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ABSTRACT

This  presents  the  design  and  implementation  of Modular  Multilevel  lnverter

(MMI) to control  the  Induction  Motor (IM) drive  using intelligent techniques towards

marine water pumping applications.  The proposed  inverter is of eleven  levels  and has

the ability to control the speed of an IM drive which is fed from solar photovoltaics.  It

is  estimated  that  the  energy  consumed  by  pumping  schemes  in  an  onboard  ship  is

nearly   500/o  of  the  total  energy.  Considering  this  fact,  this  paper  investigates  and

validates  the  proposed  control  design  with  reduced  complexity  intended  for  marine

water  pumping  system  employing  an.  induction  motor  (IM)  drive  and   MMI.  The

analysis of inverter is carried out with Proportional-Integral (PI) and Fuzzy Logic (FL)

based  controllers  for  improving  the  performance.  A  ?*omparative  analysis  has  been

made with respect to better robustness  in terms of peak overshoot, settling time of the

controller  and   To;al   Harmonic   Distortion   (THD)  of  the   inverter.   Simulations   are

undertaken  in  MATLAB/Simulink  and  the  detailed  experimental  implementation  is

conducted with Field Programmable Gate Array (FPGA). The results. thus obtained are

utilized   to   analyze  the   controller  performance,   improved   inverter  output   voltage,

reliable induction motor speed control and power quality improvement by reduction of

harmonics. The novelty of the proposed control scheme is the design and integration of

MMI,   IM   drive   and   intelligent   controller  exclusively   for  marine   water   pumping

applications.
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CHAPTER 1 INTRODUCTION

In   general   modular   multilevel   inverters   are   use   for   marine   water  pumping

applications. These systems are normally fed by conventional energy sources like

diesel etc.  According to  lnternational Convention for the  Prevention of Pollution

from  Ships  Organization (MARPOL),  marine shipping diesel  engines emit 2.8%

of Carbon  Di  Oxide,15°/o  of Nitrogen Oxides,13% of Sulphur Oxides  which  are

the most significant gases involved to pollute the atmosphere.

1.1   INTRODUCTION

In   the   proposed   system   the   Modular   Multilevel   lnverter   is   fed   by   Solar

Photovoltaic  source  promoting  the  use  of renewable  energy  sources.In  order to

reduce the complexity of the system Fuzzy Logic Control  is used making it more

reliable and u.ser friendly.  Fuzzy  Logic Control  seeks to deal  with complexity  by

creating heuristics of problems. It provides a way of dealing with imprecision and

non linearity in complex control s.ituations.                                          .
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CHAPTER 3 DESCRIPTION 0F PROPOSED__                                                 __                                    __  _____      _       _ _       _________

SYSTEM

3.1   SYSTEM   CONFIGURATION   AND  OPERATION  NO

TABLE  OF  FIGURES  ENTRIES  FOUND.THE  PV  ARRAv  wlTH  A

MAXIMUM  POWER CAPACITY 0F .150W AT STANDARD TEST CbNDITIONS (STC.)

(1000W/M2,  25°C)  IS  CONSIDERED  IN  ACCORDANCE  WITH  THE  RATING  OF  IM

DRIVE  COUPLED  WATER  PUMP.  THE  OPERATING  POWER  CAPACITY  0F  THE  PV

ARRAY IS SELECTED SUCH THAT IT CAN RUN THE MOTOR PUMP SYSTEM WITH AID

OF MODULAR MULTILEVEL INVERTER [11], [12].
#

A.  PV  ARRAY  DESIGN

A  low  solar  PV  module  is  made  up of 36  cells  (36  cells  x  0.588  V  = 21.6  Voc)

connected in series. The specifications are:  Maximum power (Pmax) =  10Wp, Voc =

21.6V and lsc = 0.659 A. The maximum voltage and currentfof a module is

Vmp =  17V and  Imp = 0.588A (Pmax =  Vmp X Imp =  17 X

0.588= 9.96W).

A  20W  solar  module  with  72  cells  associated  in  series  is  utilized  as  an  input

source.  The  specifications  are:  Maximum  power (Pmax)  =  20Wp,  Voc = 21.5V and

lsc =  I.24 A. The maximum voltage and current ratings ofa modu.Ie at vmp=            .

17.5V and  Imp = 1.143A (Pmax = Vmp X  Imp =  17  X  I.14 =

19.38W).

The two different ratings of low and 20W cited above are connected in series

and parallel to achieve the maximum power capacity of 150 W (5 x  10 = 50W, 5 x

20 =  100W) at STC.

The  current  equation   of  solar  cell   given   in   equation  (1)  has   four  indefinite

constraints  (IL,   [o,   Rs  and  a)  that  has  to  be  dogged  before  attaining  the  V-I

characteristics of the PV cell.

I  =  IL -ID =  lL -toe(\` 'O;R-`)_  1

6
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3.I.2   DESIGN 0F AN INDUCTOR (L)

The  following  steps  given  from  Equations  (9)-(10)  illustrate  the  design  of  an

[nductor require.d for the system.

Vln * (Vout -Vin)

(9)
Ill * fs *  Vout

Vout

JIL=(2o/o-4o/o)*lout(max)*  _          (10)
Vim

AIL`-",.03,*5=:-0.3.
12 * (24 -12)

=  I+i=-`-i  I--_-+-_'-I  = 0.65
Lbi -  0.3 * 3  x  103 * 24

*

3.1.3  DESIGN 0F CAPACITOR

The  following  steps  given  from  Equations  (11)-(12)  illustrate  the  design  of  a

Capacitor required for the system.
L-

I(out) *  D

( 1 1 ) fs *  I Vout

lout

lvL =.(2o/o-4o/o) * Vout(max) * _         (12)
lln

5
AVL.  =  (().{)3.) * 24 *  -  = {).36

10

Vout              12
_ = 0.67

V,n+Vout       36

Vout(max) is the maximum voltage delivered by the PV module under STC



3.1.4  MULTILEVEL INVERTER DESIGN

The  voltage  separator  at  the  input  end  is  composed  of  five  numbers  of series

connected solar. PV modules denoted with Spvi,  SPV2,  SPV3,  SPV4, and SPV5 as

shown  in  Figure  2.  The  input  voltage  thus  separated  is  then  transmitted  to  the

route  comprises  of semiconductor  devices  (both  controlled  and  uncontrolled  in

nature) denoted  as  Si,  S2,  S3,  S4,  S5,  Di,  D2,  D3,  D4, and  D5 and finally  leads to a

H-bridge   (Qi,   Q2,   Q3,  and   Q4).   Equations   (13)  and   (14)   point   outs   that  the

symmetrical  modular  multilevel  topology  significantly  increases  the  number  of

output voltage levels [ 15].

Nlevel =  2S +  1

NIGBT =  S + 4

3.1.4.I  WATER PUMP DESIGN

The  water pumping  system  comprises  of IM  drive  along  with  centrifugal  pump

which   is   used   for  marine  applications.   Pump  affinity   law   is  considered  as  a

reference for the design of centrifugal pump. In accordance to it, the load torque is

directly proportional to the speed square as given in ( I 5).

TL = Kp X 0r2

9.94

Kp = (2 x 7r  x 24)2 = 0.00043712Nrtyl(rad/ sec)2
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3.2   CONTROL TOPOLOGY FOR MMI

The  structure  of the  solar  PV  fed  IM  drive  for  marine  water  pumping  system

employing an MM]  is shown in Figure 3. The proposed topology  is to control the

MMI  using the Pl and FL based controllers. The switching schemes of an inverter

are        governed        by        PWM        with        aid        of        intelligent        control

techniquestooperateinultilevelinverterandcontrolthespeed of an induction motor.

The  v/f control  scheme  is  employed  by  varying  the  voltage,  frequency  along

with the  reference  in  Alternate  Phase Opposition  Disposition (APOD)  under th;

category   of  multicarrier  PWM   methods.   The  five  different  triangular  carrier

wave forms   (each   out   phase  of  1800)  are   compared   with  the   one  sinusoidal

reference wave form to generate the required PWM pulses as shown in Figure 4.

The  logic  control  and  rule  based  techniques  fory,J)oth  the  controllers  intend  to

generate the modulating signal which is then compared with the carrier to generate

the dynamic pulses required for the inverter switches  [16],  [17]. The performance

of IM  with  PI  and  Fuzay  controllers at  constant and  variable  loads  in  open  loop

and closed loop operation are analyzed.                                       a

The following sections describe the design and imple-
mentation of PI and FL based controllers in improving the performance of an  IM

drive operating along with MMI.

10
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FIGURE 3. Control Topology

$

3.2.1 PI CONTROLLER BASED SPEED CONTROL

The  PI  based  cbntroller  is  generally  im,plemented  with  any  of the three different

methods  such  as trial  and  error,  evolutionary  techniques  based  searching,  Cohen

Coon,  Lambda tuning and Ziegler Nichols.  In comparison of various methods for

PI controller tuning, trial and error method is nominated due to its several beneflts

in   detecting   the   gain   parameters   and   better   performance   in   motor   drive

applications.

Typically, the .comparator compares the actual (wrm) and reference (aJrm*) sbeed
I

and the error (ale(„)) thus obtained is used for tuning the parameters Kp and K,.. The

error equation

(aJc(H)).is given by,

ale(n) =  aJrm - (4/rm *

11
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FIGURE 4. APOD Control Signal

1oue(n) =  aJ  *  e-on(n-I)

The  trial   and  error  method  mainly  focused  onri two  essential   parameters  in

calculating  the  proportional  and  integral  gain  for  motor  drive  applications.  The

numerical  value  of  Kp  and  K,  attained  from  trial  error  method  are  50  and  2,

respectively. The objective of the PI controller is to minimize the error to enhance

the driving performance.

The. objective  of the  closed  loop  PI  controller  has  the  superior  performance

while controlling the speed of an induction motor at constant torque. The proposed

inverter (Si,  S'2,  S3,  S4,  and  S5)  and  (Qi,  Q2,  Q3,  and  Q4)  switches  are  controlled

bythev/fmethod.Theswitchess]  toss  controlsandoperates  the   inverter  while  the

•  other switches Qi to Q4 convert the polarity changes of the inverter. The output of

the inverter with constant v/f is fed into IM drive.

The open  and  closed  control  operation with  PI  controller has  some  limitations

such as the rotor speed is slightly modified which is less than synchronous speed,

stator    current     exceedstheratedcurrentandslipspeedcannotbemaintained.     These

drawbacks  of a  PI  controller mainly  occur with fluctuating operative  conditions.

This limitation of the PI controller is overcome by FLC.

12
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3.2.2  FUZZY LOGIC CONTROLLER

Fuzzy   logic  controller  is  a  most  efficient  tool   which  is  used  to  enhance  the

electrical    apparatus   through    its    fastness   to   evaluate   the   speed   controller

incorporating human thinking and rule based protocols. Generally, three methods

are available  for the control  of induction  motors  namely,  (I)  voltage/  frequency

method,  (2)  flux  control  Method  and  (3)  Vector control  method.  In  comparison

with the speed control methods, closed loop v/f control method is characterized as

best due to its simplicity and good accuracy.

The proposed  FL controller is  intended to solve the two  important main tasks:

(I)  estimating  induction  motor  speed  and  (2)  reducing  error  in  speed  using  the

rules based system and also deteriorating the harmonics.

The  FL  controller  is  designed  with  two  inputs  and  one  output.  The  error  and

change in error speed are considered as input and the modulating signal is taken as
•  the output. FL controller mainly follows the four necessary steps,. such as:               .

(I )  Analog fuzzifier`conveits input into fuzzy variables
(2)  Stores fuzay rules
(3)  Inference and associated rules
(4)  Defuzzifier converts the fuzzy variables into actual

target



TABLE  1.  Fuzzy Rules.
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iigr5REesgrho`#Theinputtothefuzayoperatorhastwoormore  relationship  values  fi

fuzzifier input variabfes. The output is a single truth value. If input  I  is declare,

indicate  the  error  means  it  while  the  input  2  indicates  the  changing  error.

linguistic  variables  contain  eight  fuzzy  subsets  in  which  five  subsets  are  u

which are described as follows:

( I ) Negative error speed Big (NB)
(2) Negative error speed Sma11  OVS)

(3) Positive error speed Small (PS)®,
(4) Positive error speed Big (PB) and
(5) Zero error speed (ZE)
If suppose the output is NS, it values up to 0.3416 such that the entire rule b

membership functions work along with it. The output of the NB is 0.I, PB is  I

is  0.66  and  ZE  is  0.5  as  illustrated  in  Figure  5.  The  input  linguistic values  ra

are NB =-1600, -10, -4, NS =-8.06, -3.96, 0.02646, ZE =-3.2, 0, 3.2, PS = 0,

and PB = 3.52, 9.92,1550. Table  1  shows the rule matrix based the logic to con

the speed.

The   11   level  MMI  has  9  semiconductor  switches  (Si-S5)  switches  which

connected in parallel to (Qi-Q4) H bridge switches. The bipolar triangular and,14



wave is compared to generate the PWM based upon the fuzzy rules. The pulses for

S| -S5 are inverter control pulses aid Qi to Q4 are level control pu.lses.                        .

FLC   structure   is   fully  designed   by   switching  pattern  of  the  inverter  using

switching   pulse   generator   as   shown   in   Figure   6.   The   input   fuzzification

membership is designed (INi-IN6)

FIGURE 6.  FL Controller Switching Pulse Generation Structusre.

with switching magnitude range of (-I, 0,I ). Positive range from 0 to  I  represents

the  first  quarter  cycle  (0°-90°)  and  second  quarter  cycle  (90°-180°)  respectively.

Similarly, the negative range from -1  to 0 represents the third quarter cycle (180°-

270°)    and.  fourth    quarter   cycle    (270°-360°).    Later,    in    defuzzification,    six

membership  functions  are  developed  based  on  fuzay  rules  to  obtain  the  desired

Output.

The  paper illustrates  the  design  and  development  of two  controllers  for water

pumping application.  The  voltage and  frequency  are  used to control  the inverter.

The speed of induction motor is controlled by v/f method.

15



CHAPTER 4 SIMULATION AND ITS ANALYSIS

The  simulation  model  is  developed  in  MATLAB/Simulink  2013  to  perform  the

performance  comparison  between  Pl  and  FL  based  controllers.  The  analysis  for

harmonics reduction under open and closed loop operation is also undertaken.

4.1  SPEED  TRACKING  PERFORMANCE  AND
HARMONICS ANALYSIS 0F INVERTER

#
The  [M  drive  connected  with  the  pump  is  desired to  reach  the  speed  from  0  to

1000   rpm.   To   reach   the   desired   speed,   the   parameters   such   as   overshoot,

undershoot and  steady-state error are higher in  PI  when compared to  FLC.  Both

controllers are examined at the reference speed of 1000 rpm.

It  is  noted  that  FLC  based  IM  drive  system  reaches  the  desired  speed  with  the

minimum time period.

The  simulation  result  with  PI  controller  is  shown  in  Figure  7  point  outs  the

motor starting at Os and the motor speed is settled nearly 2 see with the set speed

of  1000  rpm.  Using the  FL  controller,  motor starts  at  Os  and  settles  at  0.5sec  as

shown in Figure 8.

16
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FIGURE 7. Speed Response of PI Controller at 1000 rpm.

The simulation  result  with  PI  controller  is  shown  in  Figure  7  point  outs

the  motor starting  at  Os  and the  motor speed  is  settled  nearly  2  see  with  the  set

:  speed of 1000 rpm. Using the FL controller, motor starts at Os and settles at 0.5sec
as shown in Figure 8.

The results are compared with respect to optimal gains, and  faster setting time.

By  analyzing  the  power  quality.  the  Total  Harmonic  Distortion  (THD)  with  PI

controller is  I 0.44°/o and with FL controller is 5.670/o as shown in Figures 9 and  10

respectively. The FLC for motor fed MMI provides a good

17
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The  proposed  inverter has  been  evaluated  by  practical  implementation  in  re

ime control using FPGA Spartan -6 controllers considering the motor of 1. I  k

rating. The IM  is fed by  MMI  using nine MOSFETs switch with gate drive boa

as shown in Figure  12.,                                    20



The motor currents are measured.using the speed-sensor and feedback is sent to.

the   controllers   which   produces   the   PWM   pulse   to   operate   inverter.   The

performances of PI and  FL controllers are tested and the results are compared for

both simulation and experimental setup. The results ensured that the FL controller

shows the fast settling time compared with  PI controller. The two controllers are

tested  for  the  speed  variations  from  0-1000  rpm.  The  PI  controller  shows  the

settling time at 0.2 sec while FL controller settles at 0.09 see as exposed in Figure

13.

The  induction  motor coupled with the  pump  is  used  for marine  application of

seawater pumping to ship usage and clean the  water every  day at an average of

around 50 liters used for various purposes. The main work of the pump is to suck

the  water from' the  sea.  This  process  can  be  done by  both  open  and  closed  loop

system  [22]-[30].  The  developed  system  also  redufes  the  THD  as  illustrated  in

•  Figures   14  and   15.   The  corresponding  inverter  output  voltage  is  depicted   in

Figures  16.

The VHDL coding for synthesized devices of SPARTAN3E500 FPGA at 50MHz

is performing a major role in Xilinx project navigator [23].   S
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FIGURE 16. Output Voltage Wave form of MMl.

The  main  impact  of the  proposed  control  scheme  is  to  reduce  the  steady-state

error of the  induction motor speed control  and deteriorate harmonics at the output

voltage of modular multilevel  inverter.
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CHAPTER 5 ADVANTAGES AND
___                                   ___           ______    ____      _____   _   _     _____   _   _______   __    _____   _    _i_

DISADVANTAGES

5.1 ADVANTAGES

It is a robust system where no precise inputs are required, These systems are

able to accommodate several types of inputs including vague, distorted or

imprecise data. The computational "thinking" of fuzay resembles human

thinking.  Its structure is simple and justifiable.  It does not require any str(tng

infonnation sources.

5.2 DISADVANTAGES
The rotor speed  is slightly modified which is less than s.ynchronous speed.

Stator current exceeds the rated current and slip speed cannot be maintained.

These drawbacks of a'PI controller mainly occur w.ith fluctuating  operative

conditi,ons. This  limitation of the Pl  controller is overcome by  FLC. They

use rotation instead of suction to move water. and therefore have almost no

suction power.

Reverse impeller rotation, vibration, pump seizure aiid leakage are also the

. disadvantage of centrifugal pumps, Centrifugal pumps develops a

phenomenon cal.led .`cavitation". Cavitation  is caused  by  insufficient  water

supply to the pump and resulting low pressure.
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CHAPTER 6 FUTURE SCOPE

The   Fuzzy   logic   is   used   in   varioiis   fields   such   asautomotive   systems,

domestic goods. environment control. etc.  Some of the common applications

are:   It  is  used  in  the  aerospace  field  for  altitude  control  of` spacecraft  and

satellite. This controls the speed and traffic in the automotive systems.

The  Fuzzy  Logic  can  be  used  ill  a  variet}+  of industries.  including domestic

goods` automc;tive s}Jstems. environment control. etc.  Some of tliem  are:  lt is

used  to  control  the  altitude  of aircraft,  satellites.  and  spaceships  Multilevel

inverter   is    like   an    inverter   and    it    is    used    for   industrial    applications

as alternative  ill  high  power  and  medium  voltage  situatiiins.  The  multilevel

inverters  produce  common  mode  voltage  aiid  it  reducing  the  stress  of the

motor  and  the  motor  will  not  get  damage.  As  India  is  gradually  iiicreasing

the  use  of  solar  aiid  wind  energy,  the  CEA  stated  that  renewable  energy

generatioh  might  increase  from   18%  to  44%  b\`  2029-30  in  the  countrv.  In

the  future,  India  aims  to  portray  a  "green"  eii\'ironment  \\'ith  rooftop  solar

systems  ill  all  Indian households.  t can  harness  up to  I 0-15%  more  power in

comparison to  a conventional  layout on  ground.  Without  po\\i'er cut:  Project

can   be   very   useful   and   can   provide   electricit};.   \\Jithout   any   power   cut

problem.  Solar technology:  Solar trees  may  build  awareness  and  interest  in

solar  technology  and  also  provide  shade  and  meeting  places  Photovoltaics

(PV) and  concentrating solar power are  likely  to continue to grow  rapidly~

the  National   Renewable  Energy  Laboratory  (NREL)  projects solar  energy

could  provide  45%  of the  electricity  in  the  lJnited  States  by  2050  if the
®,

energy s.vstem  i.s full}J decarbonized-and technology costs are projected.
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CHAPTER 7   CONCLUSIONSTherelevanceoftheproposedworkistoprovidehighquality  of input,

power to the inverter drive pertaining to marine water pumping applications.

A  solar  PV  fed  MMI  for  speed  control  of induction  motor drive  has  been

examined at steady  state and dynamic behaviors to investigate its suitability

.  for  water  pumping  system  intended  for  the  marine  applications..  The  solar          ,

PV  array  is  connected  with  the  proposed  inverter  when  is  then  fed  to  an

induction  motor.  The  motor  speed  is  sensed  and  feedback  is  given  to  the

controller for generating optimal  PWM pulses for the inverter switches. The

motor  is  started  gradually  and  the  speed  is  increased  to  achieve  reference

speed with aid of PI and FL based controllers.
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The  performance  of PI  and  Fl.  controllers  for a  feasible operation  is  verified  and

results  are  compared  in  both  simulation  and  experiment.  The  results  ensure  that

the  FL  based  controller  provides  fast  settling  time  and  reduced  harmonics  when

compared with the  PI  controller.  The main  impact of the proposed control  si`heme

is   to   reduce   the   steady-state  error  of  the   induction   motor  speed   control   and

deteriorate harmonics at the output voltage of modular multilevel inverter.

On considering the  number of components  required  for the proposed  MM]`  the

Table   3   illustrates   the   comparative  analysis   on   the   riurnber  of  semiconductor

switches  required  for  the  design  of MMI  along  with  those  inverters  available  in

the literature.

The  source,  converter,  load,  controller  and  grid  are the  major components  of` a

DC  microgrid.   A  microgrid  is  normally  referred  as  a  stand  alone  autonomous
®,

system to generate power by the communit}; and for the community regionso  [n the

proposed  system,  th?  entire  component  cited  for  DC  microgrid   is  present  and

performs  its  function  effectively.  The  appropriate  estimation  of power  generated

and power used is the future scope.
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