation units. Direct torque control (DTC)
of induction motors is commonly selected for achieving smooth
speed torque characteristics as compared with other existing
control techniques. However, conventional DTC suffers from
many issues because of maintaining constant reference flux in
all the speed regions. Hence two ANN controllers based novel
DTC is implemented in this paper. Three phase five level
neutral point clamped (5L-NPC) inverter is used to drive the
induction motor. The dc-link is established through 36 pulse
rectifiers. Moreover, photovoltaic (PV) system along with
battery bank is also integrated to provide continuous power
supply during off grid. A stable dc-link voltage is obtained
through bidirectional dc-dc converter connected between dc-
link and battery. The proposed control of dc-dc bidirectional
converter can further reduce the ripples and oscillations in dc-
link produced by 36 pulse rectifiers during unbalanced grid
voltages. Realistic responses are presented in this paper by
establishing hardware — in the — loop (HIL) with the help of
OPAL-RT modules. The HIL based results are discussed under
various case studies in this paper.

Keywords: Medium voltage drives, DTC, Induction motor,
Multilevel inverter, PV, LSTM controller.

. INTRODUCTION

Electrical drives are commonly wused for multiple
applications in industries. Medium voltage drives employed
with Multilevel Voltage Source Inverter (MVSI) are more
popular due to high reliability and low harmonic distortion.
Among different configurations, three phase five level
neutral point clamped inverter (5L-NPC) is more suitable to
use in nuclear power stations for driving an induction motor
[1]. In the other hand, Direct Torque Control (DTC) can
have facilities of fast changing torque and flux references,
high efficiency, minimum switching losses, no overshoot
during step response and instantaneously control the flux and
torque in a decoupled way. Therefore, implementation of
DTC on 5L-NPC inverter can provide a better solution in
nuclear power plant. Generally, a proportional plus integral
(PI) controller is used to obtain reference torque by
comparing motor speed with its reference speed and keeping
flux at a constant value (i.e. considered constant flux
reference). However, to achieve smooth operation during
transient periods also, the reference flux needs to be varying
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according to changes in speed within the limit. Further,
fuzzy controllers can exhibit superior performance than PI
due to ability of automatic adjustable gains [2]. A LSTM
controller is more suitable as compared with fuzzy during
random variations of input reference due to its fast ability
with a smaller number of rules [3-4]. Hence, two LSTM
controllers-based DTC of induction motor is implemented
with 5L-NPC in this paper.
A 36-pulse diode rectifier is used to provide stable dc- link
voltage of the inverter. However, to minimize consumption
power from utility grid as well as to provide reliable power
to the drive, a PV along with battery is integrated to dc-link.
A bidirectional dc-dc converter is employed between battery
and dc-link to maintain charging and discharging process of
the battery bank. Further, the control of the dc-dc converter is
designed in such a fashion that to minimize oscillation in dc-
link due to unbalanced voltages of the grid. Generally,
second frequency oscillations will be present in voltage dc-
link during unbalanced supply voltages in grid. These
oscillations further crates shaking effect on shaft of the
induction motor which results decreases the fatigue life.
Therefore, the bidirectional dc-dc converter can help to
maintain stable voltage at dc-link irrespective of solar
irradiance, unbalances in grid voltages even during off grid.
Once obtained the stable voltage at dc-link, a DTC of 5L-
NPC can easily control the speed of the induction motor at
its reference. However, a Space Vector Pulse Width
Modulation (SVPWM) technique can further help to reduce
injected harmonics into motor as well as to achieve quick
response by selecting the best sector according to
requirement. Unfortunately, the combinations of vectors are
increasing by increasing the level of the multilevel inverter.
Hence an optimization technique is required to identify the
proper vector quickly to produce required output voltage
through inverter. Therefore, Modified Invasive Weed
Optimization (MIWO) technique is developed to identify
correct voltage sector quickly for generating required pulses
to the 5L-NPC inverter.
The following objectives are accomplished with this article.
» Implemented 36 pulse converter to obtain stable dc-
link voltage from grid.
» Established PV-battery system and integrated to dc-
link to improve the voltage quality at dc-link.
Design a DTC with two LSTM based ANN
controllers to achieve precious response under
variable flux region.
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» Developed a Space Vector Pulse Width Modulation
(SVPWM) on 5L-NPC inverter to obtain t fast and
smooth response of speed.

» Developed Modified Invasive Weed Optimization
(MIWO) to identify best sector position to achieve
quick response during step change in reference speed.

The paper is organized by providing system description in
Section-11, design of LSTM controllers in Section-111, control
of voltage at dc-link is explained in Section-1V. The
proposed control of induction motor drive and respective
HIL based results are provided in Section-V and Section-VI
respectively. The conclusion is written in Section-VII.

Il. SYSTEM DESCRIPTION

The proposed configuration of system is depicted in Fig.
1. The dc-link voltage is established by using 36 pulse
converters (by using transformers). A PV system is
employed with the dc-link through a boost converter which is
also working as a maximum power point tracker (MPPT)
device. The battery bank is integrated to the dc-link through a
bidirectional dc-dc converter. During off grid, the battery and
PV system can able to supply power to drive. During
unbalance voltage at grid causes second frequency
oscillation in voltage at dc-link. Hence, the control of
bidirectional dc-dc converter is implemented to suppress
these oscillations from voltage at dc-link. Further, the
proposed controller will maintain stable dc-link voltage by
regulating charging and charging process of the battery.

PV System
Boost converter
for MPPT

Bidirectional DC

to DC converter
Battery bank

6 pulse
Rectifier

O pulse
Rectifier

Fig. 1: Proposed configuration of medium voltage drive

I1l. LSTM-ANN CONTROLLER

Selecting proper controller in a designed control of inverter
is very important aspect since it can decide the accuracy of
the proposed control method. Due to fixed tuning gains of Pl
controller, it may not produce proper reference signals
quickly in transient periods. The LSTM system is flexible to
adjust their gains according to changes in the system
automatically since having machine learning model. Hence,
the LSTM system can be able to produce accurate reference
output under any condition. The operation and control of
electric drive requires data analysis, processing, verifying
and data storage. Hence, ANN based long short term
memory (LSTM) algorithm is implemented
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in this paper from [18-20]. Further a deep learning algorithm
is implemented to update weights of the ANN controller.
Generally, the signals received from various sections in this
Microgrid contain noise. In order to achieve better operation
of the drive, the noise signal should be purified. The memory
cells were also included while designing the ANN based
controller unit as depicted in Fig. 2. The internal usage of the
LSTM network is designed by using basic equations and the
corresponding layout is shown in Fig. 3. A machine learning
(deep learning) algorithm is developed to update the weights
of neurons of the system as per requirements. An unknown
noise signal (ns) is also considered since there may be an
interfacing magnetic signal in the system due to high voltage
and other components. These signals need to be suppressed;
hence the opposite polarity is considered in every element in
the LSTM block.

at:G(ba+ht_1><Wah+xt><Wax$n5a) (1)
fi=o (bf + hy—1 x Wi + Xt X Wi F Nsf ) @
Ot:G(bo+ht_1><W0h+ xt XWox$nso) (3)
Cr=tanh(log + _g X Wen+ X (X W o N & @
s =f®s +C xa
t ot t1 ottt ©)
ht = tanh(St) ® Ot (6)
s Fully connected hidden layers
Registration

layer
Output

Input with noise

Input layer

LSTMCell
model
LSTMCell
model

Flatten layer

O~
Algorithm
Fig. 2: LSTM based ANN controller.

Inputgate

>

|_X'—| t External noise (ns)
Fig. 3: Model of a single LSTM cell.

IV. CONTROL OF DC-LINK VOLTAGE

From the literature [10], second-harmonic component will be
imposed into voltage at dc-link as well as dc-current when
inverter needs to supply unbalanced load current at PCC. The
electrical torque of the wind coupled generator will have
some oscillations which results reduce the fatigue life of the
shaft. An active filter [15] on dc-side is developed on the
dc/dc converter which paced between the battery bank and
dc-link. The dc-dc converter associated with battery is
modified for this purpose and presented in Fig. 4.
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A low pass filter is used to filtered the Vg to obtain
the dc-component of voltage ( V4'c ) then calculated the

oscillating component (V4o ) - Hence, the reference battery

(Vdco) is

current to produce counter component of the
achieved from the PI controller as shown in Fig. 4.

Two PI controllers are used to obtain the resultant reference
current of the battery to maintain the constant voltage at dc-
link as well as reduce the oscillating component. While
producing the counter oscillating component, oscillating
component is compared with ‘0’. The outputs generated
from both Pl controllers are added to obtain the final

reference current (I ;at) of the battery. The hysteresis loop is

implemented to generate the required pulses (Q: & Q) for
the bidirectional dc/dc converter from reference and actual
currents of the battery bank.
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Fig. 4: Proposed control of bidirectional dc-dc converter

V. PROPOSED DTC OF INDUCTION MOTOR

In order to provide smooth flux control under prescribe limit,
two LSTM controllers used to estimate reference flux and
torque signal from motor speed. This can help to break the
decoupling effect of the DTC between torque and flux.

The desired pulses are given to SVPWM which is assembled
with  MIWO technique to achieve the proper pulsing
sequence. The generated pulses from proposed control are
given to 5L-NPC inverter to produce AC voltages to drive
the induction motor. An LC filter is interface between
inverter and motor to further reduce harmonics [22].

[LSTM-ANN N -
controlelr-1 ]:I R I b
5 P
T. (-1,0,+1) g p—
: & Psp—y| Sphase SLNPC 1= | ¢ Fijer S
% Pe_) nverter c
LSTM-ANN 2 -
controlelr-2 EE[_ & P _— o
P, ('] ’ +]) + Isabe e
: E
Two TS-Fuzzy based DTC 0 Sector Ve tComputlng of | aff g
. . . orque and flux | '«
identification] Te—{ magnitude abcde
Fig. 5: Proposed Two LSTM based DTC of induction motor with 5SL-NPC inverter
T N N
A generalized SVPWM of a 5-level (5L) inverter is shown in SV Vi (L—2)
the Fig. 6 by including their respective representations.
Many numbers of switching combinations are possible 4 Vik=2)+2=VD).(D)
to generate by the SVPWM technique. Generally, 5L = 9
SVPWM can be divided into many 2-level hexagonal SVi-1 Vi(L=2)+ WV, =V.(k—2)
systems where each having seven set of pulses as depicted in
4 _ J P piee SV Vi (L=2)+ (V2= V). (k= 1)
Fig. 7. There is a chance to access many locations \_ Yy,

(represented by ‘L) in the Fig. 7 for any change happened in
the system. The reference voltage (Vrer) will be rotate in the
5L SVPWM spectrum by passing through each 2-level sub
systems. The Vi signal is calculated from V, & Vg. The
below fundamental equations are used to obtain necessary
Space Vector Voltage (SV) singles.

2 2

Viet =V +7p @
M = Ve ®)
n-1
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Here, k' support vector is indicated by SVk.

Total 19 possible combinations for 24 switches during
0-90° are listed in Table-1 for 5L NPC inverter which shows
in Fig. 1 [23]. Remaining combinations for switches during
other sectors can be also formulated from these 19
combinations.
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Fig. 6: Hexagonal representation of 5L SVPWM. Fig. 7: Space vector representation of 5L SVPWM.

Table-1: Switching pattern of pulses between 0 to 90°

rotation. So many possibilities are available in each two-level vectors,
No. | Vector. | A-Phase. B-Phase. C-Phase therefore an efficient optimization algorithm is required to
1 0,0,0 | Null Null Null identify the nearest location of vector to operate the inverter
2 1,0,0 | P(2 3, 7,59) P10, 115 14, 15) | Pluss 19, 22, 23) effectively. Hence, a MIWO technique is implemented to
3 2,0,0 [ P(1,2779 Pli0: 11, 14, 15) | Pluss 19, 22, 23) capture the best series of the pulses. The MIWO method is a
4 3,0,0 | P(1,4,7,9) Plios 110 141 15) | Plass 10, 221 23) simple and effective technique which inspired by colonizing
5 4,0,0 | P(1, 4579 Plior 110 141 15) | Plas, 10, 221 23) weed method [9]. It is already reported in many research
6 [ 11,0 | P@37s | Ploisie) | Pls e 2 2) papers that the MIWO method is having a highly capable in
7 1210 [PG2ns [ Plhoiise) | Pls g 2 2) searching the best location under various operating
8 [310 [PG4ane [Phoinisie) [ Phs e 22 2) conditions [12]. Hence, MIWO technique is adopted in this
9 [410 [PGase [Plowse) | Phs w2z paper in between SVPWM and inverter gating switches to
10 [ 1,20 | P(s 75 E(g' 10 15 16) i(w’ 19: 22 23 supply the best vector combination. The Cauchy density
E g g'g E&’ i ; 3 Ptz 12 i: 12; PEZ iz Z 3 function used in MIWO has mainly two parameters, such as
13 4' 2’ 0 P(l: 4: 5: A Plo 10, 1519 Pl 19,22, 23) location and scale parameter;. 'The scale parameter is
12 2: 3: 0 (P29 Plor 12 15 16) Plior 1922 23) represc_ented by the s_tan_dard deviation (o). The produce:d new
330 [Phang | Pomms | Plewnd weed is normally distributed over the search space with the
6 14,30 | PG as 0 Plor 12 15 16) | Plisr 19, 220 23) varying standard deviation and the mean of the parent weed
17 | 2,4,0 | P(1, 2 7,9) Plo 12 13 16) Plie 10y 22 23) posm(on a;s per following representations:
18 | 3,4,0 | P(1,4, 7,8 Plo, 12, 13, 16) Plis: 19, 221 23) w=)™ ) )
19 | 4,40 Pgl, 4, 5, 8; Plo, 12, 13, 16) Plis: 19, 22, 23) 7t= T Giniciat = Opinat) * Opinat 10

SVJ+l _SVJ + xoi x Cauchy (0,1) x (SVpegt — svi i) (1)

1% 1743 . . . .
Where, x = " x tan| _B| ‘i’ iteration, m is non linear
Vac V"

a

‘w’ represents number of parent weeds.

Flowchart representation of implemented MIWO is depicted
in Fig. 8.
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Yes @

No

Extract Vet to pulses @
by using Table-I

Fig. 8: MIWO-SVPWM of 5L inverter flow chart.

VI. RESULTS AND DISCUSSIONS

The real time simulators (RTS) are used to enhance the
performance of the system under various conditions in this
paper. The RTS modules such as OPAL-RT devices are used
to obtain HIL setup in the laboratory. Two OPAL-RT
modules are used to establish HIL for making real time
experience on testing of proposed complex controllers. The
plant which consists of PV system, converters, wind turbine,
PMSG, FC, electrolyzer and AC loads is dumped in OPAL-
RT module 1 (i.e., OPAL RT-1). All the controllers are
dumped in OPAL-RT module 2 (i.e., OPAL RT-2). The
analog signals from the plant are converted to digital for
making input to the controller unit (i.e., OPAL RT-2)
through data cards. The controller module can perform as per
designed controllers and generates respective switching
pulses for converters used in the plant. The digital pulses
will be converted to analog signals to make input signals for
plant through external data cards. The required results are
carried out by using a laptop instead of an oscilloscope for
presenting with better visualization. The basic HIL setup
with two OPAL-RT modules is presented in Fig. 9.
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Fig. 9: HIL setup with two OPAL-RT modules

The responses of motor electromagnetic torque, motor/rotor
speed and flux trajectory of the induction motor controlled
by SVM operated DTC with Two-LSTM logic controllers
are presented based on MATLAB platform. The response of
motor torque along with reference torque is depicted in Fig.
10 during changes at t=1.3 and 1.8sec. During this operation,
the reference torque of the motor set at 5 Nm from time
1.0sec to 1.3sec; 8 Nm from time 1.3sec to 1.8sec., and 3
Nm from 1.8 to 2 sec. the generated electromagnetic torque
of the motor is always followed by reference torque with the
help of proposed controller. Respective speed response of
induction motor (reference speed (80 rad/s)) is depicted in
Fig. 11. From Fig. 10, it is clearly showing that the ripples on
torque are minimized. Observed the flux trajectory response
from Fig. 12 is very smooth which can help to operate
electrical vehicle smoothly. Flux ripple is observed and
noted that it is decreases when ANN controller is in use from
trajectory.

10000
8000.. ........................ -
’E\ 6000 ....................................................... _ ................................ -
Z —Reference
© o Generated
=] N
o .
S
[ QOO0 frreerrmrrree e e [ .
2000 [+ vvvvrrreeeeee e e e O O .
0 N 1 1 1
1 12 14 16 18 2

Time (s)

Fig. 10: Torque response of the motor.
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Fig. 12: Stator Flux Trajectory

The output of inverter is tested with and without using
MIWO under consideration of for sudden change in load at
t=2.50 sec. When 50 percent of load torque of the motor is
suddenly changing, the proposed inverter controller tries to
identify proper switching pulses using SVPWM. The time
for identification of suitable vector combination is very less
with proposed MIWO algorithm, and the rise and dip of the
line voltage are less as compared with generalized 5L
SVPWM method. Corresponding line voltage response is
depicted in Fig. 13 (RMS) with proposed MIWL and
generalized SVPWM method. Further the system is tested
with and without control of bidirectional dc-dc converter
during unbalanced factor of 0.9 in grid voltages. During
unbalanced voltages in supply, more oscillations are
observed in motor torque which affected on shaft’s fatigue
life time. The comparable results with and without proposed
control of bidirectional converter is shown in Fig. 14.
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Fig. 14: Oscillations in torque with and without control of
dc-dc converter.

Now the system is tested for energy management process.
Both wind speed as well as irradiance is changing randomly.
However, other loads connected to the system also changed
at the same time. Under these conditions, voltages at both dc
and ac are varying unknowingly which results poor quality.
The changes of load, irradiance and wind speed are
considered in this paper which shows I Fig.

15. During this operation, battery management system is
working effectively and compensates the power mismatch
between total generation and load. Corresponding powers in
the system is depicted in Fig. 16. Battery bank is charging
when surplus power is available and discharging if load
demands more than the generation. This phenomenon is
shown in Fig. 17 with help of SoC.
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210 J VII. CONCLUSION
£09 Two LSTM controllers-based DTC of medium voltage
08 induction motor drive is implemented on SL-NPC inverter
0.7 for reducing ripples in torque. The MIWO technique is also
8'5_.__.. incorporated to the system for achieving fastest identification
@ of a best vector location to generate accurate pluses
11 according to requirement by the motor. Extensive results are
10 presented in this paper by establishing an HIL with the help
<09 of two OPAL-RT modules.
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