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ABSTRACT
The power loss, the electromagnetic stress dv/dtTatal Harmonics Distortion becomes
the issue of industrial electrical drives todayduiction motors are most widely used
machine in both industrial and domestic sector. Eeer, they require variable-frequency
power-electronic drive for their optimal speed agoht Out of the various methods, the
cascaded multilevel inverter based speed contrslgraven to be the most versatile. The
SPWM techniques are used at this thesis work treatiging better sinusoidal wave form
of both voltage and current. In this thesis worksing MATLAB R2013a/SIMULINK
software, a five and seven cascaded multilevelrievéopologies are analyzed, designed
and simulated to eliminate the fifth and seventhmuaics that are dominant in closed
loop induction motor drive. The THD values of fiseel and seven level CMLI inverter is
compared. The THD value measured from chemicalsingwcorporation mugher cement
factory are 49% and 7. 10% for current and voltagespectively is compared with
designed cascaded multilevel inverter are 4.06% &r@b% for current and voltage
respectively. Hence the cascaded multilevel invaest@roven and result with lower THD
value. Moreover, the PI controller is designed atascaded with multilevel inverter to
obtain smooth speed control of IM as per settlefiéresce speed. The smooth speed
control IM is compared for the two CMLI for the sausettling time and settled reference
speed.

Keyword: Cascaded Multilevel (CML), Sinusoidal Pulse WidthdJlation, PI controller,
MATLAB/SIMULINK, speed control.



CHAPTER ONE

INTRODUCTION
1.1 Background of the study
Multilevel Pulse Width Modulation inverters have ebe gained importance in high
performance power applications without requiringhhratings on individual devices, as
static var-compensators, drives and active poverdi A multilevel inverter divides the
dc rail directly or indirectly, so that the outpait the leg can be more than two discrete
levels. As both amplitude modulation and pulse Wwidtodulation are used in this, the
quality of the output waveform gets improved witlhwl Total Harmonics Distortion. The
advantages of multilevel inverter are good powealityy low switching losses, reduced
output dv/dt and high voltage capability. Incregsthe number of voltage levels in the
inverter increases the power rating. The three r@ologies of multilevel inverters are
the Diode clamped inverter, Flying capacitor ingerand the Cascaded H-bridge inverter
[1][2]. The PWM schemes of multilevel inverters ackassified in to two types the
multicarrier sub-harmonic PWM (MC-SHPWM) and the INuarrier switching frequency
optimal pulse width modulation (MC-SFOPWM) [4] [9]he MC-SHPWM diode clamped
multilevel inverter strategy reduced total harmouistortion and the MC-SFOPWM
technique for multilevel inverter strategy enhanttesfundamental output voltage [6], [8].
For this thesis work MATLAB®R2013a /SIMULINK software is used for the design an
implementation of cascaded multilevel inverters] #re way by which the performance of
the machine can be improved by increasing the le¥ehe inverter. This thesis work
enhances the method to produce a wave which idasitu that of a sine from a DC
source. This is mainly applicable where there iy @C supply like the Batteries, fuel,
photovoltaic cell etc. As the main device which wems the DC power to AC power is
inverter, this thesis deals with evolution of inees. The type of inverter circuit used in
this project is cascaded H-bridge inverter modet esmore advantageous compared with
that of the others. The triggering pulses are preduby the sinusoidal pulse width
modulation technique. The obtained output is gitenthe three-phase squirrel cage
induction motor and its speed is taken and compastdthat of the reference speed and
the desired speed is attained using Pl controller
1.2 Statement of the problem
The presence higher frequencies are engaged intidreed pulse width modulation

methods because of the unwanted harmonics occhigher frequencies, which can be



filtered easily and several kHz is well above tleustic noise level. But, in the case of

chemical industry corporation mugher cement factbey designed addition filter for the

traditional pulse width modulation methods causetebmagnetic interference (EMI). The

rapid change in voltage (dv/dt) is the cause oftedenagnetic interference. A high dv/dt

produces common-mode voltages across the windihgeotor and leads to damage. As a

result cascaded multilevel inverter based speetraowill overcome the above problem

for industrial motor drives.

1.3 Significance of the study

The need to signify cascaded multilevel inverterdosed loop induction motor drives, for

the reason that this topologies can generate owtgtage with extremely low distortion,

lower dv/dt, draw the input current with very lovistdrtion, provide smaller common

mode voltage thus reducing the stress in the nimgaring, they can operate with a lower

switching frequency. Hence this method prevents shatching loss, reduces Total

Harmonic Distortion and unwanted power loss whielsuft in extra billing cost for

industry.

1.4 Objective of the study

1.4.1 General objectives

The main objective of this thesis Work is to analybe existing speed control method of

Chemical Industry Corporation Mugher Cement Factamg design cascaded multilevel

inverter for closed loop induction motor drive bsing PWM techniques.

1.4.2 Specific objectives

« To examine the existing speed control method ofn@it& Industry Corporation
Mugher Cement Factory.

* To design cascaded multilevel inverters using SP@hniques.

* To design closed-loop PI controller that contraesgh of induction motor drive.

e To designed and test the combined overall systewerify the speed control of closed
loop induction motor drive.

* To compare and analyzed THD level of both five as¥en cascaded multilevel
inverters voltage and current with the IEEE staddaue [IEEE 519-1992].

1.5 Scope

This thesis work includes the design, simulatiothaf development of SPWM techniques

for cascaded multilevel inverter speed control lolsed loop three phase squirrel cage



induction motor by using MATLAB software. The designd simulation of cascaded
multilevel inverter for speed control of inductiamotor in this thesis proposal is limited to
five multilevel and seven multilevel inverter fdret elimination of % and 7' harmonics.

1.6 Limitation

During this thesis work the researcher limitedhe éxisting speed control method data at
selected study area i.e. Chemical Industry CormmraMugher Cement Factory. The
company doesn’t have data measured like THD vahfetheir control method; this
problem leads to inefficient use of Electric Powdgitity.

1.7 Organization of the thesis

Chapter one deals with the complete introductiorthef thesis work, statements of the
problem , significance of the study, the aim of thesis work and the way the thesis is
organized. It also gives a basic idea of the cdrgegsent in the thesis.

Chapter two deals with the literature review asoaiven for the further references. In this
chapter varies speed control of three phase inmluctiotor is reviewed. The working of
the basic inverter and its circuit operation alavith the output waveforms, pulse width
modulation techniques is explained. Then the nead tifie multilevel inverters is
concentrated. The different types of multilevel erters topology along with their
advantages and disadvantages are explained.

Chapter three deals with methodology and systemgmlesA detailed study on the
sinusoidal pulse width modulation is explained #mel way the pulses are produced for
different levels are schematically shown. MATLAB®Za /SIMULINK implementation
of the generation of pulses and cascaded MultiléMeboth five and seven level is also
explained.

Chapter four deals with results and discussiormefthesis work. The THD value of five
cascaded multilevel and seven cascaded multilewadrier is compared and the THD
value proven that as the number of level incregbes THD value is reduced. The
compression of open loop and closed loop for bp#ed and load torques is discussed in
this chapter. Chapter five deals with conclusiormslenand recommendation for this thesis

work.



CHAPTER TWO

LITERATURE REVIEW
Adjustable Speed Drives (ASDs) and less THD aresisential and endless demand of the
industries and researchers. They are widely usebderindustries to control the speed of
conveyor systems, blower speeds, machine tool spaed other applications that require
adjustable speeds. Now days, AC motors are prefdaeDC motors, in particular, an
induction motor due to its low cost, low mainter@ntower weight, higher efficiency,
improved ruggedness and reliability. All these de@s make the use of induction motors in
many areas of industrial applications [9].
2.1 Various speed control method of Induction Motor
There are various methods for the speed contrahdhduction Motor. They are:
» Variable Rotor Resistance Control
» Variable Supply Voltage Control
* VI/i Control
» Variable Supply Frequency control
» Speed control by pole changing
e Multilevel inverter based SPWM speed control etc.
Before the development of semiconductor power edaats, it was difficult to vary the
frequency, and cage induction motors were mainlgdus fixed speed applications.
Applications such as electric overhead cranes Xeédlrives or wound rotor induction
motors with slip rings for rotor circuit connectido variable external resistance allowing
considerable range of speed control. However, ta@siesses associated with low speed
operation of wound rotor induction is a major cdtadvantage, especially for constant
loads. Due to power loss in the resistance, thithoakis usedvhere speed changes are
required for short period only. This method alsedu$or wound rotor induction method
but not for cage motor [34].
Variable frequency drives can control the speedljfome use this control method a lot of
it will have harmonics in electric lines which dageasensitive electronic equipment, to
prevent this it need more filter which need anottust [5].
By varying supply frequency (on small amount), ca@ vary the speeBut a decrease in
supply frequency decreases the spetlincreases the flux, core losses which leadrggat

and low efficiency. Increase in frequency increases the speed and agthe torque.



Separate costlier auxiliary equipment is requiregrovide a variable frequenc$o this
method is not used in practical [34].

In the case of v/f control, speed of the motocastrolled by varying the ratio of v/f
accordingly. But the speed is not varying proparioto application so it consumes the
rated power and it becomes economical disadvan{ages

The change of number of poles is done by havingammore entirely independent stator
windings in thesame slotsEach winding gives a different number of polesywswill get
different speeds.Due to cost and complex switching arrangements, nbt practical to
provide more than two arrangementpoles (i.e. two normal speeds) [34].

Of the above mentioned methods, the advancementPower Electronics and
semiconductor technology has triggered the devedoprof high power and high speed
semiconductor devices in order to achieve a smaathtinuous and step less variation in
motor speed. Applications of solid state convefireverters for adjustable speed of
induction motor drive are wide spread in electronaedcal systems for a large spectrum of
industrial systems [1], [2].

Because of the above reviewed literatures drawlmdicttifferent various speed control
nowadays industrial application is move toward uatijble speed drives, hence this thesis
work focus on cascaded multilevel inverter for A&djustable speed control of closed loop
three phase squirrel cage induction motor drivésed@-phase squirrel cage rotor induction
motors are widely used in industrial drives becatisey are rugged, reliable and
economical.. The rotor of the slip ring motor hasylndrical core with parallel slots, and
each slot consists each bar. The slot of the sjwage motor is not parallel to each other.
The slip ring motor is also called phase wound rrofdne construction of the slip-ring
motor is complicated because it consist slip rind bBrushes whereas the construction of
the squirrel cage motor is simple. The phase womator consists external resistance
circuit, whereas in squirrel cage motor it is nosgible to add any external resistance
circuit because their rotor bars are permanendiitesl. For starting the slip ring motor the
rotor resistance starter is used, whereas theisgjgmotor does not require any starter. The
starting torque of the slip-ring motor is high, wéa&s in squirrel cage motor it is low. The
maintenance cost of the slip ring motor is higlt@®pared to squirrel cage motor because
the slip ring motor consists brushes and rings. ddpper loss is more in slip ring motor as
compared to squirrel cage motor. The slip ring mdtas brushes for transferring the

power whereas the squirrel cage motor is brushigss.copper loss in the phase wound



motor is high as compared to squirrel cage motbe &fficiency of the slip ring motor is
low whereas the squirrel cage motor has high efficy. The speed of the phase wound
motor is controlled by using the resistance citcliits impossible to control the speed of
the squirrel cage motor. The slip ring motor hag fower factor as compared to squirrel
cage motor. The cost of the phase wound rotorgh biecause it consists brushes. The
squirrel cage motor is cheap. The starting curoétihe phase wound rotor is low because
it is controlled by resistance circuit whereassithigh in squirrel cage motor. The phase
wound motor is mostly used in places where hightistptorque is required like a hoist,
cranes, etc. The squirrel cage motor is used nillang machine, lathe machine, etc [33].

In general, because of the above reviewed litezamoerits this thesis work focus on the
speed control of three-phase squirrel cage induatotor in closed loop drives system
control.

Synchronous speed

An AC motor's synchronous speed, ns, is the rotatede of the stator's magnetic field,

which is expressed in revolutions per minute as

120 x f (2.1)
ng = P
Where f is the motor supply's frequency in Hertz and thésnumber of magnetic poles.

Slip

Slip, s, is defined as the difference between synchrospesd and operating speed, at the
same frequency, expressed in rpm or in percerdtar of synchronous speed. Thus

Ns — Nr (2.2)

Whereng is stator electrical speenl, is rotor mechanical speed. Slip, which varies from
zero at synchronous speed and 1 when the rotdrrissf determines the motor's torque.
Since the short-circuited rotor windings have smedistance, a small slip induces a large
current in the rotor and produces large torqudulAtrated load, slip varies from more than
5% for small or special purpose motors to less 1batfor large motors.

n, =ng(1—95) (2.3)
Hence slip plays an essential role in inductionangpeed control. As we know, the slip
speed is the difference between the synchronoughendotor speed of induction motor
(2.4).



gL~ Or (2.4)
('05

Therefore emfd,) induces in the rotor because of relative motmmwe can say the slip
speed of the motor. So,
€, X Ng — N, (2.5)

The rotor currentif) is directly proportional to the induced emf.

i, e, (2.6)
The torque (T) is directly proportional to the notoirrent.
T « i, (2.7)
Therefore,
ng—n
T=K(ng—n,)or Kns< > r>01‘T=I(1S (2.8)

S

Hence, torque is directly proportional to the slip.

ToxS (2.9)
The equation (2.9) shows that the torque inducethemnotor are directly proportional to
the slip of the induction motor. The high valuestip induces the emf in the rotor. This
EMF develops the heavy torque on the rotor condscithe value of the slip is adjusted
by considering the load on the motor. For full-lp#tte high value of torque is required.
This can be achieved by increasing the amount efstip and reducing the speed of the
rotor. The slip of the motor is kept low when timeluction motor is running at no-load.
The small slip produces the small torque on theom@5].
2.2 Introduction to Inverters
A device that converters dc power into ac powetegired output voltage and frequency is
called an inverter. The main applications of ingestare uninterruptable power supply,
speed adjustment in ac drives, HVDC transmissioesli
Recent advances in the power handling capabilitietatic switch devices such as IGBTs
with higher voltage rating has made the use ofagdtinverter feasible for high power
applications. Multilevel pulse width modulation arter topologies have drawn
tremendous interest in the power industry sina@ait provide the high power application.
The unique structure of multilevel inverters alloweem to operate at high voltages
without switching devices connected in series. Twerter is also capable to operate at
megawatt power level, with low distortion and lowdt stress [23].



Several industrial applications have begun to meghigher power apparatus in recent
years. Some medium voltage motor drives and utlglications require medium voltage
and megawatt power level. For a medium voltage, grits troublesome to connect only
one power semiconductor switch directly. As a rgsal multilevel power converter
structure has been introduced as an alternativligh power and medium voltage
situations. A multilevel converter not only achisva@gh power ratings, but also enables
the use of renewable energy sources. Renewabl@yeseurces such as photovoltaic,
wind, and fuel cells can be easily interfaced tomatilevel converter system for a high
power application [11-12].

The concept of multilevel converters has been ttoed since 1975 [13]. The term
multilevel began with the three-level converterbSeguently, several multilevel converter
topologies have been developed. However, the elemerconcept of a multilevel
converter to achieve higher power is to use a sefippower semiconductor switches with
several lower voltage dc sources to perform the ggowonversion by synthesizing a
staircase voltage waveform. Capacitors, battedad, renewable energy voltage sources
can be used as the multiple dc voltage sources.cohenutation of the power switches
aggregate these multiple dc sources in order toewehhigh voltage at the output;
however, the rated voltage of the power semicomustitches depends only upon the
rating of the dc voltage sources to which they camrenected [15-22].

2.3 Need for multilevel inverters

The need of multilevel converter is to give a higtput power from medium voltage
source. Sources like batteries, super capacitofar panel are medium voltage sources,
and hence the squirrel cage IM run on AC powergetisbould be a conversion from DC to
AC by a power converter. Inverters are employeddothis conversion. The simplest
topology that can be used for this conversion s tio-level inverter that uses four
switches. Each switch needs an anti-parallel disde¢here should be also four anti parallel
diodes. There are also other topologies for invert& multilevel inverter is a power
electronic system that synthesizes a sinusoiddahgel output from several DC sources.
These DC sources can be fuel cells, solar celtsa ghpacitors, etc. The main idea of
multilevel inverters is to have a better sinusomtatage and current in the output by using
switches. Many switches are put in series and wWitclsing angles are important in the
multilevel inverters because all the switches sthidag switched in such a way that the

output voltage and current have low harmonic digtor{16].



Basically, the THD will be decreased by increadimg number of levels. It is obvious that
an output voltage with low THD is desirable, butreasing the number of levels involves
more complexities like more hardware and a morepdimated control strategy. Choosing
an inverter model with various levels is an optimselection between price, weight,
complexity and a very good output voltage with loweiD [6].

2.4 Introduction to multilevel inverters (MLI)

The voltage source inverters produce an outputgelor a current with levels either 0 or
*+ V4 They are known as the three -level inverter. Taiomba quality output voltage or a
current waveform with a minimum amount of ripplentent, they require high-frequency
along with various pulse width modulation strategig high —power and high —voltage
applications, these two-level inverters, howevaxehsome limitations in operating at high
frequency mainly due to switching losses and cairg of device ratings.

In such cases we prefer for Multilevel Inverterd.iMd are well suited for high power, high
voltage applications; the structure of MLI's is dde synthesize a near sinusoidal voltage
from several levels of dc voltages. As the numbletewels increases, the synthesized
output waveform has more steps, which produceiaas® wave that approaches a desired
waveform and the harmonic distortion of the outpatveform decreases, approaching zero
as the number of levels increases [18, 19].

2.5 Types of multilevel inverters

Multilevel inverters are of three types, namely:

* Diode clamped multilevel inverter

* Flying capacitor multilevel inverter

e Cascaded H-bridge multilevel inverter

2.5.1 Diode clamped multilevel inverter

A diode clamped multilevel inverter was one of finst inverters ever used. This inverter
topology is as shown in figure 2.4 below. The diotlemped inverter provides multiple
voltage levels through connection of the phasesderies bank of capacitors. According to
the original invention, the concept can be extertdeany number of levels by increasing
the number of capacitors. Early descriptions of tiopology were limited to three-levels

where two capacitors are connected across thegleelsulting in one additional level.
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Figure 2.1 Structure of diode clamped multileveidrier [38]

The additional level was the neutral point of tleebdis, so the terminology neutral point
clamped (NPC) inverter was introduced. Howeverhwait even number of voltage levels,
the neutral point is not accessible, and the termitiple point clamped (MPC) is
sometimes applied. Due to capacitor voltage batenssues, the diode-clamped inverter
implementation has been mostly limited to the tHesel. Because of industrial
developments over the past several years, thistenvimpology has faded out of extensive
use. The advantages of the diode clamped multi-laverter are as large number of levels
results in a small harmonic distortion. All phaskare same DC bus, the control method is
relatively simple and interconnection of two diodlamped multilevel inverters back-to-
back with a DC capacitor link is suitable for apptions like unity power factor control,
frequency changer, phase shifter, etc. howeverssiee clamping diodes (n-1) (n-2) are
required per phase. Reactive power flow is difticoécause of capacitors imbalance.
Maximum output voltage in the output is half of D€ source (this problem can be solved

by cascading two diode clamped multilevel invelt2s].
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2.5.2 Flying capacitor multilevel inverter

Another fundamental multilevel topology, the flyiegpacitor, involves series connection
of capacitor clamped switching cells. This topoldggs several unique and attractive
features when compared to the diode-clamped invediee feature is that added clamping
diodes are not needed. Furthermore, the flyingatganverter has switching redundancy
within the phase which can be used to balance Iyfregfcapacitors so that only one dc
source is needed. A conventional 5-level flyingamator model is as shown in next page in

Figure 2.3.

| 1=
L a3
- 4 =

| | 44 =
e 4% =
] % =

Figure 2.2 Structure of flying capacitor multileweVerter [38]
This model is capable of solving capacitor voltagéalance problem and excessive diode
count requirement in DCMI. An n level inverter ne€2{n-1) switching devices, (n-1) (n-
2)/2 balancing capacitors per phase & (nh — 1) nidihbus capacitors. The advantages of
the flying capacitor multi-level inverter, it prale switch combination redundancy for
balancing different voltage levels. Similar to deodclamp inverter with more levels, the
harmonic content is low enough to avoid the neediligrs and both real and reactive
power flow can be controlled. But his topology hasults in an excessive number of
storage capacitors are required when the numblewvefs is high, high level inverters are

more difficult to package with the bulky power caars and are more expensive too. The
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inverter control can be very complicated, and thigching frequency and switching losses
are high during practical applications for high gowransmission [36].

2.5.3 Cascaded H-bridge multilevel inverter

The concept of this inverter is based on connedtrgridge inverters in series to get a
sinusoidal voltage output. The output voltage esgbhm of the voltage that is generated by
each cell. The number of output voltage levelsZarel, wheren is the number of cells.
The switching angles can be chosen in such a watytktte total harmonic distortion is
minimized. An n level cascaded H-bridge multilewvelerter needs 2(n-1) switching
devices where n is the number of the output voltagel [27].

A schematic diagram of a cascade m,d H-bridge tevés as shown in Figure 2.3 below:

N - TEE S
IR E e
[ez
e A

Figure 2.3 Cascaded H-bridge multi-level inverte
The advantage of the cascaded H-bridge multi-lewadrters has the simple architecture
and the lowest component count, the converterng m@dular and easy to understand not
only to its Structure, but also its control. Foalrpower conversions from AC to DC and
then DC to AC, the cascaded inverters need sep@fatsources. The structure of separate

DC sources is well suited for various renewablergynesources such as fuel cell,
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photovoltaic and biomass. However, there is ontgited access to DC bus capacitors,
which limits its area of application to either tkosith only reactive power flow, or those

where the power source or load can be both moduidrisolated. It needs separate dc

sources for real power conversions, thereby lirgitia applications.

2.6 Comparison of the three multilevel inverter topologes

A comparative study of the above said inverter kogies can be represented by the

following tabular column Table 2.1.

Table 2. 1 Comparison of the three multilevel ingetopologies

Inverter Configuration | Diode-Clamp | Flying-Capacitor | Cascaded-Inverter
Main switching devices 2(n-1) 2(n-1) 2(n-1)
Main diodes 2(n-1) 2(n-1) 2(n-1)
Clamping diodes (n-1)(n-2) 0 0

DC bus capacitors (n-1) (n-1) (n-1)/2
Balancing capacitors 0 (n-1)(n-2)/2 0

2.7 Introduction to Pulse Width Modulation

In many industrial applications, control of outputitage is often necessary to withstand
with the variations of dc input voltage, to regelatoltage of inverters, to satisfy the
constant volts and frequency control requiremeher& are various techniques to vary the
inverter gain .The most efficient method of corlingl the gain is to incorporate PWM
control within the inverters .The commonly usechtgques for single phase inverters are:
e Single-pulse -width modulation

* Multiple-pulse-width modulation

» Sinusoidal pulse-width modulation

And for three phase inverters are:

» Sinusoidal pulse width modulation

2.8 The Carrier Based Modulation Schemes of Multilevelnverters

The carrier based modulation schemes for multilewetrters can be generally classified
into two categories:

* Phase-Shifted Carrier Based Modulation and

» Level-Shifted Carrier Based Modulation

Both modulation schemes can be applied to the dadcaultilevel inverters.
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2.8.1 Phase-Shifted Carrier Based Modulation
A multilevel inverter withm voltage levels requires (m-1) triangular carridrs.phase
shifted multicarrier modulation, all the triangulzarriers have the same frequency and the
same peak-to-peak amplitude, but there is phade lstiveen any two adjacent carrier
waves, it's given by:
360° 2.3
Pe=m-1D -

Where:

m= multilevel inverter with m voltage levels

@ .= phase shift angle between any two adjacent cavages

2.8.2 Level-Shifted Carrier Based Modulation

Similar to the phase shifted modulation, erlevel cascaded multilevel inverter level
shifted multicarrier modulation schemes requiresljntriangular carriers, all having the
same frequency and amplitude. The (m-1) triangedarier is vertically disposed such that
the bands they occupy are contiguous. The frequencglulation index is given by
equation (2.4), which remains the same as thath®rphase shifted modulation scheme

whereas the amplitude modulation index is defirethaquation (2.3).

f 2.4

o= (2.4)
m

ma e V_m (2'5)
VC

for0< m, <1
Where:
m¢ = frequency modulation index
f.= carrier frequency
f,= frequency of modulating waves.
m,= amplitude modulation index
v = peak amplitude of voltage
v.=peak carrier voltage
THD of phase-shifted modulation is much higher tHewel-shifted modulation [30].
Therefore, the modulation schemes of this thesiscansidered level shifted modulation.
An m cascaded multilevel inverter using level-gdftmulticarrier modulation scheme

requires (m-1) triangular carriers, all having Haene frequency and amplitude. The (m-1)
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triangular carriers are vertically disposed sucht the bands they occupy are contiguous.

There are three alternative PWM strategies witfeteht phase relationships for the level-

shifted multicarrier modulation:

* In-phase disposition (IPD), where all carrier wavrgis are in phase.

* Phase opposition disposition (POD), where all eamiaveforms above zero reference
are in phase and are £&@t of phase with those below zero.

» Alternate phase disposition (APOD), where everyieawaveform is in out of phase
with its neighbor carrier by 180Hence the THD value of IPD is less comparinghe t
rest above two PWM techniques for the level shiftedticarrier modulation in phase
disposition PWM techniques is considered for thests work [30].

Comparison between phase shifted and level shiftddVM Schemes

To compare the performance of the phase and lduéed modulation schemes, it is

assumed that the average switching frequency oédhé state device is the same for both

schemes.

Table 2. 2 comparison between the phase and |bifedds PWM schemes [29]

Comparison Phase Shifted Modulation | Level Shifted Modulation
(IPD)

Device switching frequency| Same for all devices fédent

Device conducting Period Same for all devices [Defifee

Rotating of switching patternNot required Required

Line-to-line voltage THD Good Better

Single Pulse Modulation

In single pulse width modulation control ,thereoisly one pulse per half cycle and the
width of the pulse is varied to control the invertaitput voltage .The gating signals are
generated by comparing a reference signal of angdit\f, with a carrier wave of
amplitude \{ The frequency of the reference signal determineduhdamental frequency
of output voltage. As the semiconductor devicegikeconly one pulse during half cycle,
one semiconductor devices is switched on. The ougpitage of the inverter can be
controlled by controlling width of pulse. This wdbntrol the output voltage of the inverter

and the frequency of the output voltage depends tqggjuency of reference signal [7].
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Multiple Pulse Width Modulation

There is more than one pulse per half cycle inntlitiple width modulation. These gate

pulses are used to control output voltage of thverter as well as reduce harmonics. The
magnitude and width of the pulses are equal in mhethod. The reference signal and
higher frequencies carrier signal are comparedis method in order to generate more
than one gating pulses. The number of gate pulepsendis upon carrier frequencies of
whereas the output voltage depends frequenciesfefence signal. Figure 2.5 illustrate

the multiple pulse width modulation techniquesa®ov.
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Figure 2.4 Multiple Pulse Width Modulation
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Similarly

i _ l 2.7)
2fp ™
Or
1
TR = -
Tr=n/2

There number of the pulses per half cycle
Np =Length of the half cycle reference signal /Lengftione cycle Triangular waveform

R 28)
P2t £,

=_°<
2fg

Number of generated pulses N% * [from equation (2.6) and (2.7)

3=
As the number of pulses increases in each halecyoWwer order harmonics reduces but
higher order harmonics increases. The higher drdenonics are reduced by using filter.
It is to be noted that the switching losses ofdmiconductor increase as there are more
number of pulses per half cycle. This modulatiechhique is also called symmetrical
modulation control.
Sinusoidal pulse-width modulation
This is similar to that of the above mentioned rodthof the pulse generation by
comparison of the triangular wave with that of #iee wave. But the main difference is
the generation of the triangular waves. The amghdéitwof the triangular is changed
depending on the required switching sequence kgepasine wave amplitude constant.
The reference signal is taken as sinusoidal wanefghereas the carrier signal is taken as
triangular waveform in this method. The width oé ghulse in the SPWM is not equal due
to reference signal is taken as sinusoidal wavefdime amplitude of sinusoidal waveform
is not constant. The width of gate pulse is deteealiby intersect point of the sinusoidal
waveform and triangular waveform. The frequencyhef inverter output voltage depends

upon frequency of reference signaisahd amplitude of the reference signalg ddntrols
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the modulation index (M). The number of pulses palf cycle when the amplitude of
triangular wave becomes maximum and sinusoidal feavebecome zero.

f, 2.9

Np:ﬂ

Where

. 3
f.= carrier wave frequency -

1
fr= Reference wave frequencyﬁ

Therefore

N

2m 2.10
2

The number of pulses per half cycle when the aomiditof traingular waveform and
sinusoidal become zero at same time.

N o _fc 2.11
P 2fr—1

=2

The modulation index Z—R

C
The analysis of harmonic is done in the sinusoliMM control is below. Whe the value
of modulation index is less than one, the maxim@amronic number in the output voltage

is:

Or
2Np £1
Where Np= Number of pulses per half cycle
As the number of pulses per half cycle increashs, ligher order harmonics also
increases. Let Np= 3, it will generate will gener& harmonic and 7 harmonic but

higher order harmonics are easily filtered out.tls number of pulses increases per half

cycle, the switching losses also increase andett the efficiency of the inverter. When
the modulation index is greater than one, loweeoharmonics reduces in the output of

the inverter.
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Multilevel inverter based SPWM speed control is thest advantages for industrial and
domestic applications because of its Adjustablee8pPrives (ASDs), reduction of
Electromagnetic interference and less THD compatinghe rest. Thus in areas where
precision is required, Multilevel inverter basedVBR speed control used. The various
advantages multilevel inverter based SPWM speettaas as follows:

» It gives good running and transient performance.

* Reduce harmonic

* No need to filter circuits

* It has low starting current requirement.

e It has a wider stable operating region.

« Voltage and frequencies reach rated values atdyzesed.

Voltage or current converters generate discretputuvaveforms which led the use of
machines with special isolation and in some apfioa large inductances connected in
series with the respective load. The distortedagads and currents waveforms produce
harmonic distortion additional power losses, arnghlrequency noise that can affect not
only the power load but also the associated cdatso]3], [6].

All these unwanted operating characteristics aatet with PWM converters could be
overcome with multilevel converters in additionttee fact that higher voltage levels can
be achieved. The poor quality of output current aoithge of an induction motor fed by a
classical two-level inverter is due to the presesidearmonics. The presence of significant
amount of harmonics makes the motor to suffer fegwere torque pulsations, especially at
low speed, which manifest themselves in cogginthefshaft [3], [7]. It will also causes
undesired motor heating and Electromagnetic intemige. The reduction in harmonics
calls for large sized filters, resulting in incredssize and the cost of the system. Nowadays
multilevel inverters are the promising alternatiaed cost effective solution for high
voltage and high power applications including powaality and motor drive problems.
Multilevel structure allows raising the power handl capability of the system in a
powerful and systematic way. The advancements enfifld of power electronics and
microelectronics made it possible to reduce themtade of harmonics with multilevel
inverters, in which the number of levels of the d@rters are increased rather than
increasing the size of the filters. The performaatenultilevel inverters enhances as the

number of levels of the inverter increases [1,]2, 4
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CHAPTER THREE
METHODOLOGY AND SYSTEM DESIGN
The methodology of this thesis work involves a nemiof different tasks that are
performed to lead towards completion. This is foka by the literature review where all
the theoretical information regarding the compomaanttilevel inverter and Mathematical
calculation such the speed of the motor, torquessanon. Design of the project will be
implemented by using MATLAB R2013a/SIMULINK softwafor simulate the result.

DC source

Display

Reference
generator

Figure 3.1 Block diagram for induction motor witleged loop speed control

According to the above block diagram the DC sowieen to the three phase H-bridge,
which followed by Signal generator PWM techniqué@se overall completed CML
inverter is fed the induction motor drive, such aywhat the speed of induction motor is
controlled by using Pl controller control by compagr actual speed of the motor with
respect the set value or reference generator. dmpitation methodology of the research
is discussed as follow by using MATLAB R2013a safteras tools.

3.1 MATLAB Implementation of Sinusoidal Pulse width Modulation (SPWM)

The MATLAB® high-performance language for technicalomputing integrates
computation, visualization, and programming in aa&s)eto-use environment where
problems and solutions are expressed in familighemaatical notation. Simulink software
models, simulates, and analyzes dynamic systerssaltles you to pose a question about
a system, model the system, and see what happatis.Sikhulink, you can easily build
models from scratch, or modify existing models teetnyour needs. Simulink supports
linear and nonlinear systems, modeled in contindimus, sampled time, or a hybrid of the

two. The Sinusoidal pulse width modulation is generdtgdising Simulink block in such
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a way that by comparing the fundamental frequenitly that carrier it generates the gate
signals. This circuit consists of the sine generbtock, triangular generator block, logical

comparator and they are connected as shown iniginee3.1.

Fundamental Frequecy
\/ - . Continuous
d powergui
Generated pulse
Carrier Frequency g

W >

L

Generated relseZ—r
s Scope

Figure 3.2 Simulation circuit of the sinusoidal grilwidth modulation technique

Sine Wave1

In the above simulation circuit one of the sine wéwv a phase shift of &here the other
sine block is with a phase shift of £8@he triangular block is common one which gives
the carrier frequency for the generation of pulaed pulse 2 shown in the Figure 3.1. The
output waveform of this circuit is shown in Figutd..

3.2 Metal Oxide Field Effect Transistor (MOSFET)

The metal-oxide—semiconductor field-effect tramsigtMOSFET, MOS-FET, or MOS
FET) is a transistor used for amplifying or switalpielectronic signals. Although the
MOSFET is a four-terminal device with source (S3teg(G), drain (D), and body (B)
terminals, the body (or substrate) of the MOSFETerofis connected to the source
terminal, making it a three-terminal device likéet field-effect transistors. Because these
two terminals are normally connected to each ofsleort-circuited) internally, only three
terminals appear in electrical diagrams. The MOSHETby far the most common
transistor in both digital and analog circuits,ugb the bipolar junction transistor was at
one time much more comm¢2b].

Metal- oxide- semiconductor field effect transistoequire the continuous application of a
gate-source voltage of appropriate magnitude irrotal be in the on state. No gate current
flows except during the transitions from on to offvice versa when the gate capacitance

is being charged or discharged. The switching tiaresvery short, being in the range of a
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few tens of nanoseconds to a few hundred nanossaemending on the device type. The
on-state resistanceps,n) of the MOSFET between the drain and source inceecgsdly
with the device blocking voltage rating. On a pait@area basis, the on-state resistance as
a function of blocking voltage rating B\, can be expressed as

Ips(on) = kBVpgs®® 27 3.1
Where kis a constant that depends on the device geontgtigause of this, only devices
with small voltage ratings are available that has bn-state resistance and hence small
conduction losses.

1 3.2
Pg = Evdlofs (tc(on) + tc(off))

Where,Ps is switching power losdy, input voltage|l,, entire currentf; device switching
frequency andt. is conduction time. This is an important resultduese it shows that the
switching power loss in a semiconductor switch esriinearly with the switching
frequency and the switching times. Therefore, Wides with short switching times are
available, it is possible to operate at high switgHrequencies in order to reduce filtering
requirements and at the same time keep the swiggiomer loss in the device from being
excessive. However, because of their fast switclsipged,the switching losses can be
small in accordance with Eq. 3.2. From a total poass standpoint, 300-400V MOSFETs
compete with bipolar transistors only if the switah frequency is in excess of 30-100
kHz. However, no definite statement can be madetahe crossover frequency because it
depends on the operating voltages, with low vokageoring the MOSFET. Metal- oxide
semiconductor field effect transistaage available in voltage ratings in excess of I®00
but with small current ratings and with up to 10@tsmall voltage ratings [7], [36].
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n-channel depletion type MOSFET p-channel depletion type MOSFET

Figure 3.3 N-channel and P-channel depletion ty@SHET
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From Figigure3.3 it can be concluded that depletype MOSFETs are normally ON type
switches i.e. with the gate terminal open a nongeam current can flow in these devices.

This is not convenient in many power electronicligagions.
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Figure 3.4 N-channel and P-channel enhancementMypeFET
The enhancement type MOSFETSs (particularly of trehannel variety) is more popular
for power electronics applications. This is theetyed MOSFET is used for the design of

cascaded multilevel inverter in this thesis worktiB"n-channel” and "p-channel" devices

are being made, but the former are available ihdrnigatings because the electrons have a

higher mobility than holes inside the silicon caJst

The main advantage of a MOSFET is that it requatesost no input current to control the
load current, when compared with bipolar transstém an enhancement mode MOSFET,
voltage applied to the gate terminal increasesctmuctivity of the device. In depletion

mode transistors, voltage applied at the gate exitiee conductivity [24], [37].

MOSFETSs also have comparatively higher on statisteexe per unit area of the device
cross section which increases with the blockingagd rating of the device. Consequently,
the use of MOSFET has been restricted to low veltdgss than about 500 volts)

applications where the ON state resistance reaeakesptable values. Inherently fast
switching speed of these devices can be effectiudilized to increase the switching

frequency beyond several hundred kHz.

23



Voltage

5KV ?
4KV /
qrava "
/ |
3KV
g s H
1KHz
1KV /// /I//,,-"r // " 10KHZ
MOSFET LT / / 100KHz
o T 77777 ST /
Freql:; = 500A 1000A  1500A  2000A «  3000A

Figure 3.5 Summary of power semiconductor devigalbdities.
3.3 MATLAB implementation of Three Phase Five CMLI Level Inverter
This circuit consists of 24 MOSFET’s with 8 for daphase. These 8 MOSFET'’s are
connected as H-bridge with two legs having two cwes each. These two bridges are
connected in series for a single phase as showheiRigure 3.4
The waveform of one leg of cascaded H-bridge nayél inverter of {n can be expressed
in terms of Fourier series as

4Vpc 3.1

AN = Z %{cos(n@l) + cos(nB,) + cos(nb3)} sin(nwt)

n=1,3,5,7...
For OS 93< 62 <61§ /2
Where n is the harmonic order, adg 6, and6; are the independent switching angles.

C

The coefficient 22¢ represent the peak values of the maximum fundtahewoltage

Vi max Of an H-bridge cell, which occurs when switchintgle 6,0f vy, for example ,

reduce to zero. The switching sequence is statable 3.1.
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Figure 3.6. Cascaded H-bridge for single phaselével
Operation of Five Level Cascaded Multilevel Inverte
There are five different states of switching todqaroe the five level output. The switching
operation is explained in the following table.
Table 3.1 Switching sequence of five level cascadeliilevel inverter

S11 S12 S13 S14 S21 S22 S23 S24 Output
On Off Off On On Off Off On 2vdc

On Off Off On Off Off Off Off Vdc

On off Off On Off On On Off 0

Off Off Off Off Off On On Off -Vdc

Off On On Off Off On On Off -2vdc




3.4 MATLAB implementation of 3 Phase Seven CMLI Level hverter
This circuit consists of 36 MOSFET’s with 12 forceaphase. These 12 MOSFET'’s are
connected as H-bridge with two legs having two cwas each. These three bridges are

connected in series for a single phase as shotheifigure 3.5.

§23 » l’ﬁ:I | S24 ¥ {gtl

— DS 1 (LS B

o -3 -
8334 _I,&ﬁ‘ S34'* —i_“__f}

Figure 3.7. Cascaded H-bridge for single phaserskwel
Operation of seven level cascaded multilevel invest
There are seven different states of switching todpce the seven level output. The

switching operation is explained in the followirapte.
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Table 3. 2 Switching sequence of seven level ievert

S11| S12 | S13| S14S21| S22| S23 | S24 S31| S32 | S33 S34 | Output
On | Off | Off | On | On| Off| Off | On| On| Off| Off On | 3vdc
On | Off | Off | On | On | Off| Off | On| Off| Off | Off| Off | 2vdc
On | Off | Off | On | Off | Off | Off | Off | Off | Off | Off | Off | Vdc
On | Off | Off | On | Off| On| On | Offf Offf Off | Offf Off | O

Off | Off |Off |Off |Off |On | On | Off | Off | Off | Off | Off | -Vdc
Ooff | Off |Off |Off |Off |[On |On | Off | Off | On | On | Off | -2vdc
Off |On | On | Off Off| On| On | Offf Offf On| On| Off| -3vdc

3.5 PID Controller
A proportional-integral-derivative controller (Pi&ntroller) is a generic loop feedback

(controller) widely used in industrial control sgsts — a PID is the most commonly used
feedback controller. A PID controller calculates"arror” value as the difference between
a measured process variable and a desired set pbiatcontroller attempts to minimize
the error by adjusting the process control inpBtsne applications may require using only
one or two actions to provide the appropriate systentrol. This is achieved by setting
the other parameters to zero. A PID controller wél called a PI, PD, P or | controller in
the absence of the respective control actions. datrallers are fairly common, since
derivative action is sensitive to measurement noideereas the absence of an integral
term may prevent the system from reaching its tawgéue due to the control action.
Hence the research uses the PI controller for tatjles speed control of three phase
squirrel cage induction motor in this thesis w@BR]|

PID Controller theory:
The PID control scheme is named after its threeecting terms, whose sum constitutes

the manipulated variable (MV). The proportionaltegral, and derivative terms are

summed to calculate the output of the PID controDefiningu(t)as the controller output,

the final form of the PID algorithm is:
t

ut) = MV (t) = K e(t) + Kije(r)dr +K, %e(t)
0

Where:
K,=Proportional gain, a tuning parameter

K; = Integral gain, a tuning parameter
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K4 =Derivative gain, a tuning parameter

e=Error =SP-PV

SP=Set Point

PV=Process Variable

t: Time or instantaneous time

Tuning Methods of PI Loop

There are several methods for tuning a PI loop. Mwost effective methods generally
involve the development of some form of process ehoand then choosing P, I, and D
based on the dynamic model parameters. Manual gumethods can be relatively
inefficient, particularly if the loops have respertanes on the order of minutes or longer.
The choice of method will depend largely on whetbrenot the loop can be taken "offline"
for tuning, and the response time of the systerthdfsystem can be taken offline, the best
tuning method often involves subjecting the systema step change in input, measuring
the output as a function of time, and using thispomse to determine the control
parameters.

Ziegler—Nichols method:

The Ziegler—Nichols method, introduced by John @gler and Nathaniel B. Nichols in
the 1940s. Th&; and K4 gains are first set to zero. The P gain is increasil it reaches
the ultimate gairK,, at which the output of the loop starts to oswl&, and the
oscillation periodP, are used to set the gains as shown in table 3]3 [31

Table 3.3K,, K; K4 values using Ziegler—Nichols method [31]

Ziegler—Nichols Method
Control Type K, K; 1K4
P 0.50K, - -
PI 0.45K, 1.2% -
Pu
PID 0.60K, 2 Xp Kp Py
Pu 3

3.6 MATLAB implementation of 3 Phase Five Level CMLI for Induction Motor

The modulating signal fed the control signal inesrtb generate the appropriate voltage
level in the case five level cascaded multilevekenter. The following diagram shows the

MATLAB implementation of three-phase IM fed witlvéi cascaded multilevel inverter for

the case open loop speed control.

28



R1
To Workspace2
SPWM_R RPHASE
A
Rotor Speed
b2}——»al m
Bp——a
<Rotor speed (wm
) peed (Wm)>
c <Electromagnetic torque Te (N*m)>
d2, cl
™
el l
g =
SPWM_S SPHASE To Workspacel
Modulating Signal
powergui

SPWM_T TPHASE

Figure 3.8 Three phase IM feed with open loop ML inverter
The three-phase IM fed with five cascaded multilaagerter in the case of open loop
speed and torque response is shown in the figdée ahd figure 4.14. Each system block
and their respective function in the system arerilesd as follows.

Sine Wave A '
Scope

P ——» (T

Modulati signal
Sine Wave B s

|

Sine Wave C

Subsystem

Three-phase modulating signal

1 1
0.006 0.008 0.01
Time (seconds)

1 1 1
o} 0.002 0.004 0.012 0.014 0.016 0.018 0.02

Figure 3.9 Description of modulating signal bloecidaheir out put
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The modulating signal is given to the control sighasuch a way that the control signal is
generate the pulse that given to the cascadedleveltinverter for the case R_PHASE, S-
_PHASE and T_PHASE which is shown in the Figure 3Be main function of this

subsystem is to producing the modulated signal fileenfundamental frequency according

to the firing angle.
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Figure 3.10 Description of control signal blockfiek level CMLI and their output
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By comparing the fundamental frequency and cafregquency the pulse generated. These
generated pulse given to the cascaded multilewarier, in this case five level inverter

which shown in Figure 3.6. The rest block of Fig3t8 i.e. subsysteml and subsystem3
are designed in the fashion as the one describ#tkiabove but it feed the left two leg of

the cascaded multilevel inverter. Accordingly dlé tthree-phase control signal generate
the pulse and arranged switching sequence prodwe®utput voltage as described in

Table 3.1.
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The signal generator fed the control signal in pridegenerate the appropriate voltage
level in the case five level cascaded multilevekmer. The following diagram shows the
MATLAB implementation of three-phase IM fed witlvé cascaded multilevel inverter for
the case closed loop speed control. This blockrdiraghas one another more diagrams
from that Figure 3.8 called PI controller block anmence it is called closed loop speed

control system.
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otor speed (Wm)> [~
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SPWM_B PHASE B 1 Torque
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powergul To Workspacel
SPWM_C PHASE C =
Fundamental Frequency PI Controller
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Out2 In3 PI m‘
Out3 { Ref. Speed (rps)

Figure 3.11 Three-phase IM fed with closed loog &ML inverter
The three-phase IM fed with five cascaded multilemeerter in the case of closed loop
speed and torque response is shown in the Figlieahd Figure 4.17 respectively. The
function and internal description of this subsysisrthe same as the system described for
Figure 3.7. But Figure 3.10 block have one add&ideedback block named PI controller
block and reference speed. The effect of Pl cdetrddlock in system designed for the
speed control of three-phase squirrel cage IMtilaied in chapter four of this thesis work.
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3.7 MATAB implementation of 3 Phase Seven Level CMLIér Induction Motor

The modulating signal fed the control signal inesrtb generate the appropriate voltage
level in the case seven level cascaded multilewadrter. This cascaded multilevel inverter
is different from that of five cascaded multilewveVerter that seven cascaded multilevel
inverter has on more H-bridge in it at shown inufey3.6. The following diagram shows

the MATLAB implementation of three-phase IM fed Wwiseven cascaded multilevel

inverter for the case open loop speed control.

Constant

PHASE_A

<Rotor speed (wm)>

Rotor Speed

b ) <Elcctromagnctic torque Te (N*m)>
-]- 1

Torque

PHASE_B

§
#

Figure 3.12 Three phase IM feed with open loop s&#&IL inverter

PHASE_C

The three-phase IM fed with seven cascaded mudlilewerter in the case of open loop
speed and torque response is shown in the FigdBadd Figure 4.14 respectively. The
internal block of PHASE_A is illustrated as in the@gure 3.12. Since the design is for
three-phase, the internal block of PHASE_B and PHAGS has the same system design
and the same function for that of PHASE_A.
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Figure 3.13 Description of control signal block g&mven level CMLI and their output

By comparing the fundamental frequency and cafregjuency the pulse generated. These
generated pulse given to the cascaded multilewerier, in this case seven level inverter
which shown in Figure 3.6. The rest block of Fig8r&2 i.e. subsystem of PHASE_B and

PHASE_C are designed in the fashion as the oneildeddn the above but it feed the left

two leg of the cascaded multilevel inverter. Acéoglly all the three-phase control signal

generate the pulse and arranged switching sequpraduce the output voltage as

described in Table 3.2.
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The signal generator fed the control signal in pridegenerate the appropriate voltage
level in the case seven level cascaded multileweadrier. The following diagram shows the
MATLAB implementation of three-phase IM fed withvem cascaded multilevel inverter
for the case closed loop speed control. This btiagram has one another more diagrams
from that Figure 3.12 called PI controller blockdamence it is called closed loop speed

control system.

Squirrel Cage IM Feed With Seven Level Cascaded Multilevel Inverter

20
Torque
PHASE A ™

<Rotor speed (wm)> V

" c Gain I:]

<Electromagnetic torque Te (N'm)>
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PHASE B

powergui

Signal Generator Pl Controller

PHASE C
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Out2 In3 Pl

.

Ref. Speed (RPM)

Out3

g@

Figure 3.14 Three-phase IM fed with closed loopese@ML inverter
The three-phase IM fed with seven cascaded mudlilewerter in the case of closed loop
speed and torque response is shown in the Figu® #igure 4.17 and Figure 4.18
respectively. The description of system block afufe 3.12 is the same with system block
of Figure 3.14 but this system design contain ot@itmnal feedback block named PI
controller block. In this case the PI controlleoks for the correct output by comparing the
actual speed and settled reference speed. The effédd controller in speed control of

three-phase squirrel cage induction motor explainexdhapter.
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CHAPTER FOUR
Results and Discussions

Figure 4.1 Simulated output of SPWM technique
The above generated pulses explain the basic steusinusoidal PWM. The pulses of the
five levels and seven levels are generated wittséime concept but with the modification
of the triangular wave.

The waveforms of the five level pulse width moduaatis as follows

Sine and triangular waves for five level inverter

T wmmmunnmmuw ,:mmmnmnnummmw

[o] 0.005 0.01 N
Time in (second)

Figure 4.2. Sine and triangular waves for five lemeerter
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Single phase control signals.
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Figure 4.3. Sine and triangular waves for seveallgwerter
Figure 4.2 and 4.3 shows the fundamental and cdrequency wave for single phase five
and seven cascaded multilevel inverter respectividig role of this control signal in the

system design is the generate the pulse that doswntching sequence of the inverter

accordingly.
Single-phase five level cascaded multilevel inverter voltage output waveform
400 T T
300 .
200 .

100 .

Voltage (V)
o
1
1

-100

-200f

-300f

-400 . |
0 0.05 0.1 0.15 0.2 0.25
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Figure 4.4. Single-phase five level CMLI output wéorm
(f,, =50 Hz,f,., = 2000 Hzm,=1.0)

The output waveform of the three phase five leasicaded multilevel inverter
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Three-phase five level cascaded multilevel inverter line voltage

Voltage in (Volt)

Time (second)

0 0.05 0.1 0.15

0.2 0.25

Figure 4.5 Three phase voltage output of five |ewedrter

(f,, =50 Hz,f., = 2000 Hzm,=1.0)

Selected signal: 12.5 cycles. FFT window (in red): 3 cycles
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Figure 4.6 Three phase voltage output of five leéwvedrter THD value in percent

Figure 4.5 and 4.6 indicates the expected outputhde-phase voltage for five level

cascaded multilevel inverter and its THD measui@de:
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Current (A)

Current in (Ampere)

x10° Single-phase five level cascaded multilevel inverter line current output waveform
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Figure 4.7 Single-phase current output of five lémreerter
(f,, =50 Hz,f,, = 2000 Hzm,=1.0)

x10° Three-phase five level cascaded multilevel inverter line current
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Figure 4.8 Three phase current output of five |ewedrter
(fr, =50 Hz,f. = 2000 Hzm,=1.0)

38



Figure 4.8 and 4.9 indicates the expected outputhide-phase current for five level
cascaded multilevel inverter and its THD measurade: This THD value of current too
reduces enough comparing to the THD value measane the company (Appendix A3).
The THD value of five cascaded multilevel inverierabout 6.06% without using filter

circuit but even if the company use filtering citcthe measured value of THD value is

Mag (% of Fundamental)

x 1072 Selected signal: 12.5 cycles. FFT window (in red): 3 cycles
4 L ] Ll

-4 1 1 1 ' 1
0 0.05 0.1 0.15 0.2 0.25
Time (s)

Fundamental (50Hz) = 0.0036 , THD= 6.04%
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Figure 4.9 Three phase current output of five leweérter THD value in percent
(f,, =50 Hz,f.. = 2000 Hzm,=1.0)

about 49.00% (Appendix A3).

Voltage (V)

Single-phase seven level cascaded multilevel inverter output voltage waveform.
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Figure 4.10 Three phase voltage output of severadasl multilevel inverter
(f,, =50 Hz,f.. = 2000 Hzm,=1.0)
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Three-phase seven level cascaded multilevel inverter line voltage
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Figure 4.11 Three phase voltage output of severadasl multilevel inverter
(f,, =50 Hz,f,, = 2000 Hzm,=1.0)

Selected signal: 12.5 cycles. FFT window (in red): 3 cycles
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Figure 4.12 Three phase voltage output of severadasmultilevel inverter THD
(f,, =50 Hz,f.. = 2000 Hzm,=1.0)

Figure 4.11 and 4.12 indicates the expected ouipthree-phase voltage for seven level
cascaded multilevel inverter and its THD measurgde: This THD value meet standard
as well reduce enough comparing to THD value of mamy which about 7.10%
(AppendixA3)
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x10° Single-phase seven level cscaded multilevel inverter current output waveform
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Figure 4.13 Single-phase current output of sevename multilevel inverter
(f,, =50 Hz,f,, = 2000 Hzm,=1.0)

x10° Three-phase seven level cascaded multilevel inverter line current
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Figure 4.14 Three phase current output of severadasmultilevel inverter
(fy, =50 Hz,f = 2000 Hzm,=1.0)
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x 10° Selected signal: 12.5 cycles. FFT window (in red): 3 cycles
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Figure 4.15 Three phase current output of five adsed multilevel inverter THD
(f,, =50 Hz,f., = 2000 Hzm,=1.0)

40
Harmonic order

Figure 4.14 and 4.15 indicates the expected oudptiree-phase current for seven level
cascaded multilevel inverter and its THD measurade: This THD value of current too
reduces enough comparing to the THD value measane the company (Appendix A3).
The THD value of five cascaded multilevel inverigrabout 4.06% without using filter
circuit but even if the company use filtering citcthe measured value of THD value is
about 49.00% (Appendix A3).

4.1.Comparison of THD for different modulation indexes at different levels

The ‘m’ value is changed with the change in thaugalof the magnitude of the reference
wave (sine). The different values are as showherntable 4.1.
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Table 4.1 Comparison of THD for five and seven adsd multilevel inverter with

differentm; andm, values

THD for 5-level THD for 7-level
Modulating Modulation Index fn,) Modulation Index ifn,)
Frequencyify) 0.8 0.9 1.0 0.8 0.9 1.0
2000 9.34% 7.88% | 7.75% 6.37% 5.45% 5.06%
1000 9.22% 7.25% | 7.12% 6.35% 5.34% 4.47%
500 7.91% 7.21% | 5.71% 6.31% 5.12% 4.21%
250 4.95% 3.99% | 3.85% 3.79% 3.56% 3.07%

We observe that the value of the THD decreasebeagiinplitude modulation indexp)

increases. The value of the THD is also improvethd frequency modulation index is

decreased.

4.2.Comparison of three-phase IM fed with five CMLIrotor speed response for open

and closed loop
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Figure 4.16 Speed comparisons five CMLI with oped elosed loop IM under load

Figure 4.16 compare the speed performance of thinase squirrel cage IM fed with five

cascaded multilevel inverter for the same rategdpméd 1430 RPM and load torque of 20
Nm in both open loop and closed control system. §peed response open loop control is
very less when we compare to that of closed loagrobsystem. For settling reference
speed 1500 RPM and1430 RPM rated speed of the riw®@peed respond of open loop
and closed loop is 150 RPM and 1335 RPM respeytival the case open loop speed

response thought the system no smooth at all. Bséd loop speed response indicates that
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after 0.3 second the system speed response beaoomhsand steady state. The IP
controller increases the performance of the machsnié shown in the above figure.

4.3. Comparison of three-phase IM fed with five andseven CMLI rotor speed
response for open loop

200 | I 1 1 1 : I : 1 : | I
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= Seven level open loop rotor speed response
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Figure 4.17 Speed comparisons five and seven CMihl @pen loop IM under load
The speed response of three-phase IM fed withdhaseven cascaded multilevel inverter
under load is compared as in Figure 4.17. We obstrat for the same rated speed and
load the speed response of both five and sevelh ikeetearly shown in the above figure.
In the case five cascaded multilevel inverter thistesm didn’t smooth throughout the
system. Relatively it shows a fluctuation as intioan the Figure 4.13. But for the case of
seven cascaded multilevel inverter the speed besbeagly state at 0.1 second and it has
no damping when compared to the five cascaded leudti inverter.Why because the
frequency of a waveform is the number of timesepeaats (cycles) in one second,
the time it takes the waveform to transition frone@eak level to the other. Therefore rise
time is related to how quickly changes can happtance it proves that as the number of
multilevel increase the controllability of the mawd also become smooth even if it is open
loop system.
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4.4.Comparison of three-phase IM fed with five andseven CMLI Load torque

response for open a loop

200 T T T T T I I I I
~— Seven level CMLI open loop torque response
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Figure 4.18 Torque comparisons five and seven CMtH open loop IM under load
Under the some rated speed 1430 RPM, load torqidn2@nd settling time of one second
in the case open loop control under the load, @mpgsponse is compared in Figure 4.18.
The load torque is result in more overshoot andenttamping in the case five cascaded
multilevel inverter as shown in the Figure 4.16ddiesn’t smooth throughout the system
which indicate the inefficiency of the system. Buthe case of seven cascaded multilevel
inverter the load torque result in less overshaod @damping. The torques becomes
constant or steady state at time 0.12 second.

In general even if it is open control system figdr&6 shows the load torque performance
of the system as it increase from five cascadedilenel inverter to seven cascaded
multilevel inverter. The system disturbance impias the number of multilevel increase

i.e. from five to seven.
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4.5.Comparison of three-phase IM fed with seven CMLrotor speed response for

open and closed loop

—_

Torque (N*m

1600
1400
1200
1000
800
600
400

T

T

T T T T T T T T

Seven level CMLI closed loop rotor speed response]]
Seven level CMLI open loop rotor speed response

200 -

o/ -

200 ] 1 1 1 1 1 1 ] 1
0 0.1 0.2 0.3 04 0.5 0.6 0.7 0.8

Time (second)

Figure 4.19 Speed comparisons seven CMLI with gmehclosed loop IM under load
Figure 4.19 compare speed of three phase IM metxnt ith seven cascaded multilevel
inverter in the case of open loop and closed loommtrol system i.e. performance of IP
controller in the case of closed loop. Under theeséoad torque 20 Nm, rated speed 1430
RPM and settling time one second speed responsenshofigure 4.19. The reference
speed of closed loop control 1500 RPM. For the soated speed, the response of open
loop is 150 RPM and whereas the PI controller spesponse i.e. closed loop speed
response is almost 1430 RPM under the same loachviindlicate that speed control using
P1 controller more efficient.
4.6.Comparison of three-phase IM fed with five andseven CMLI rotor speed

response for closed loop
1600 1 ' | 1 1 1 1 V '
1400

1200
1000
800
600
400
200

Seven level CMLI closed loop rotor speed respose|
Five level CMLI closed loop rotor speed response ||

Torque (N*m)

200 ! \ ) L L ! \ ) )
0 0.1 0.2 0.3 04 0.5 0.6 0.7 0.8

Time (second)

Figure 4.20 Speed comparisons for 5 & 7 level iterewith closed loop IM under load
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The PI controller speed has less overshoot. Sgtilime is one and rise time is also less for
a set speed of 1500 RPM and the load torque of @0 Ngure 4.20 shows the PI
controller speed response relationship for IM festh five and seven CML inverter under
the same load and same settling time and speetoamsn Figure 4.18. For the rated
speed of 1430 RPM, the speed response of five dadaaultilevel inverter is around 1398
RPM and where as in the case seven cascaded wellitwerter is 1428 RPM as shown in
the above Figure 4.20. As we observed from Figu&® 4fter some damping speed
becomes steady state at a time 0.31 second iraieedf five cascaded multilevel inverter.
However in the case of seven cascaded multilewdriar the speed become steady state
almost after 0.15 second with less damping.

4.7.Comparison of three-phase IM fed with seven CMLrotor speed response for

closed loop at no load
Three-phase IM Fed With Five and seven Level CMLI Open Loop Torque Response at no Load

120 T T T . 8 T I I L
Seven level CMLI closed loop torque response at no load
100H Five level CMLI closed loop torque response at no load
80+ -
E 60
<
o 40
— ]
g
LS 20
0
-20
40 i 1 1 1 1 1 1 1 1 1
0 0.1 0.2 03 04 0.5 0.6 0.7 0.8 09 1

Time (second)
Figure 4.21 Torque comparisons for 5 &7 level in@ewith closed loop IM under no load
Figure 4.21 compare the torque response of thraseptiM feed with five and seven
cascaded multilevel inverter under no load casewAsobserve from Figure 4.21 the
torque response for five level inverter has momagiag, not smooth and less settling time
than that of seven level inverter. Figure 4.21 cekows how much it damped comparing
the two no load torque within the some settling etinThis proves how the system
controllability performance is increase as the nemtf multilevel increase from five to

seven levels.
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4.8.Comparison of three-phase IM fed with five andseven CMLI rotor speed

response for closed loop at load

Three-phase IM Feed With Five and seven Level CMLI Open Loop Torque Response at Load

Seven level CMLI closed loop torque response
100 —— Five level CMLI closed loop torque response H

80p .

[*2]
(=]
1
1

Torque (N*m)
H
o

20

0 0.1 0.2 0.3 04 0.5 0.6 0.7 0.8 09 1
Time (second)

Figure 4.22 Speed comparisons for 5 & 7 level iterewith closed loop IM under load
Figure 4.22 compare the torque response of thraseptiM feed with five and seven
cascaded multilevel inverter under load torque 20. NAs we observe from Figure 4.22
the torque response for five cascaded multileveénter has more damping, not smooth

and less settling time than that of seven levetiiter as it clear shown in Figure 4.22.
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CHAPTER FIVE

Conclusion and Recommendation
5.1 Conclusion
Fundamental multilevel inverter structures and nhaiitan examples including the
advantage and disadvantages of each techniquedesre discussed. In most the thesis
emphases on recent and more practical industriplicapions of cascaded multilevel
inverter. It should be well-known that this thesiannot cover all multilevel power
converter related applications. However the bagincyples of different multilevel
converters have been discussed precisely. In Hasid work the switching pulses are
produced by using the sinusoidal pulse width mddchrdatechnique which compares the
triangular wave with that of the sine wave and phse is produced when the sine is
greater than triangular.
This thesis work shows that the value of the THII decrease as the modulation index
(m) is increased. Here the’ is calculated for three different values. Indeeessts paper
also concludes that the value of the THD will bgioved as the level of the inverter is
increased i.e. from five level to the seven leVéle designed cascaded multilevel inverter
THD value for voltage and current are 5.06% an®% @espectively and that of measured
from the company by researcher during instigatmmvbltage and current are 7.10% and
49.00% respectively. Hence the designed cascadédewel is proven over that measured
from the company. The outputs of the three phasgertars are given to the three phase
squirrel cage induction motor and its speed andurcharacteristics are obtained. The
speed curve obtained is smooth in the case of sevehcompared with that of the five
level. Finally, concludes that the speed charagtiesi are improved as the level of the
inverter is improved i.e. from the five level toetlseven level. The performance of the
machine will be improved when it is fed with muiel inverter.
5.2 Recommendation
Cascaded multilevel inverter based speed contsothe modern techniques in industrial
application todays because of the benefit mentiondtlis thesis paper comparing to the
convention adjustable speed controls of drives. rEBearcher could be recommended that
the expansion of existing convectional inverterthwiascaded multilevel inverter based

speed control method.
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Since the cascaded multilevel inverter is no neédrihg circuit the author
recommends the company to shift their existing mewsion of power electronic
device called cascaded multilevel inverters bapeed control method.

Hence the THD value of current and voltage has rtegative effects on the
performance of the machine; the author recommendemial Industry
Corporation Mugher Cement Factory to look the stattdTHD value of the
currents and voltage during buying. So that theamyg can free from extra billing
for the Utility.

Author recommendation is goes to Ethiopian Eledtlittity to take the measured
data of THD value of the customer before saleptiveer to any industries, so that
the company gives notice their own allowable THDueavoltage and current.

Hence this pre-independent knowing THD values séfe from wastage of energy.
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Appendix A: C.A 8335-212306 2.6 Instrumentation Caoinguration

Recording Start Date 6/8/2018

Recording Duration 21:50:00 (h:min:s)

Instrument ID C.A 8335 - 212306 2.6

Database File Name Trend ERSTE_1.dvb

Instrument Configuration Connection Type: 3-Phase 3-Wire

A193/MA193 AmpFLEX
Reactive values (var) calculation: With Harmonics

Operator Name: Erste Telila Site Name: Chemical Industry corporation Mugher Cement Factory

Comments

CHAUYVIN
Qualistar+ (Trend ERSTE_1) - Cover Sheet, (B A R N O U X
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Appendix Al: Inverter fundamental frequency variation

Name

Date

Time

Avg  Min

Max Samples Duration  Units

Frequency 6/8/2018 11:20:00.000 AM 50.049 49.820 50.350

131 21:50:00 (h:min:s)

) | | ' |
| | | | 1
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| | | | '
46.0H-----m-mmmmmm- T Fommmmmmmm e e e Fem——-
| | | | |
I | ' | 1
| | | | 1
| | | | 1
6/8/2018 21:40:00 (h:min:s) 6/9/2018
11:20:00.000 AM 4 WDiv 9:00:00.000 AM

Channel Name : Frequency

Frequency (Hz)

6/8/2018 - 11:30:00.000 AM

Date Time Val Units Value
%78/2018 11:30:00.000 A¥ 49.990  Hz .
%/8/2018 11:40:00.000 AM 45.990 &z 49.99 — Frequency
%/8/2018 11:50:00.000 AM 50.000  Hz
%/8/2018 12:00:00.000 2™ 49.970  Hz
%/8/2018 12:10:00.000 P¥ 50,040  Hz
%/8/2018 12:20:00.000 PM 50.160 Bz
%/8/2018 12:30:00.000 7% 50.060  Hz
6/8/2018 12:40:00.000 P 50.090  Hz
%/8/2018 12:50:00.000 ?M 50,180  Hz
%/8/2018 1:00:00.000 PM 50,120 Bz
%/8/2018 1:10:00.000 PM 50.130  Hz
%/8/2018 1:20:00.000 PM 50,030  Hz
%/8/2018 1:30:00.000 PM 50.030  Hz
%/8/2018 1:40:00.000 P4 50.040  Hz
§/8/2018 1:50:00.000 PM 50,010  Hz
%/8/2018 2:00:00.000 P4 49.980  Hz
%/8/2018 2:10:00.000 PM 50,030  Hz
%/8/2018 2:20:00.000 PM50.010 Bz
%/8/2018 2:30:00.000 PM 50,050 Bz
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Appendix A2: RMS value of current and voltage

Name Date Time Avg Min Max  Units Duration  Units
V1 RMS 6/8/2018 11:20:00.000 AM 229.027 220.100 236.600 21:50:00 (h:min:s)
V2 RMS 6/8/2018 11:20:00.000 AM 227.438 218.400 235.000 V 21:50:00 (h:min:s)
V3 RMS 6/8/2018 11:20:00.000 AM 229.541 220.700 237.100 21:50:00 (h:min:s)
V1 RMS MAX 6/8/2018 11:20:00.000 AM 231.937 222.500 240.400 21:50:00 (h:min:s)
V2 RMS MAX 6/8/2018 11:20:00.000 AM 230.408 221.300 239.000 21:50:00 (h:min:s)
V3 RMS MAX 6/8/2018 11:20:00.000 AM 232.656 223.800 241.200 21:50:00 (h:min:s)
V1 RMS MIN 6/8/2018 11:20:00.000 AM 223.433 166.500 231.200 21:50:00 (h:min:s)
V2 RMS MIN 6/8/2018 11:20:00.000 AM 221.188 154.100 229.600 21:50:00 (h:min:s)
V3 RMS MIN 6/8/2018 11:20:00.000 AM 223.706 167.700 231.500 21:50:00 (h:min:s)
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6/8/2018 21:40:00 (h:min:s) 6/9/2018
11:20:00.000 AM 4 h/Div 9:00:00.000 AM
Channel Name : V1 RMS
Voltage Ratio : 1
V1 RMS (V) 0.
Date Time val Units 6/8/2018 - 11:30:00.000 AM

Value
2253 — VIRMS
2238 — V2RMS
226.0 — V3RMS
2275 — V1 RMS MAX
226.0 — V2 RMS MAX
2284 — V3 RMS MAX
2218 — VI RMS MIN
2200 — V2RMS MIN
2220 — V3RMS MIN

6/8/2018 11:30:00.000 AM 225.50
6/8/2018 11:40:00.000 AM 225.30
6/8/2018 11:50:00.000 AM 225.20
6/8/2018 12:00:00.000 PM 224.70
6/8/2018 12:10:00.000 PM 222.40
6/8/2018 12:20:00.000 PM 226.90
6/8/2018 12:30:00.000 PM 224.50
6/8/2018 12:40:00.000 PM 220.10
6/8/2018 12:50:00.000 PM 221.30
6/8/2018 1:00:00.000 PM 230.40
6/8/2018 1:10:00.000 PM 228.40
6/8/2018 1:20:00.000 PM 225.20
6/8/2018 1:30:00.000 PM 222.50
6/8/2018 1:40:00.000 PM 225.30
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Name Date Time Avg  Min Max__Units Duration _ Units
A1 RMS 6/8/2018 11:20:00.000 AM 125.404 0.000 175.400 A 21:50:00 (h:min:s
A2 RMS 6/8/2018 11:20:00.000 AM 132.231 0.000 185.700 A 21:50:00 (h:min:s)
A3 RMS 6/8/2018 11:20:00.000 AM 136.798 0.000 189.900 A 21:50:00 (h:min:s)
A1 RMS MAX 6/8/2018 11:20:00.000 AM 151.080 0.000 338.000 A 21:50:00 (h:min:s)
A2 RMS MAX 6/8/2018 11:20:00.000 AM 156.550 0.000 325.500 A 21:50:00 (h:min:s)
A3 RMS MAX 6/8/2018 11:20:00.000 AM 163.168 0.000 319.000 A 21:50:00 (h:min:s)
A1 RMS MIN 6/8/2018 11:20:00.000 AM 103.992 0.000 162.500 A 21:50:00 (h:min:s)
A2 RMS MIN 6/8/2018 11:20:00.000 AM 109.351 0.000 172.500 A 21:50:00 (h:min:s)
A3 RMS MIN 6/8/2018 11:20:00.000 AM 112.198 0.000 176.500 A 21:50:00 (h:min:s)
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Channel Name : A1 RMS
Current Ratio : 1
Al RMS (A) .

Date Time val Units vaz?l:es - 11:30:00.000 AM
6/8/2018 11:30:00.000 AM 144.90 A 1563 — A1RMS
6/8/2018 11:40:00.000 AM 156.30 A 165:0 — A2RMS
6/8/2018 11:50:00.000 AM 150.60 A 1709 A3 RMS
6/8/2018 12:00:00.000 PM 150.70 A 169.0 — A1 RMS MAX
6/8/2018 12:10:00.000 PM 144.90 A 176.0 — A2 RMS MAX
6/8/2018 12:20:00.000 PM 133.20 A 1820 — A3 RMS MAX
6/8/2018 12:30:00.000 PM 138.20 A 1440 — A1RMS MIN
6/8/2018 12:40:00.000 PM 159.20 A 1525 — A2 RMS MIN
6/8/2018 12:50:00.000 PM 147.80 A 157.5 — A3RMSMIN
6/8/2018 1:00:00.000 PM 2.9000 A
6/8/2018 1:10:00.000 2M 34.000 A
6/8/2018 1:20:00.000 PM 90.200 A
6/8/2018 1:30:00.000 PM 116.20 A
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Appendix A3: Inverter THD value of voltage and current

Name Date Time Avg Min Max Units Duration Units
A1 THD 6/8/2018 11:20:00.000 AM 52.363 0.000 133.200 21:50:00 (h:min:s)
A2 THD 6/8/2018 11:20:00.000 AM 52.576 0.000 131.500 21:50:00 (h:min:s)
A3 THD 6/8/2018 11:20:00.000 AM 48.644 0.000 130.100 21:50:00  (h:min:s)
U1 THD 6/8/2018 11:20:00.000 AM 5.820 1.500  6.800 21:50:00 (h:min:s)
U2 THD 6/8/2018 11:20:00.000 AM 5.786 1.600  6.700 21:50:00 (h:min:s)
U3 THD 6/8/2018 11:20:00.000 AM'_6.107 1.800 _ 7.100 21:50:00 (h:min:s)
V1 THD 6/8/2018 11:20:00.000 AM 5.350 1.600  6.200 21:50:00 (h:min:s)
V2 THD 6/8/2018 11:20:00.000 AM 6.154 1.600 7.100 21:50:00 (h:min:s)
V3 THD 6/8/2018 11:20:00.000 AM 6.314 1.800  7.300 21:50:00 (h:min:s)
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6/8/2018 21:40:00 (h:min:s) 6/9/2018
11:20:00.000 AM 4 h/Div 9:00:00.000 AM

Channel Name : A1 THD

Al THD (%) .20
Date Time Val Units 6,8\’/§?J: - 11:30:00.000 AM
6/8/2018 11:30:00.000 AM 49.000 6.600 — U1THD
6/8/2018 11:40:00.000 AM 47.400 6:500 — U2THD

6/8/2018 11:50:00.000 AM 48.600
6/8/2018 12:00:00.000 PM 48.700
6/8/2018 12:10:00.000 PM 50.000
6/8/2018 12:20:00.000 PM 53.600
6/8/2018 12:30:00.000 PM 52.100
6/8/2018 12:40:00.000 PM 46.800
6/8/2018 12:50:00.000 PM 40.300
6/8/2018 1:00:00.000 PM 18.100

6.900 — U3 THD
6.000 — V1THD
6.900 — V2THD
7100 — V3THD
4740 — A1THD
47.70 — A2THD
4370 — A3THD

oP| | | | | | | | | | | | | P

6/8/2018 1:10:00.000 PM 115.90
6/8/2018 1:20:00.000 PM 75.200
6/8/2018 1:30:00.000 PM 59.400
6/8/2018 1:40:00.000 PM 48.400




Appendix B: Induction motor parameters for five and seven level CML inverters
The induction motor used for the simulation hasftlewing parameters. It's a three phase
squirrel cage motor with the stator reference frame

« P =5.4HP(4KW)

V=400V

f =50Hz

R,=1.40%)

Ls=0.005839H

* R,=1.39%)

 L.=0.005839 H

e L,=0.1722 H

e J=0.0131 Kg.m”2

* F=0.002985 N.m.s

* Vdc =100 V

* R=10kQ

 L=0.15mH



