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Abstract

By the advent of power eleclronic and microelectronic devices and circuits,
together with therr steadily cast reduction, single phase induction motors (SPIM's)
mereasingly are considered as variable speed drives in recent years, especially, in the
applications that need higher efficiency of low power drives = This project provides
improved performance of the (S171M) by operating it as two phase induclion motor
fed from two phase sulid state converter It improved the motor starting, ratd, and
maxmum torques , the overall motor efficiency inereased. The motor aperated on
closed loop speed control. 11 15 controlled using PWM technique generated by
Mal.Lab.

The system 15 tested experimentally. The simulation of the motor and the
converte is presenled using suitable software programs ; Mat. Lah and Simplarer.

The simulation and some expiremental raults are presend,
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CHPTER ONE

Introduclion

1.1 General Description For The Project

Fhe project aims to operate a single phase induction motor (SPIM) as two phase
ngduction motor ; with purposc to Tun the motor at two windings instead of one mnning
winding only Su the team designed and built a two phase solid state converter Lo drive
the motor , where the convencr is controlled by pulse width modulated sinusosdal
(PWMS) generated by Matlab, It achieves 90 elestrical degrees phase shift between the
motor two currents . A closed loop contol system is designed to control the motor speed.
he motor is simolated using MATLAB software. The svstcm is testad expenimentally

using Matlab and simplorer programs, some experimental results are presented,

1.2 Project Significance
The following can be achieved

e Opcrling the motor without need of additional mechanical swilching components,

therefore reducing the mechanical elements in such motors
* Operating the motor withoul need to start and run capacilors.

* Increasing the starling and the rated torque of the molor with purposs to carry heavy

loads al starting.

* Increasing the motor eMcicncy through improving the phase shift between the motor
windings to be closed at approximately 90 dg time shifting, and reducing the flux

hamonics and torque pulsations

s ‘The motor speed is cantrolled to operate w a wide speed ranps . So it will be

significant in the apphcations operates at varable speed modes,



1.3 Applications ol (SFIM)

Because of ruggedness and low price, single-phase mduchon motors are widely

usid m several commereial and domestic applications.

Although their performance is miernor when compared w that ol poly-phase
induction metors, they are still commonly used in small mtings whene the threc-phase

supply is not usually available

Some Applications

» Heating, ventilation, and air conditionimg (HVAC) Which needs vanable speed

modes W MINmIZe powes consumphon
e Low power industoial plants.

o Widely used in houssholds:

1.4 Previous Studies

1, Modeling and simulation of smgle phase induction motor with adjustable switched

capaciter . (Scdal Sunter, Mchmet Ozdemir, Belal Gumus) .

This Study is interested in controlling the starting lorque by adjusting the
switched capacitor conngeted with the auxiliary winding of the SPIM Bul it sull necds
additional mechanical components . it docs not guarantce Y07 clectrical deprees as phase

shift betweean the main and the auxiliary currents of the { 51"1M)

2. Torque Control for 2 Single-Phase Induction Motor. I L. Romeral, E. Aldabas. T.

Arias

=d



Weak

Choosing The Project Subject

Collecting, studying,
and analyzing information
Simulation

I this study. the run capacitor of (SPTM) 15 2 switched capacitor . the starting

torque of the motor improved | and also the wrjue in the overall speed range - Bul the

motor operation stills dependent on the value of the capacitor

1.5 Time Plan

The time af the project 18 scheduled over 32 weeks: table | | shows how the work

scheduled over these weeks:

9111|1318
10 [ 12| 14 | 16

o
o
= =

17
18

19
20

21
22

23
24

26 | 27
26 | 28

29 ‘
30

Documentation and submitting
the proposal

Selecting and buying the
hardware devices

System implementation
and testing

Documentation and Submitting
the project

Table(1.1} Projecl Time Plan

L

B3 LS b L3




1.6 Project Cost

[

Component name # | Price per component/NIS Total price/NIS
IGBT (RG4PC50S) | B 64 452
Opto-coupler (PCB17) | 8 4 32
Bridge rectifier | 2 B . 18

‘Diodes (999) 16 | 1 | 18
Capaciters 330uF 4 | 3 | 12

Capacitors D.1uF 8 1 a
Board i 10 40 |
Resistors 37 15
Packaging o 70 =

| Others 150

| Total cost f _ . 910

J Table(1.2): Project Cost

1.7 Project Contents

The project is divided into six chapters. follow each other logically to complete the
design , simulate, and test it. Chapter 1 is an introductory descniption chapter 2 talks
1 ahout the theory and modcling of the SPIM . chapter 3 includes the electrical design |
chapter 4 includes the contro! desion |, chapter 5 contains the simulation and
gxpenmental results. chapter 6 summarizes the conclusions and presents some

l recommendptions.

Chapter 1° Provides an introduction 1o the project. defines the objcetives. applications.

and project significance.

Chapter 2: Presents the theory of the induction motor . then specializes in single phase

induction motors (SPIM's) ; theary and modeling




Chapter 3. Electrical design ol the converter (rectificr and mverter) acconding fo the

motor requirements. It contains thermal and electneal protection

Chaptfer 4 Control of the (SPIM). concluding automatic speed control wsing compuler,

and needed interface device.
Chapter 5: Realization and simulation

Chapter 6: Conclusions and recommendation.




CHAPTER TWO

Introduction to the Induction Motor

2.1.1 Construction and Operation of Induction Motor

The induction motor consists of two main parts, the slalor and the rotor. The stator

core consists of a stack of slotted ring shaped laminations blotted topcther in cylindrical

core shape, The rotor of an induction motor is a slotied lammated cylinder. There are

windings in the slots of two major types. One is the squirrel-cage winding which ¢onsists

of heavy copper bars connected at each end with a metal nng, see figure (2.1) The other

15 & wound rotor that consists of actal coils placed in the rotor slots.

Some of industrial applications of induction molors are - washmg machines,

refngerator compivssors, bench prinders, table saws, cuting machines .

Figure 2.1 Stawr and rotor congtruction of induction motor

O




2.1.2 Principle of Operation

In order for an induction motor to operate; we need to hove a miorwith o short
cirouited winding inside a stator with a rotating magnetic lield. The Qux from the rotating
fi¢ld ¢uts theough the rotor winding and induces a current W fBow, The froquency of the
current flowing is equal to the difference between the rotationnl speed of the stator ficld
and the rotor. The rotor cument causes a rotor magnetic ficld which s spinning relative o
the rotor al the rotor current frequency and relative to the stator. at the same frequency as

the stator fisld[1].

The interaction between these two magnetic lelds gencrates the longue in the rotor. There
musl alwavs be a small difference in speed between the stator field and the rotor in order
to induce a current flow n the rotor. This difference n specd or froquency is known as

the slip.

In three phase induction molor three wentical windings are placed 120 electrical degreas
in space phase with respect to each other . When these windinps are excited by a
halanced three-phase sowrce . they set up a uniform magnetic ficld that revolves wound
the rotor periphery at synchronous speed . The flux cutting action induces an
clectromotive force (emf) and thersby a curment in the rotor conductors - The interaction

althe rotor curment and the revalving magnctic ficld causces the rotor to rotate st speed

somewhal lower than the synchronous speed|1] .




2.2 Single Phase lnduction Metor (SPIM)

2.2.1 Construction and Operation on one Winding

If we take a stator with a single winding, and apply a single phase voltage to it, we will
have an altemating current flowing and thereby an altemating magnetic field at each pole
Unfortunately, this does not result in a rotating magnctic ficld, mther it results in two
equal rotating ficlds. ong in the lorward direction and one in the reverse direction. If we
have a short circuited rotor within the stator. it will carry rotor current induced by the
stator ficld, bul there will be two equal and counter rwtating torque fields This will cause
the mtorto vibrate but not lo rolai. In order Lo rotate, there must be a resultant lorque
field rotating in vne direction only. In the case of the single winding and a stationary

rotor, the resultant torque field is stationary. Sco fipure 2.2

Toarque
forward

.~ torque

e

resnltant
T torque speed

..-"ﬁ.‘
. S
e T~ reverse

'FDI'EI!'.II"

Figurel.2 : Mechanical Charactenatic of SPIM [or Stationarv Rotor




2.2.2 Two Windings Operation

Now, if a svcond winding is added and physically displaced from he first winding,
and apply a voltage cqually displaced in phasc, we will provide a sceond set of counter
rotating magnetic fields, the net result is a single rotating fizld in one dirgetion. If we
reverse the phase shift of the voltage applied to the secoand winding, the msulant

magnetic lield will rotate in the reverse direction

Once the rotors up o fll speed, it will continue to run with the second
winding disconnected. we consider the magnetic tigld rotaling in the sume direction as
the rotor, the ficquency ol the current will be low. so the rolor cutrant will be primanly
limited by the rotor resistance. In the case of the counter rotatmg ficld, the frequency of
the mduced current will be almost fwice line frequency and so the inductance of the rotar
will play a much greater role in limiting the rotor current. In other words, once the motar
15 up W speed, it will lock on to one field oalv and the second winding can be
disconnected. 11 the second winding remains connected, the displaced ficld reduces the
magnetic fucluations in the gap and therefore provides a more even lorque and less
vibration. Some "starl” windmgs are only designed [or mtemiitient opcration and they
must be disconnected at the end of the start, In some induction motors, continuouys
operation usmg these windings would cause aw inding finlure. Mast single phase motors
are fitted with a centrifugal swilch to disconnect the start winding once the motor 15 close
to arvund 75% ofthe full speed[1]

2.2.3 Methods of Starting the SPTM

2.2.3.1Capacitor Start

A capacitor is eonnceled to the auxiliary winding to pravide phasc shift hetwieen
the two phases. The motor will operate firstl v as a "two phase" motor while the switch is

closed. When the motor is almost up to speed. the swilch opens disconnceting the




auxiliary winding and the capacitor. The motor can be reversed by reversing the
connections of either the main or the auxiliary wimnding (bul not hoth!)

The start winding and the start capacitor provide for a rotating magnetic ficld in
one direction cnabling the motor to start. The figure (2 3) shows the motor circuit and

charactenste[1].

Bark: windimes

g

%

D
f 9
g
-t 3
r..__.__
&
i
3
Parcent nl fill- losc ongus
g &

h“m 23 50 s I
Fercen) of ppond

ik
Figure 2.3 (a) Schematic representation and (h) Speed-torque chamcteristic of a cap-
start motor,

2.2.3.2 Capacitor Start Capacitor Run

The capacitors provide a phasc shift to the current flowing in the auxiliary winding
and we (herefore have a *two phase” motor. When the motor is almost up Lo speed, the
switch opens disconnecting the stun capacitor, where the run capacitor remains in the
circuit to provide a continucd second pha, reducing tomue pulsations and noise. The

motor can be reversed by reversing the connections of either the main or the auxiliary

winding.




The start winding and the capacitors provide for a rotating magnetic field in one
dircelion enabling the motor 1o start. Figure (2 3) shows the motor circuit and

charactenstic

2
=
E 3
a |
= i i 1 1
F & Gl 5 {14}
Frwoemt ol sped
(5]

Figure 2.4 (a) Schemalic representation and (h) Speed-torque characteristic ol a cap-
STart cap-mnih motor

22.33 Capacitor Start/Run

In this method, just one capacitor is connected 1o start the molor , and remains
connzcted during motor running as figurc (2.5) shows Tn this method, the torque 15

im proved with less torque pulsations| 1t
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Figure 2.5 (a) Schemanc representation and (h) specd-torque charactenstic ofa

capacitor motor,

1.12.4 Modeling of Single Phase Induction Motor

During the steady-state operation, the stator current varies with the stator voltage
frequency. while the rotor cutrent varies with the slip frequency .

21.2.4.1 The Slip (x)
In forward

5 = {0t/ 1, 12.1)
In backward

5y = 2-3 (2.2)




2.2.4.2 Single Phase Induction Motor Equivalent Circuil

Figure 2.6 Equivalent circuit o' SPIM

2.2.4.3 Analysis of a Single-Phase Induction Motor

From the cquivalent circuil of a single-phase induction motor (Figure 2.6), we obtain

ZoRy oS ARSI B
R/ s+ j(X. X

as the effective impedance of the forwand branch and

B j=osdHR SN L 8
R/ 2—s+ j(X: +-".} '

a5 the effective impedance of the backward branch

13




Forward

branch
3w
Backward
branch

%

Figure (2.7): Simplificd equivalent circuit of a sinple-phase mduction motor

The impedance of the stator
= R ) (2.5)
The input impedance

A /5 A R D 2.6)
The stator winding current is
n
- Zin

BB s b o it

The input power The power input is

P.=Ril=Vilicosp.... oo (28)

14




whore @ 1s the power-factor angle by which the current [ lage the applied valtage P/,

The stator copper loss is

Po= fl:'lr'n.][ (2.9

When we subtmct the stator copper loss from the total power mput. we ane laft with the
air-gap power. However, the air-gap power is distabuted belween the two air-gap
POWeTs: one due to the forwand revolving feld and the other due to the backward
revolving field In orderto determine the air-gap power associated with cach revolving
field. we have to determine the rotor currents in both branches. If the rotor current jn the
forward branch, then

Iz_r -= J&E {h

- = (2.10)
R:rs j-,'_r“i 2 )!mr]'

Similarly, the rotor qurreat in the backward brmch [ - i

Ta=— e . —* [ {2.11)
R:."l::'—ﬁ'_':l-r _ﬂ-}t E"I-.c‘lfm}

Henc, the air-gap powers due 1o the forward and backward revolving fields are

P =I4uR5S 2 12)
:

Pa=TuRP3 (2.13)
X

Since £ and R, are the equivalent resistances in the forvard and hackward branches
ofthe rotor circuit, the power transforred to the rotor must also be consumed by these

resistances In other words, we can also vompute the air-oap powers as

P8R (2.14)
tor the forward branch and
Pus=1 1R, (2.15)

tor the backward branch




The nct air-gap power 18
Fa=Pa P (2.16)

The mechanical power developed by the motoris
Pt 1P = metile =i = 5560, (2.17)

Hence, the torque developed by the single-phase motor is

Teix
© {2.18)

The power available at the chaft is

P.=P.- B (2.19)

where Pr is the otational loss of the motor. In this case, the rolational loss consists of
the friction and windage loss, the core loss, and the stray-load loss. The load (shaft)

torgue of the motor is

gt
@

{2.20)

Finally, thc mator cfficiency is the ratio of the power available at the shalt P, wothe

total power i'nput
We could aleo have computed the lorque developed by the forward and the backward

revolving ficlds as

P
T o (2.21)
f G Lo {2.22)
.

The net torque developed by the motor s

Fo=Tw-Tu {223)

16




The torques develaped, Ty and 1, are plotted in Figure 2 8 These curves are also

¢xtended into the rogion of negative speed. This 15 usually done to show  the torque thar
must be overcome whon the motor is driven in the backward dircction by a prime

mover[1].

FE |
Slip ——=

Figure 2.3 Speed-orque chamcieristic of a single-phasc induction motor,

2.2.4.4 Anulysis of a Single-Phase Motor Using Both Windings

We alrcady knew how to determine the performance of a single-phase
motor running on the main winding only The analvsis of the motor when 1l runs
on both windings can be detetmmed by following the sume procedure of single
phase operation with some modifications.

The figure 2.9 shows the eyuivalent cirouit of the motor




where

Foarweurd

hranch

-
H'_,.-" \\\‘._

Main Auxiliary

Figure 2.9 Equivalent citouit of tow phasc mduction motor,

R, = resistance of thy main windmg

X1 = leakage reactance of the main winding

a = ratio of effective tums in the auxiliary winding Lo cffective lums m the mam
winding

B.— rotor resistance a5 referred to the main winding al standstill

X; — motor leakage eactance as referred to the mam winding
X, = the magnetization reactance of the motor as referred to the mam winding

Ro = reqistance of the auxiliary winding

%



I, = induced emfin the forwand bhranch of the mam winding by the
forward revaiving feld of the auxiliary winding
E.= induced emfin the backward branch of the mamn winding by the

backwand revolving ficld of the auxiliary winding
i, = induced emfin the forwand branch af the auxiliary winding by the

forward revolving field of the mam winding

E.— induced emfin the backward branch ol the auxiliary winding by the

hackward revolving ficld of the main winding{1]

The other parameters of the auxiliary winding have been defined in terms of the a-ratio.
The stator resistance ol the auxiliary winding is

= (2.24)

The forward and backward impedances of the main winding are

5 JXIR: s+ jX 4]
R-/ .'i"l“}.[_l.}.“:: + .J{’..,]

5 JXIR:-/(2-5)+ jX -] -~
R: (2—8)+ j(X:+X.)

A simplified equivalent circuit ol a rwo-winding single- phase induction motor is given in

—
[

25)

Ze=Ria 31X =0,

Zi- R+ ;X0 =0

Figure 2.10

The induced em 5 in the main winding by its forward and backward revolving fields are
.E'_r’ﬂ:!l.z_r 2 ?-?-}
Bn=1.24 (2 28)

1Y




The induced ¢mfin the auxiliary winding by its forward and backward revalving ficlds
are
E.=l-a*7Z; (229)
Ew=1.0°7, (2.30)

Since the main winding is displaced 90° eleetrical ahead of'the auxiliary winding,
the induced emfin the main winding by the forward revolving Licld of the auxiliary
winding must lag by 90° the induced emfim the auxiliary, In addition, the induced emfin

the main winding must be 1/3 times the induced cmf in the amxifiary, That is,

Ei-—j sy - jal -Z; (2.31a)

Melain Auxiliary

Figure 2.10 Sumplified version of figure 2.9
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By the samc token. the induced emflin the main winding by the backward revolving
liwld setup by the auxiliary winding must lead by 90° the emf it induces i the auxiliary
winding. Thus,

Similatly, the induced emi% in the forward and backward branches of the auxiliary
winding by the forward and backward revolving Helds of the main winding are
E;=jaly (2.31¢)
Es=—jaln {2.31d)

Since all the induced emit are now known  the application of Kirchhoffs voltage
faw to the coupled circuit yiclds

Li(R; +jX) + Eg+ Ep + Ey + L=V (2.32)
L;{Ra + jaX;) | EptEpi+E:+ E;<=V, (2.33)

Afler substituting for the induced emfs. we can cxpress the above cqualions in

congise form as

LZ+LZ-=V. (2.34)
LZat 2=V, (235)

wherg =
lon=RA+Z+Z+ jX, (2 36a)
Zn=—jalZ —Zi] (2.36h)
Za= jalZ— Z:] (2.36¢)
Z:=4A4q ' [Z+Z+ jX )] (2.360)

2]




The curmrents o the main and the suxiliary windings arg
. I'frl[.z az_x"]
ZLEZA:_ZIEZH.

B I’rll—Z:l—Zu]
ZII;{;'_T'_‘Z'TZ-'I‘

/i

The line current is

l.=1+1. i2.39)
The power supplied to the motor is

Po=Re|V\L|=V Lcos @ (2 411)

where 7 is the power-factor angle by which the line current lags the applicd

voliage
The stator copper lusses for both the windings are

P.=I"R+I*.R. 2.41)

By subtracting the stator copper losses from the power supplied to the motor, we
obtain the air-gap power. The air-gap power is distributed among the four revolving
fields in the motor. We can also write an expression for the air-gap power just as we did
for the moter operating on the main winding only . However, we have to take into account
the presence ol specd vollages and the power associated with them On this basis, the air-
gap power doveloped by the forward revolving field of the mamn winding is

Pom=Re[( Ent E)]
R::-Hf’u—fu].‘f:]z.l'] (Z.42)

Similarly, the air-gap power produced by the torward revolving fisld of the

auxiliary winding 1z

P RE'I_(E-(I+ E!}_{!J =

-Re[(12 .~ jal *1.)Z)]
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The net air-gap power due to both forward revelving ficlds is
l‘r}qgr:Paﬂ'in'l_Pu;l"-l

(1Y +a )R +2al :Rsin@®

By the same token, the air-gap power developed by the backward revolving fields

I8
Faee= (! 2+ HE_IE:]RL'F 2all-R:sin ()

Pagh — Ref(Ebm ~ 1:2)1;  (Eba + E4)13]

Henee, the net air-gap power developed by the motor is

P.n'n_t-:P:lﬂ"_-Pazqh
P.=(I*+ @ N R — R:) + 2a( R+ R)I L .Risin @ {2.46)

At standstill (i.c_. the blocked-rolor condition, or at the nme of starting) the per- unit
slip of the motor is unity. The rotor impedance in the forwand and the backward branches
i the same. The net air-gap power developed by the motor, from the above cquation
when R = Rb=R, i

Pags =4al . [:Rsin0 (247)

Note that the net power developed at the time ol starting 15 proportional to the sine
o the angle between the currents m the two windings. The air-gap puwer 1s masimum

when the angle belween the currents in the windings 18 907 1] .




CHAPTER THRERE

Electrical Design

3.1 Introduction

Tn modem drive systems of AC motors. the input ac source is rectified firstly.
then, 1t 1s converted to ac source again. To control the cutpul voltage, whether the
rectificr or the inverter is controlled or both. But to achieve amplimde and frequency

control, the mverter must be canfrolled rather than the recrifier,

3.2 Theoretical Background

3.2.1 Single Phase Full Wave Rectifier

The conversion of the electrical power from altemating current (AC) to direet

current {IMC) 15 called rectification, and their are manyv tvpes of rectifiers. single phase,

and poly phase |2].

Since there 15 no need to high voltage source o fued the motor, we are [amiliar

with the single phase uncontrolled bridge rectifier type,

Figure{3.1) Single phase brndge rectifier




3.2.1.1 Principle of Operation

Durnng the positive hall'wave, the current flows from source through diede D1 (o
the de link and relums to the source through D3, And during the negative half wave. the

current flows from source through D2 to the de link and returns to the source through D4

Figure {}.2a) The current path during the positive hall cvele of the bridge rectifier

(3.2b) The current path duning the negative half eyele of the bridge rectificr .

3.2.1.2 Rectifier Wavefarms
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Figure (3.3) Rectifier waveforms




3.2.1.3 Rectifier Equations
The outpul de vollage is caleulated from the equation (3.1) .

V= Eij' V o Simotd vt (3.1)
:IT [ ¥]

The output rms voltage is caloulated from the equation (3.2)

o |2t
Fic= VEII:]"A:MM],(JM

Ripple factor RF = Pac/Pdc =483 %
Pawer factor PF = Pac/VA =09

Tha pesk-nverse-voilags (PIV) acruss the diods
PIY=Vm

The diode cumenls
Ip = Lyo/V2

In=1I./1.11

32.2DCLink

To improve the output DC voltage and cumrenl of the reetificr . ¢apacitor is added
parallel w the rectilicr output Figure(3 4) shows the difference between the case with

capacitor . and the case without outpul capaciior

Larger value of the capacitor means more smooth (less npples) DC voliape and

Sument .
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Figure(3.4) (a) Output current and voltage without capacitor.(b)Outpul currenl
and vollage with capacitor.

3.2.3 Single Phase Inverter

3.2.3.1 lnverter Fonction

An inverter is a DC 1o AC converler, which function is to change ade input
voltage to a symmetric ac output voltage of desired magaitude and frequency | The
output voliage could be fixed or variable at a fixed or variable frequency[2] .

D2 Veollagn —s Inwerter — AC Vallage (V.0)

Cicitral Signal

Figure (3.5) Block diagram of inverter

A variablc output voltage can be oblamed by varying the input de valtage and
maintaining the gawn of the mverter constant. On the other hand, iF the de wput voltage is

fixed and not controllable. a variable output voltage can he obtained by varying the gain




of the inverter, which in normally accomplished by pulse-width-modulation (PW M)
control within the inverter. The gain of the invener mav be defined as the matio of the ae
output veltage 1o the dc input voltage|2 .

3132 One Phase Inverter Operation

Once the transistors T1 and T4 arc on, so the load voltase is positive | and when
12 and T3 are un then the output voltage is negative | The tree-wheeling diode protects

the power switch from the reverse curmrent produced in the case of the induerive lopd.

i B

A

Figure 3.6 Single Phasc Inverer

3.2.4 Generation of PWM Sinusoidal Using the Triangular Function

In order to generate a sinusoidal pulse width modulation signal, a sinusoidal
camer with reference frequency f;, and a tnangular function with frequeney [ are
needed, these two signals should be input to n comparator as the figure (3.7) shows to
produce the PWM signal that increases in sinusoidal function.




Time

Figure 3.8 PWM Waveforms

Meodulation Index

The modulation index M is the mtio between the amplitude of the reference signal
{(sinusaidal), and the amplitude of the camier signal (inangular).

M=A/A, (37)
Where A, is the refecence 2ipnal amplitude.
A, is the tniangular signal amplitude.

By varving A, the modulation index M changes. and therebv the outpul rms
voltage (Vo) [2].




3.3 Motor Perfurmance Optimization
The strategy is

| Removing the start capacitor and the centrifugal switch connected to the auxibary
winding of the motor, and feeding the two windings from two single phase voltage source

inverters shifted with 90 slectncal degrees.

2 The two inverters are connected in parallel, and fid from single phase hridge rectifier

through the DC link They controlled using PWM sinusaidal generaled by Matlab,

3 The rectifier is supplizd from ac source 220V.

[

Singlt
Phass
—

Figure 3.9 Block diagram of the converter.

3.3.1 The Tested Motor (SPIM}

The tested motor is (1 hp) squirre] cage single phase induction motor with start
capacilor,




3.3.2 Motoer Name-Plate

SQUERIL CAGE ASYNCHRONUS MOTOR

Type Sgol N: 0641548 |

kw 0 75 kw Hp

HRPM 1425

Amb. Tem

Duty

v

1

310uF

Tahle3.l The motor name-plate

3.3.3 Motor Parameters

The motor parameters were calculated by performing the motor test presented in

{appendix A) .

The Test Resulls
The test 1s contained of the three lollowing parts
DC test: to find the resistances values of the main and auxiliary windings

Blocked rator test: 1o find the stator and rotor reactance’s of the two windings and. The

rolor resigtance can ba calenlated in this test. oo

The ratio of the auxiliary winding tumns 1o the main winding tums (1) was found in this

Lesl, o .




No lond test with auxiliary winding open -
To find the magnetization reactance Xm

The table (3.2) shows the tost results

[ Motor Parameters

Rui 1250

R; f':ﬂ_

Ry iQ !

1 X2 3645
Xz isn
X 1
d 1.U7
Eotativnul 1186.5
Power | Wart

Table 3.2 Motor Parameters

The Impedunces of Motor Windings

According to the cquivalent impedance of the motor phases, the rated motor
impedances at 50Hx arc

Zen=24 1 20] Q50 Om= 01= arctan(20/24) = 39 §°

£a=2315+20j Q50 fa = 2 = arctan(20/23 15) = 40.§°

The raled phase shift angle =02 - 0] = 1°




3.3.4 Motor Torque At One Phase Opceration

The motor rated tonque Tn =hp/ an

=746/149.2 =5 Nm

33.5 Operating the Motor on the Two Windings

There are two sleps o operale the motor on it's two windings, see figure (3.10)

1. Removing the start capacitor and the centrifugal switch connceted (o the auxiliary
winding of the motor .

2. The motor will operate (slarl and run conlinuously) on the two windings: the main and
the auxiliary . Each winding will he fid from single phase vollage source inverter. But

they are shifted by 90 clectrical degrocs. Sce figure (3.11).

f——m

Sw

b L5 FUN
START

Figure(3.10: Operating the motor on two windings mstead of one only

LFE |
1ad
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Figure 3.11 Motor Currents
3.3.6 Motor Voltapes and Currents

The rated main winding voltage V=220 ¥.
The mated auxiliary winding voltage Va = Vm/a = 220/1 07 =205V,

Due to that the two motor impedances are nearly equal, the magnitedes of the two motor

currenls are assumed to be the same, and equal the rated motor current

Imain— lbux=In—- 68 A

3.3.7 Mechanical Charucteristic of Two Phase Operation

The figure below shows the oplmized characteristic of the motor when it is
operaied on it's both windings compared with motor charactenstic when it rans on pne
winduig only. This figure represents the motor charactenistic Tt is simulated in Matiab file

located o chapter 5
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Figure 3,13 . Motor mechanical
characivnistic (two mnning windings)

This figure is very important because many moter critical values can be

dotermined from it
I'he rated tomque Tn = 7.68 Nm
The startmyg torque Ts = 5.9 Nm

The maximum torque Tmax = 21 .8 Nm

Attorgue Tmax | the speed n = 954 ipm

So. the cntical slip 8m — (1500-954)/1500=

0364



34 Converter Design

Power Requirements of the Motor

‘The converter consists mainly of two parts: the recificr and the two inveriers
Because that the motar is 1hp and it's power efficiency is 0.65 | the necded inveneris of

POWET
P = 746/0 65
=12 KW
The two inveriers will be supplicd from DC voltage through the DC link fram

3 KW sigle phase rectifier.

) |rmusredr
Facther Tweo-phese moton

12K

AC Saurce / nel 85 2

T 2R

Inveretr

Figure 3.14 Power requirements

3.4.1 Single Phase Inverter Design

The peak inverse voltage applied on each transistor or diode cquals the DC vollage .

The maximum rms current of each inverter eyuals the motor rated current In=63A.

36




Because the inverter operates as a rectifier in the reverse direction (AC 1o D) _ii"s

device parameters can be calenlated in the same way as in the recrifier case.
Sa, the rms current of the IGBT ; Ir=6 8/N2 =4 8A
The reverse blocking voltage on the IGBT ; V= Vdc =310V,
Taking the =afety facrorto be 2, the values above becomes
Ir-2%4 8=0 6A.

V=243 | =620V,

T ,J_

| L
< F o5

Vde {'}

Load

TS = T4

i;:%: SO
—

Figure 3.15 Single Phase Inverter

Chose Switch

Insulated Gate Bipalar Transistor (IGBT)

Reasons of choosing the IGBT as a switch

L} Combimmation of BIT and MOSTET charactenstics

Compromises include:

- Gate behavior similar 1o MOSFET - casy to mum on and off (docsa't need high gate
current)

- Low losses like BIT due to low on-state Collcetor-Emitter voltage (2-3V)

a7




7) Ratings: Voltage: Vep<33kV, Current: <! 2kA cumently available. Work in under

progreed for 4 5kV 2kA device Constant improvement in voltage and current ratings.

1) Good switching capability {up to 100 KHz) for newer devices.
Typical apphication, IGBT is used at 20-50 KHz.

4) Good forward charncteristic at high voltages.

‘I'he chose IGBT 15 (IRG4PCS08S) which data sheet is located in appmdex{D) The
table (3.1) below shows the IGRT calculated and used parmmeters,

Parametor Calculated For the selected
valucs(with safety facter)  IGBT (IRG4PC50S8)

Blocking 620 604

voltage(V)

loe(A) 102

Table 3,3 1IGBT main parameters

3.4.2 Design of the Uncontrolled Bridge Rectifier

The rectifier will feed two pasallel inverters, each with maximum ms curent of
6 8A (The rated current of the motor for cach phasc), but they are spaced with 90

electncal degrees, so,
The total outpnt ms current of the rweblficr
=68 | 68 A .s0 [It] —9.6A,

Taking the safcty factorto be 1.5, | l£| =14 A.
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Figure 3.16 Un-controlled Bridge Rectifier

The output de voliape 15 calculated from the cquation (3.1)
i 2 T
V= -—JVmSmmﬂfmr
2” i

For Vmu =220 v

_ 2, 2%220%42
i3 - r

Fa

=195V

The output rms voltage is calculated fram the cquation (3 2)

. \{ %1‘ (Fusim w)g et

Vi =d§;i(3umm}1dms=mv

The dinde paramelers
The poakinverse-voltage (PIV) across e diode
PIV =V,

fa=a2¥ = Ja*20=311V
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Diode rms and average currenls, respectively amn
lp=06MNI=0568 A.
h=Lkwl1ll =612 A

Taking the safety factor to be | 5, the values ahove becomes
Vm=31PF15=46TV

Ih=68*15-102 A

The available and suitable rectifier used is a bridge rectificr with diode parameters

as shown in tahle{2 4 ):

Parameter Calculated Used valne
value{with safely factor) (standard)

FIV(V) 467 600

IntA) 10.2 19.42

Table(34) Rcctificr diode pammelors

34.3DC Link Design

The input DC voltage of the inverter Vde = 193 V | bul when the value of the
smaothing capacitor is chosen carelully, the wmput de vollage o the inverters can be
adjusted lobe 220V.

Durng the simulation. the suitable capacitor value that gives 220 DC output
voltage is 330ul

ALC=3530uF. Vdc~Vms=220V.
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Figure(3.17) DC voliage waveform of the filter output

3.4.4 Caonverter Power Circuit

The figure (3.18) shows the overall power circuit (rectifier, DC link and two
inverters) that supplics power to the mator. The figure (2.11) shows the two currenls
supplicd to the motor windings, 1t shows clearly the 90 clvctncal degrees phase shift

betwieen the molor currents

41




Figure{3.19): lnverers curments

3.4.5 Pulse Width Modulation (PWM) Control

The inverier output will be controlled using PWM sinusoidal . The signal will be
acncraled by the Matlab. progrm that supplies the gates of the IGBT's with the control
signals through the DAQ |
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The seguence in which the PWM signals will flow to the power switches (IGBT's)

is shown m figure(3.20).
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Figura 3.20 The sequence ofthe IGBT's gales sipnals

3.4.6 Design of the Rectificr of the Speed Sensor

Unfortunately, the tacho-goncmator of the motor outputs the speed as an ac
voltage. so that a low power rectifier is designed to convert this voltage w de in order 1o

input it to the MatLab program through the DAQ
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Figure(3.21): Specd Sensor Rectifier

The tacho-generator output voltage (Viseho) is proportional to the motor speed
according to the equation

N (rpm)= 93 2 * Vischio
Vde = Vm* (1-(1/4RC) = V2*Viacho™0) 99 [2] (3 8)

The vohage across R2 (VER2 jisto he entered 10 the computer to remain the
voltage entore to the molor within the permitted value (10V) . where,

VRz=(R2ARI-R2)*Vde
=0.175%¥Vic,
From the equations above
N{mm) =376.6*Via .
Where, Viache = 16.1 V at N=1 500 rpm.
R=Rl +R2=IK+4 7K =57K0O
C = 100uF

f=50Hz,
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35 Eleetrical And Thermal Protection
3.5.1 Protection Against dv/dt and di/dt (Snubbers)

Paraliel snubber is connected to the power device (here the IGBT) to protect it
from high dv/dt m the case of switching off, the reverse voltage will incrvase gradually
by the existance of the capacitor .

Dunng the switching on period, the capacitor will discharge in the resistance Rp
to be ready again (v another blocking voltage.

Series snubber protects the power devivee ffom sudden and high di/dt at the time
of switching on the device by adding serics induclance to breake the high current . The
energy stored i the inductance Ls discharges in the resistance Rs during the switching

off ime.

(z) (b)

(c)

Figure(3.22) (a)-Series snubber. (b)-Parallel snubber, (c)Both snubbers together
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Snubbers Design

Snubber parameters depend on the device switching frequency (8), which is 10
Khz.

Ts= 1/10000 = 100ps

For the series snmbber, the time needed to discharge the inductor Ls (ts) is
considercd to be (U.1Ts)

ts = 0.1* 100 ps= 10 ps
but i1s=Ls/Rs
by choosing Ls=0_1mH, Re=1(€2
In the parallel snubber the value of the capacitor can be caleulated from the equation
Cp={Ale* AtV -Lsdi/dt)
~(6.8-0)*(10 pg)/(600-(0-6 810 u))
=97 nF
the standard value of 1000F 15 chosen which cquals 0.1 pF .
Now. Rp=tp/Cp = 10 ps/1 | pF = 10082

the time of discharging the capacitor must be smaller than the switching time
(Ts). it iz considered o be (0.1Ts)

lp=111 ps

Snobbers dioides are chosen with blocking veltage V=600V and forward current
IF=1 Sle=10A.
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Scries Snubber | Parallel Snubbe

(Against di/dt) (Against dv/dt)
Rs=10Q Rp=1002
Ls=0 1lmH | Cp=0.1 uF

Table(3.5): Snubbers parameters

The figure {3.23) below of the inverter shows the connections of the snubbers for

cach IGBT

,
£
e

b
i

r

Figure(3,23) Single phase inverter with snubbir cironits,

3.5.2 Over Current Protection

A fuse of currenl 15A is connected o the rectifier wnpul in order to prolect the

svstem from the high current danger.




3.5.3 Thermal Design Protection

Because the power devices dissipate a part ol the electrical snergy in the form of
heat . it could causs danger upon it, so heat sinks are mountad o the power device w

allow the heat dissipate guickly.

Ileat Sink Design
The power dissipated in sach power device (IGBT)
Pas = Py + Piw
Pa=Vcro *lic + 1y* (lima)’
Ycea= 0533 V.
te=AVegidlde =(0.8-0.55)/9 = 0,028 2 (dula sheet -figure B.2)
o =4 8 A
=48 A
Py =0.55%4 8= 0.028%4 8°
=3.3W
Pu=f* (Eun | Be)
EintEer= 9 mJ (data sheet table B 4)
[=3000/2 =25 kllz.
Pow=25k*Im= 235 W
Paa=Pry #+ P, =13429 8
=26 8W
Rape Ry = (T T)} / P igins
0.64 Ry —130-25/26 8 (datasheet table B.1)

Rmh Z“ .n.: Cuf“'




Where
P - the total power dissipated in the IGRT
Py,

P the switching power losses

“the power dissipated in the forward aperation

Vi the lorward voltage across the IGBT at Z¢To current

tw! the forward resistance

L., the switching energy losses in switching on

Eo’ the swiiching cnergy losses in switchmg ofT

Rec: junction cage thermal resistance of the IGBT

Riuw * hear sink thermal resislance

Tras: maximum allowed emperature of [he IGET

Tj: ambient kmperatyre
L 18 the forwarg s culrent

lde is agsumed 1o he cqual to Ly,

3.6 Optocvupler Interface

Because thal the tomputer digital output voltage is

aceded to amplifv it 1o 15 voltage ( the gatc signal needed 1o turn on

OFdNTS

-

_|

3V only, the optocoupler is

the IGBT).

Figure 3.24:The Symbol ofthe Oprocoupler

The ady

antages of an optocoupler is the electrical isolation between the input and

the output circuits, Stated another way, the commuon for the input cireuit is different from
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the common af the outpul circuit. Because of this, no condugtive path exisls botween the
Iwo curcuits. This means that vou can ground one of the cirguits and floal the ather.

37 Interfucing Using Dty Acquisition Card ( DAQ)

Data Acquisition Cand (DAQ) is an inlerface hardware device connected (o the
computer to porform the following funetiony

I Input and output data ro and from the computer . The transferred data could be analop
ordigital

2 Guarantces the 1solation between the computer and the outer conneeted devices

Becanse the Mat lab software is the main used sofiware in this project. and
becawse the fact that the DAQ can be droved from the mat lab . the DAQ 15 the interface
deviee used t perform the tollowings -

* laputs the analog signal of the motor actual speed to the mat lah |
* luput the motor current fo he controlled within the rated valye

* Outpuls the generated PWM signals that contral the IMVEIters onlput ac voltages,

optw-caupler circuit




Computer

e —— L

I p—
R—

Figure(3.25): DAQ Connections (Interface Circuir)

In this project, the DAQ 6024F series is used, it's dalashect is located in Appendix C
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CHAPTER FOUR

Muotor Control

4.1 Open Loop and Closed Loop Systems

Control Systems can be broadly divided into two categories: open loop svstems
and ¢losed loop systems, Svstems which do not automatically correct the vadations in
their output arc open loop systems, This means that the output is not fed back to the input
for correetion. For instance. when the peed of AC motor is needed to be constunl during
lvading. a knob of the inpul voltage is adjusted at the needed specd manually when the
speed varies. But the clused loop control system compensates for the error automatically

at anv load [8].

An open loop system can be modified mto a closcd loop system by providing
foedback. The provision for feedhack automatically corrects the chanacs in the output
duc to disturbances. Henee, the closcd loop svstem is alsa called an aulomatic control

system. The general block diagram of an antematie control svelem is shown belaw

Sel Control Signal u
Brror
Value . f e ‘_,a-‘ c '[ndHIE;] output x
— N - — 0N —
: .__-*-:. Contralter P
Senaor !
E ' Current State

L4

Figure 4.1 Genenal block diagram of'an automatic control system

L
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4.2 Automatic Controller

A controller is a device introduced intw the svatem to sense the crror signal and to
produce the required control signal An aulomatic controller compares the actual value of
the plant autput with the desired value, determines the deviation and produces a control

signal which will reduce the deviation to zero orto a smaller value

According to the manner in which the controller produces thy control signal
{called control action) controllers are elassified as proportional (P), integral (1), dervative
(D) and their combinations (PL PD and PID),

The proportional eontroller is a device that produces a control signal u(t). which 15
proportional Lo the input crror signal, o(t) (crror signal, the difference between acal

value and desired valye), ie.-
u(t) =Kp * et) 4.1)

Whesc Kp = proportional gain or constant: a propertional controller amplifies the
ermor signal by an amount Kp. The drawback of the P-controller is that it lcads to a
constanl steady state crror. Integral control is usad to reduce the stcady state crror to zero.
This device produces a control signal uit) which is propartional (o the intceral of the

Input cror signal:
u(t) = Ki * integral { e(t)*dt (4.2)
Where Ki — intugral gain or consran

Intcral control means considering the sum of all errors aver an interval. sa this

always pives us a measure of variation over & constant interval [8]

The other choice is derivative control whare the control signal (o (1)) s
proportional to the denvative of the put eror signal (e (1)) We consider the derivative
of ¢ (1) at a piven instant as the difference between present and previous emots, A large
positive derivative value indicates 4 rapid change in cutput varable (here. the speed of
the motor). In other words, the rate of change of specd is groater. The drawback of the
mntegral controller is that it may lcad w oscillatory responsc. Forthese mossons

combination of P, | and D arc used. Most (75-90%) of controllers 1n current use are PID




In thig project, a PI controller will be designed to mduce the ermor and increase the

spoed response.

4.3 The PI Controller

u () = Ki [{ e(t)y=dt }+ Kp * eit) (43)

The integsal of the emor overa recent time intcrval.

This net enly determines how much correction to apply, bul for how long. Each of
the above two quantitics are multiplied by a ‘tuning constant(Kp and Ki respectively)
and adied together Depending on the application, one may want a faster convergenos
speed or a lower overshoot. By adjusting the weighting constants. Kp and Ki, the PI can

be set to give the most desired performance

4.4 Speed Control of SPIM's

Since there are many of the SPIM applications need Lo operate the motor at
predetermined fixed speed: the changes in the motor load must not affect the speed. So a
tlosed loop speed control syatem is needed.

Methods of speed control in induction motors
4.4.1 Stator Voltage Control

By changing the motor input voltage to have constant speed. butthis method

decreases the robusiness of the motor characiensuc as the figure (4.3) shows.




sreed conlrol by volianes # errinnt equicy

' B R EATE ]
I=comsts

Tonuge (il.m)
Figure 4,2 Motor Characteristic when the input voltage changes

4.4.2 Control with Constant Maximum Torquc

By changing the valtage and the frequency at constant maximum torgue, the

chamclenstics of the motor stll hard,

epeed comral for conman T miox

Vin

Visvrsya» Uy
fapzegE=id

Tenrch

Figure 4.3 Speed control for constant Tmax




443 Constant V/T Ratio Control

Adjusting the voltage and frequency so that the mtio benween V and fis constant
This method keeps the motor charactenistic hard, and the stamting torque 1s aceeptable as
figure (4.4) shows,

speed nontral YiEconstarn

WISV IsVE
Ti=12=13

T (N.m)

Figure 4.4 Speed control charsctenstue at constant V/fF

4.5 Motor Control Analysis

4 5.1Motor starting

The starting of the molor 15 & entical stage in 1ls opembion period, so it must he
controlled 1o achieve two aims; first to allow the speed increase smoothly, seeond o
proteet the motor and the converter from the hiph staring current.

To perlorm these tasks, the voltage must be wercascd smoothly, making the

current not to exceed the maximum safe value (10A). According to motor simulation, the
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veltage that gives starting current (10 A) is (85 V), When the specd becomes (372 rpm),
the current becomes (6.8A), see figure (4.3). from the Step response, at (85V) the increasc
in the speed abave 85V s slower than the other stage (more than #5V). s0 the time
taken in the first step of starting is saf: The time taken to reach this speed (372mpm ) 1s
(0.3 scc) (see figure (4 6)). the voltage needed 1o get (10 A) at (372 1pm) 15 (107V) (see
figure 4.5)_and since the change of the voltage from (85 to 107} is the biggest 1o the
change i time

niro i)

e -C"f—,— B
: — 4 — Hme Caec)

M TN

c . 1 L " S . S—
=] 1 2 3 4 5 5 f L] -] g

Figure 4. 6 Step responsc at 85 V




Sa we can say that the slope of the ramp function the siarting  voltage s
m = del (V)/del{t) = {107-85)/0.4 =55 visec

T ]
250 fasermree ..'.r_._. ...... i_ ..... | ,: = _,I_ e
f i | : /
i 4 ; | :
OO —esemearmim e e L - .
: | /1 |
' R el
: i
i :
- i
: . Ty e Emte
: . T
i ': :
ﬁﬂ ....... 4 '- ...... e imae =S i E—— e e —
| | 1. :
| | | : i
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i 05 1 1:5 2 25 A
Time [2e¢]

Figure 4.7 Moior voltages ai starling

45.2 Specd Control

Afier the starting of the motor the specd must be controlled so we use controller
which have tow tasks - incrvase the reaction speed of the . and reduce the steady state
error . thal the Proportional contreller (P} improves the speed response of the system and
the integral controller (1) reduces the steady state error Lo zero.

Controller Design

The aim of using the PLoontroller is (o increase the response of the motor speed
and to reduce the error and then, to get a response with the following parameters
Settling time (Tg)=0.05




Percentage overshoot (L0 8) = 104

The transfer function TF.'l'(s) = w(z)/V(s)

Tix) =___—':: - (4.4)

F= %o il *dm ~

From the 2} § curves as function
of L we can find £, where

=46

Ts=4/ ({*wa) = 0.05 sec.(4.3)

S0, m, = 1333 rmd/sec

So the transfer funetion becomes
Tzl = ‘:—';% l
I = 1§ly el |3

| I
el e Ti¥ | oty

Figure 4. B Bolck digram simplification

The glep response of the T F 15 shown i the figure below

Laws s By FuEcone-a

Fom g e | s

-

Th—
ypawr s Y
e Tirw jmmef 3 Fomt |

Thrres |

Figure 4.9 Dzsired step response




Ky=22001500=0 147

According to the step response of the motor at voltare 170 'V the transfer function
can by derived as

Figure 4.10 Sicp response of the motorat [ 70 V

|
Fa :_-;; e
- =31
! {4.6)
From the figure (4 10)
a=10.58 seq,
L7724

5=1.724

el

5:!5:1 =

The controller transfier fonetion is

G, (5) =228 (4.7)




G(s) = K; » G,(s) » Gs(5)

By substituting G(g), Gy(s), and K, The controller becomes
£ 4 30649

D.253x° + 4048s

GL(—"'} -

The step response according to the designed controller Gi(s) in the ligure ( 4.11) shows
that the controller tasks are performed.

-—
f

-

T

il

Figure 4.11 The step ;;:spuns;:-ammaing to the ﬂll:;guﬁd controllor

4.5.3 The Steps of Speed Control Using Mal.Lab

According to the block diagram shown in figure {4.12) the contiol behaves as

follows

1 The motor will operate under closed loop control system |, with purpose to maintain
the motor speed nearly constant under the load torgues rangs

2.The reference speed of the motar will be mput to the matlab control program.

3 The Mat Lab. will generalc PWM signal to control the motor voltage through the

inveriers

4 A tacho-genemtor performs as a sensor of the motor speed which is generated as ac
voltage . 1t sends the signal to the DAQ in analog DC form after rectification.

3 The Mat Lab program compares the actual and relercnce signals, pmduces the
crror, and inputs it to the P1 contoller, which reduces the deviations.




6. The compensation forthe change in the speed 1s processed n the program so that

the voltage and the froquency will change wgether to guarantee constant Vit ralio

'I'he control signal will be sent to generate the PWM signal to control the rms
voltage and frequency of the inverter, and thereby the motor speed through digital output

chanmels o the DAL
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Figure(4.13) Sub program that generates the PWM sine

Wr*_rit'l

#riain

Figure 4. 14 Sub progmm that caleulate modulution index (M) from Vmain

45.4 Current Limiter

In order o protect the motor from over current. the cumenl scnsor retums the
current valuc as a feedback throush the DAQ, and the program automatically tums off
the system, when the load current exceeds the maximum allowed value

Because that the current sensor retums the rectifier cucrent, the maximum allowed
current is the total molor current 14 4A. so the current in the program is adjusted al this
value.




4.5.5 Fhase Control

The best operation of the motor is achieved when the phase shift betweca the

mator corrents (main and auxiliary) is 90" (see equ 2.46) . The angle between the current

depends on the mam and auxiliary impedances and on source [requency, too |

This difference in the phase shifl 1s compensated by modifying the auxiliary

winding voltage phase so that the angle remans 917 between (he Iwo currents

contnuously,
where

Phase= 90 { Bmain - Gaux
Whera

Phase - the angle between the main and auxiliary voltages

Omain : the phase shift of the mam current
Baux - the phase shifl the avxiliary current

4.8)

The following program calculaics the phase shift between the main and the

auxiliary depending on the frequency

1%
cle
for fwlta0.1:50
wampb, Z8* L7 L
wal=157; 15%

El=gruws*3. 6/ (wal]);
KF=qmuerl. B (mally
gmegrwsr43/S (walya
Ba=Y . &7

s=_(fh;

bkl s A e

Ebmprf (-5 K27

i

phvee [1ad]

FI=X1+tem*AE) f [RnrEE) + 1 Re=80) / (dme Tk ¢

Em=4.254+81;
thatamarn=angleciEm) :

a0 [ Sodid )y

L

L i i i
iP5 & £ B

e

thelaux=angle [Raux): Fipure 4. 15 Phase-frequncey relation
chasel=80% (DL 1BNO] ;
phase=phasel+thetsmain-thetanx;
kold on




ploci(i;phase)

The function that represents the wlabon between the phase shift and the

frequency

Phase =- 5 9057¢-013*F8 ] + | 6063e-0107 {7} - 1. 8602e-008*%F (6} +

1.1957e-006*F {5} - 4 6584:-005%F {4} = 0,001 12651(3] - 0.016528%F {2}
+ 0. 136085+ | 0504




CHAPTER FIVE

Simulation And Experimental Results

5.1 Moter Simulation

5.1.1 Motor Mechanical Characteristic at Different Conditions

| e

_—“ﬂ“-\

1o Tmm 13 20 a5

Figure 5.1 The load charactenstic at rated voltage
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Figure 5.2 The cHect ofthe auxiliary voltage on the mechanical characierstic

15 20 0%

Figure 5.3 Molor mechanical characterstic at V/f = constant
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Figure 5. 4 Motor mechanical chamcteristic al Tmax =constant
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Figure 8, § The effect of alpha (the phase shift angle between the two motor
phascs) on the mechanical wrgue al micd main voltage




5.1.2 The Electromechanical Ch aracteristics

mealn cument
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Figure 5.6 Speed and main current charuclenstic
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Figure 5. 7 Specd and awxiliary current characteristiv
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Figure 5. 8 Spoed and motor current characleristic
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Figure 6.9 The effcct of alpha on the load current ar rated main voltage
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S.1.3 The cffect of the phase shift angle between the main and (he auxiliary winding

on the Load Current




5.1,4 The Power Simulation
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Figure 5,10 The Specd with output power
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Figure 5. 11 The effict of alpha on the efficicncy
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Figure 5. 12 The cffect of changing the auxiliary voltage on the motorellicicncy
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5.2 The matlab Programs for Motor Simulation

5.2.1 The Matlab Program for the Mechanical Characteristics

LA TRIEE L TR VR 1 B R B e B i e O D e M Ve R B S R S e e ) a1y i g O L T, et e
VAT e M R Mechanien] Clummcteristic %% Moases: b e T

N e B T e S Il T T O 2 U g 0 O B 2 0 i R B R T e e e e

cle

el

Yhurefn] constant
B

omega = pi*f,
b s=0005..001 595 15 elip
k=435
X1=35:

Rin—86 3K
R2=3;

X1=16:

Yewinding voltage

Vm=220"
Vu=205"7,

Y linf” the Forwardy VT g backe V) woad voll e
Vi=05* Vi = Vi)

YE=0 5" Vmt*Va)

magWi=ahaViY;

angleV Famgla Vi

miag Vh=aba Vh

angleVh-imple Vi
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¥athe calculhtion of the apudl rvrand tmpediernce of the motor

Liorward=T 1 Ti*N] =X m (R XD W3 Xm | (24N

U thie orvword coomen
W=V [/ forwand
magli=absT;

anglel=amgle11):

*athis calenlitivm of the inpot backward mpedomee of the ngotor

Lback=R14* X1 41" Xm* (R0 H X2 W K m-{R2 A2 s ¥ X2

%o the backvard coreon
[h=VhiThack:

muaglb=absz( b},

anglalh=analailb);

Fawinding curen
Im =]t+ib;
la=j=(1f-IbY;
maglm=absTm )
snplefm=anglefTm),
mag la=ehal L)

anglela=sngie[a);

' he power culeuluton

b forsard o

PeE2*reali VP coni(18 £ R 1 Fmap Il
; f E :

Pab =2*reali Vh*conj{ib) - R1 *maplh" 2}




Pmech= {1-5*{Pal-Fgh:

Imech='mech/i( 1-5)*omega),
omegal =(1-ap nmegn:
nl=omegal *0.55 ;

-hmdnn

plotTimech , al )

end

[5]

5.2.2 Matlub Program for the Electromechanical Charscteristics
e L L e e

TREAREENARRAANER LR T Eledt remarkanics] Cheracteristic TRALEREs:
T T AN AN AR R R L e R R AR R R AR R ER RS RN A AR IR R AR

S
clway
tuseivl comstannt

=50,

gpega = pirtip

for s=.U05; 00T .4985 & =lin
RI=43%:
X1=3:
Hm=Hi 38

SwWanding waltage
Vm=2207

Va=205%;

1 Finf the SorwaTtd(VE] Snd Back [Vh] ward velliEge
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VE=Q.5* (Wm—j*Va)
N¥o=0 . 5% (WmiihVa) »
magVi=abs (vInr
anglevi=angle (VL)
DagVhmabha (V) ¢

ang eVh=angls (k) ;

fthe calculetipn.of the inpur forkers imgedancs of the motor

Efosward=HlH 1 R Hj4Xm*(RESa ) aey s [T amEfR2 5+ 7% %217

% the forword ocurrsnt
Ti-Vi/eforward;
mEgEE=alu [ T1} ;

anglelf=angle| T£);

the calculatian of the inpur Backwasd inpédance of the motor

ZBack=R1+{*X1 L*Xm* (R2/ (2-3) HI*E2] /{3 *40+ (RE/ (2-s) +9*K2) ) ¢

= the Badkward cursrant
ThVh/Zbacks
fagTheaba { IH) »

angleTh=angle [ Th) 7

ewiladl O Turrsene

Im =15+ Fhy
Ta=3*{TFf-Th):
magIm=<pbs (Im] :
anglelm—angle | Im};
magla=abs | Ta) ;

anglela=angles (Ia) ;7

fediTm = real{Im;
imagnIm =imag|lm) ;

rezlTs zeallIal:




ImMagnia «<imag{Ia)s

TLoreallm 4+ imagnTm +realls +*imagnls

—

magil=absg (1L

DoWET

Paf=2* (zeal (Vi*cony (If) I -Ri*magIt-7):

Pgb =2={reallVbo*eon] (b)) -R1 ‘meaath*2) :

LR _r' ad

Pmech= (l-s}*{Pgf-Pgn);:
Twech=Pmech/ { [1-a) Yamcga) 7
amegsl=(1-5) *omcga;

hold

plot{ Lhe meed surrent | cmegal)




5.2.3 Matlab Program for the Power Characteristic

P
e Mg

oo, el B

T R 0 T Bt e A i A o P s B
vl i e T D e e e L R L L e B e A e S O S S T b T e e [ L

O e i e T . i ! -
o TRV TSN T he Ot Power O hirscleristis To0abaoitans i G L A T T

U E e B A B i e il R L R o Lt B B P P AL i~ O . LI L B A i
TR by S ek ST TR ST o S e o e T e vy f'n'-:'.'l"‘a."ﬂ'.'-'a".‘-"-i'!"u"'h'!'il'r-"nr."il'!-u@ir."il:‘iu“é".';-"l.-";.“"r'!-‘."--.".

elo
clear

¥ useTul congtan
E30;

ameps = pr*f
for-s=005-001:.995; % slip
Rl=425:
Xl=3h
Xm=R038,
#21=5,

Aa=3 6

Yewinding volase

¥m=170;

Va=138%3;

o At the forwardd V13 and back(Vh) word volmge
MISSHVm-j*Va);

Vh=0 5% V=" Vu

magy =abaV

atigleV t=angle Vi,

maEg Y b=nksal Vb

anglaVh=mplel Vb

St cndeutationg ol the g forwimd bmpedaonce of the motor

Florward=R1+TX | 47" Xm* R2i-+*X2 MG A H2 5K 2T,

o e forwnd eurreni
=Y 2 forward:
el Feaba [y




anglel=ang ey,

olhe calenlnlion af e input backwerd tmpedsnce o i 1rolor

Ahack=R1i"X1 +*Rm "R -5 X2 W "Km+{RIN2-5)17*X2));

b the backward curm=ni
To=Vh/ back,
maglb—aba(Ih),
anglelb=anglu(Thy,

Mewmdimng curien
Im =1+,
La=j%{T-1h),
indglin=ahs Im:
puglelm=anateTm ),
magla=nlsT=)
anglelu-mnglelia);

#o The power calonlotion

A5 the Forwiard paowWEl

Pal=2*{reall V * conj(If)1-R 1 *maglt" 2y

Yafhe hockward RTLIRNSS

Peb =2 (real(Wb* conj(Th) - 11 Yl *2y:

Yamach power

ell = Pinech/Power

Pmech= (l-)*(MefPghy;
Trech=Pmudhl| | =M omeagay:
cmeps 1 =012 nmegsa;

bl v

ploti Pmiech tmegal )

hold on

xlabel("l mechummal’)
vlhabel"w snl/i']

il

a0



5.2.4 The Matlab Program that changes of the current angle belween the main and
the auxilinry windings

E¥%%%"H¥*i;4%i1i1*2ﬂ%i‘i'**‘~hiikiii?£Et?i!ximh%-ﬁtfihiii?tﬁit!i

ERRARRANAANULEThS eftmet SF alphs on the charaacterstec a4bsbes

== o

slear

suseful ‘Constant
f£450r

omega = Prif;
.05 % sifp

R1=4325;

X1=34;

Km=86.38:

£ i L

Xi=56:

Swinding wvaltays
for n=0:.005:pi
V=220
Va-205*expintil
nayVa=zhs {Va!

alpha=I1E0*angle {Va) /3,14

% Tinr the forwerd(Vii and bask (Vs ward waltag
VE-D. 5* (V- *va) 7

VbeD. 5% (Vmii<Va);

magVL=abs (VF);

angleVi=angle (VE);

magVb=abia {VE) ;

anglevh=angle i Vb)

bEhe caculaticon of the ifuput forword Impedence of tHe motor

il




Efcrward=Rl+7=%1 Ij*Hm*iREIs+j'x2:f{j*xm+{32f3r]'x213:

% EHe farwonrd EUTTEOL
1f=vffzturward:
magTf—gba (TF);
anglell=angle (IF!;

tlhe waculation &F s laput baskuward inpedonces &Ff Lhe Mot

Ebzck=Ri+3=x1 +j*xm*rREIIJ—s:+j*KE:H{"Km+rﬂar:3~5J+?“KE} o
4 3 .

% the backward CUArrEnt
Ib=Vb/rhack:
magib=abs{1h);
abgleTh=angle (Tb);

tWwiinding curreps

1w =If+Ib:
lam3&{IFTH) ;
magim=abs(Im) ;
danglelm=angiciTm); ]
magla abaiTa)

englela=angie (Ia);

Bower = abarahs{Uhj*megta}+;hnluh;f?u4‘maqlml:
reallm = real (tm);

imagnTm =imag {Tm) s

tealia = real(Ia);

imagnia =imagila);

LL=abs {raallm) +j*ab::imagn;mj +aks (realla) *j'aha{imagufa) =
magil=sbs (IL) -

Thae power saloulatien

Lhe forward pueer




R EE—

qu=2*1r:aJ¢VI‘:nnl!Tf!:—Rl*mﬁgLi*E::

Fah fZ‘:rtilth*nnnjf'byi—ﬁl*mﬂglb*ﬂh:

Tl D=

Emeih= fl=a] *(pgf-pyh ;

Imnth=?neutff[l-Eﬁ*mmngahr
0:5@31={1—u:*omaga;
Effaa:sfpmezhliFewﬂ:

neld -

plol {alpha, e ££)

noldg




3.3 Experimental Resulis

5.3.1Pulse Width Modulation Signals (FWM)

The bllowing figurcs show the PWM signal taken from the matlab. Where the
first signal appears on the oscilloseope shows how the width of the pulse mcrease m
sinusnidal funchon

See 1\ PTIOX OC-aesv

LA AR BRIl IRTIJ Y] TN

The second signal shown is for one pair of the IGBT's that work together, it shows
that the signal is tumed on for 180 dp and lumed off for 10 dg.




The thind waveform shows the gate signals taken for onc inverter, the gate signaly
for posilive and negative sides of' the outpul sinusoidal

T baa A\ PYSN 00 & g

__

Figure 5,13 : PWM Signals (Gatcs Signals)
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5.3.2 Oulput Vaoltage of the Inverter

The two figures show the output waveform ofl'the mnverter, it is an ac wave and

can be conuidered smusoidal.

Figure 5.14 ; lnverter Wavelbrms

k6




5.3.3 Dynamic behaviour of the motor

The following curves reresent the dvnamic behaviour of the motor in starting and

breaking. When the motor is ocrated al 85V, it neds ahout 2 sceonds to reach the

synchronous speed, and it needs 1 second at 170V

i i " | i A .
] 0.z 2 | ea ae i i 1.4 T = 2

= I|l' I ’ v ll ’“f
!
1200 b g
100
0 - 4
S0 L(
‘I na
% T
400 = -
00 =
Gl i i
] 1 F 3 1 5 8 ) el H 18

Figure 5.16 Motor speed step responsc at Vim = 170




The curve below shows that the motpr nceds abont

[} seconds to stop when
dynamic breaking js applied on it,

The Stop fes ponse of tha Motor

150(1’,-—-——-—1— _‘I'__‘—_‘—r_'l_‘—_l"—_"‘—

| ]

niem]

Figure 5,17 Motor speed response at breaking




CHAPTER SIX

Conclusions And Recommendations

6.1 Conclusipns

According Lo the simulation and experimental results. the following can he

concluded

I By operating the motor on the two windings. the motor cfficiency incroased from 65%

to 70%

2. The best motor operation is achicved when the phase shifi angle between the motor

windings curments cquals 90 electrical degroes |
3 The motor torque is optimized. and increased from 5 Nm to 7 68 Nm The starting
tarque is optimized, too.

4. The motor mechanical characteristic still hard

0.2 Recommendations

I The molor could be driven and controlled using micracontroller in order to be
applicable packaged drive svstem.

2. The converter can be designed consisting of three arms rather than four.




Appendix A

ALl Testing Single-Phase Motors

The methods to detenming the winding resistances of the main, Rm. and the aux thary

windmng, ... are not discussed in this section because we can use any method that can
accuraicly determine the resistances of these windings such that the DC t2st. The ather
equivalent cireutt parameters ol a single-phase induction motor can be determined
performing the blocked-rotor and the no-load tests.

A.l.l Blucked-Rotor Test

The blocked-rotor test is performed with the mtor held at standsull by ¢xciting one
windmg at a tme while the other winding 15 left open The test armangement with the
auxiliary winding open is shown in Figure A.1. The lest is performed by adjusting the
applied voltage until the main winding carries the rated current. Siace the slip at standstill
in gither direction is unity. the 1otor circuit impedance is usually much smaller than the
magnetization reactance. Therelore, for the blocked-rotor test we can use the approximate
equivalent eircuil of the maim winding without the magnetization reactance, as depicted

in Figure A 2

(a) Auxilinry Winding Open

Let Fuo [in and Pi. bo the measured values of the applied valtage, the main-winding
current, and the power supplicd to the motor under blecked-rotor condition.




The magnitede of the input impedance is

P et (A1)
T :

The total resistance in the eircuit is

Ru-£= 2
Thus. the total reactanca is
R
X2 R & (A 3)

Aure trnsformer

Aurxiliary

Figure A.1 Cxperimental setup for blocked-rotor test with auxiliary winding open.

Hia

7 Mais

a5 IFrm

I35 Xy

. B

Ll T

Figure A.2 Approximate cquivalent circuit as viewed from the main winding under

blocked-rotor condition.

@1




From the approxunate equivalent cirouit (Figure A7), we have

Ra=Ri+4 R (A 4)
and Xaw= X4 X.. (A5)
Sinee the main-winding resistance is already known, the rotor resistance at
standstill. from Eq. (A.3), is
R.=Ru.—R. (A.6)

To separate the leakage reactance’s of the main winding and the rotor, we once again

make the same assumplion that they are equal That is,

Xa= X.=0.5X.n (A7)

(b) Main winding open

We can also perform the blocked-rotor tost by exciting the auxiliary winding with the
main winding apen. Let Iba' Vha, and £, be the power input, the applied voltage. and the

current in the anxiliary winding when

and the rotor is at standstill. The total resistanee of fhe auxtliary winding can now
be computed as

Pa

IE

Since the rotor winding resistance is already known, we can compule the rotor resistance

= (A.8)

as referred o the auxiliary winding as

= ii— }{-,r.- [A.9)

We can now determine the a-ratio, the ratio of effective lums in the auxiliory wind ing to




the main winding, by the squarc root of the ratio of the rotor resistance as viewed from
the auxiliary winding to the valie of the rotor resistance as viewead from the main

winding. Thus.
—
| 1€

= .|—— (A 10)
VR

A.1.2 No-Load Test with Auxiliary Winding Open

In the three-phase mduction motor operating under no load, we neplocted the copper
loss in the rotor cireuit because it was assumed to be very small. Tn fact, we considered
the rotar hmanch an open circuit hecause of ve r¥ low slip at no load. In 2 single-phase
motor rnnitg on main winding only, the no-load slip is considerably higher than that for
a three-phase motor. Il we still assume that the slip under ne load is almost zero and
replace the rotor circuit of the forwand branch with an open citcuil under no load. the
errot introduced in the caleulation of the motor parameters based upon this test is
somewhat greater than that for the threc- phase motor. Making such an assumption,
however. dacs simplify the equivalent circuit of the main winding under no load with
auxiliary winding open. Such an equivalent circuit ie given m Fipure A 3
Let VL, InL" and Val, be the measured valucs of the rated apphed voltage, the curent,
and the power inlake by the motor under no-load condition Then the no-load impedance

18

(A.11)

The equivalent resisiance underno load is

P
Ru=—— (A.12)

ol




1/4 Rm

i"0.5 Xy

Figure A.J Approximatc cquivalent circuit as referred to the main winding under
no- load condition (&= 0)

Hence, the no-load renctance is

Xe=AZ +—R. (A 13)

However, from the equivalent circuit (Figure 10.15). we have

An=Xa4+0.5X.+0.5X.
Since ;Y. — ...Yu == 0 5.-'{'»-
A+ 03X = 075X

Thus, from Eq. A.13, the magnetization renclance is

A=2X.—1.5X.. (A.14)
Finally, the relational loss is

All the parameters of o single-phase induction motor are now known. Lsing these

U4




pammeters we gan now comput the torque developed, the power input. the power

output, the winding currents, the lme current, and the efficiency of the motor at any slip.

Test Results

Rsa =4 25(] Esm = 38}
Power T[A] VIV
Mo load 210 a 220
Elock rotor main open (0 15 193
Auxiliary open 277 6.8 037

Table A1 The motor test resuls

A2 Test Calculations

From apxiliary Winding Open Test
T =063.7/68 =93710)

Rbm = 277 (6.4)2 =64 L2

Xbm =V((#.37) 6% -720Q

Kgg=Xir=D5*¥TI1=3a0

Emn=Rbm -Bm=6G6-3=30




From Main Winding Open Test
Lra=193/15= 12870
Ru,=181/152=7840Q

Rra =784 -425=360

a=V{34/295)=107

From No Load Test

ZnL =220/5 =440

Rnl =210/5°-84 0

XnL = V(44" -5 47y 0=432 0

Xm—2%432 =864 0Q

Protamal = 210 — $°=(3+0.25% 3) — [ 1625 Watt

06




Appendix B

IGBT Data Sheet

Features

+ Standard . Optimized for minimom saniration =
voltage and low opembing trequencies (< 1kEz) /il\
* Generation 4 IGBT design provides behier -
parameter distribution and higher efficiency than a \'\ ' e B hp = 1 28V
| : EI/ '
| E

Yioes = GO0V

Generation 3

+ Industry standard TO-247AC package

= Generation 4 IGBT's offer highest ¢fciency
available

+ IGBT's optimized for specitied applicalion
cundilivns

* Designed 1o be 1 "drop-in" replacement for
equivalent

indusiry-standard Genemtion 3 IR IGBT's

SEVzE= 15V. L =41A

n-¢hannel

Parametur Mo, Unite

Vips Ciseciar - Em i Sraakdonn vollage [ v
kO Tomabe | CoOMMUOES CoNecior Cams 7
L Tom=100°C | Comnuous Colledor Cuirn| 4 A
T Puisd Cotge b Currers & 140
1Y THamged INdEllve Liad Camerd = 140 ==
Vo | Gate-to-Emittar VoRaos =X W
[ Fovang voltage Avsinnone Eneedy & 20 mJ
Fo @ To=36°C | MAesmum Powe Dlssipation bt .
Fr @ Tew 10070 RMEdmum Powe: Dissipaion T
T Opsrobing Jumciion and = =5 o+ 160
Tere Slomgs Temparafis Fanga "W

SCilaling Tempssmiliie, Ir 10 secermls 300 10063 I | 1 SR TOM CAfe )

Mouriing torque, 632 or e EC1ow , 10 D0 (1, 1 Hemp =

Table (B.1) Absolute Maximum Ratings

Pararetar Ty = Max. Units
Fax T T o) — K=
Flacs ek Flal, Greesed Suraca FET) == "W
Pigya, JumcBorelo.ambianl| feplenss ot o e
Wi i waln &0 (03ETH — q ix

Table(B.2) Thermal Resistance




e

Farameler MEL | Typ. (Mnx, | Unis Condilions
Verres | CoWo-R-EmUer oo wolige e | — | — | W | War =W, | = 25000
(Vgrmcs | Emitier doColector Erabown vetage & [ 18 | — | — | V | Vmemvicatis
ANpmcpnia T || EMMTIFLG SO Of BIGasdonn vorags | — (075 | — YOO | Vas =T, k=10m8
— 1128 | 136 =dM Wop =15
Wi it - EFMTE SEkralon Vammge — el | [ B Mg, &
- — J1E8 ] — Ew¥A, Ty 150G
Vigry | Gl Thicshold Voilags 30 | — &0 | | o=t =26
AN/l | Tamperulum CoarL of Triesnow vollage: | — [ 203 | — MWD Vg @ Ve, b asTijid
(P Forward T s & W[ | — | 5 |v¥E=1aWig=44
i = — | - Nae =¥, Vi =500V
kEs Zao Gals VWoisge Collesk el s e .v_;.; w.'u:; =
— | — |To Vg =TV, Vg =800V, T;= 160G
s Bl D-EMi | a0 e — [ = |=wu| oA | vec=xaw

Table (B.3)Electrical Chamctenistics @ TJ = 25°C (unless otherwise specified)

- - = -

Parmmsier Min. | Typ. Ilhl Linils Confltions
ay T:}I_I:mhd'ﬂrg-m_lmmn — {180 | 280 e =418
Cigm Gl - Emmat CRaRge (LM -5 — |24 |37 | ne | Vee-ataw £ea Fig 0
e Gaks ol Ghangs [LWT-on ) — | &1 | ¥ ¥ig =15
Tnst TUET) L3N Lieily 1Ime — 133 =
ir Fiksa Tlim e E = Ta=23"C
Tt T2 Dl Time — [esm [eeo o =414, Vig = 450V
[ Fall Tims 2 — ] A0 a0 Ve =15 Rzs=5%0l
Een TWTHON SWICTING LOSS = oy — Ensigy osses iy "l
B | Tim-On Swilchang Loss — |B37 | — | mJ | BaFg 8 10 4
[Ea Totnl Swikning Loes = TR E
Ling Turm-2n Celay Time — = Ti=are,
L Rits Times — | | — o o= ATA, Vie = 4806
bty Turre-CAl Daalery Tima == 18] | — Wom = 13Y, e = 5,00
3 Fall Time — || — Enamy ioases inciuda s
Ea Tolat SWIChing LocE — |15 | = | ma | Gem g 11,
[ I nbeImal Ermimar oo & == 7 ] rH | Megmuread Smm mom package
(7 inpul Coposionos — [0 Ve =07
G Ouilprl Capedlancs —_ |2 | - pFE | Voo =20v 29 P T
[ oSS Transiar Capatanes — |48 [ — f=1.008

Table(B.4) Swilching Chamctenstues @ TJ = 25°C (unless othcrwise specified)

Repetitive rating; VGE = 20V, pulse width limited by max_ junction temperature. ( Soc
fig (B. 13b )
_VCC - 80%(VCES), VGE =20V, L = 10yH RG =500 _(See fig.( B.15a)
_ Repetitive rating; pulse width limited by maximum junction wmperatur,

Pulse widih = 80ps, duty factor <01 %.

_ Pulsc width 3 lus, sinpgle shot

ug




i sy

Dwyemie:Sin

|H*1-=.'|:

Famd =0

Crail

Fav'i la g et ity ot
I )

—".L i ol e
ks

.,

Lomd Curmes (A 3

S,

v
I, Frequency (kH)

Figure (B.2)- Tvpical Load Curient vs. Frequency{Load Current = IRMS of
fundamental)

L[]

. —

Ty= 150
i

Ty= 2520
I = 7 I
] T Hh
| VoE= 154 Voo = 5w
LA =ne Putse wiom | Sm PULSE WiETH
; :
1 190 -] - 7 ] f L

Vo, Sollectorto-Emitter Voliaogs (V) Ve Gata-n Eriter Vallags (V)

<
E
2
=
o
s
o
E
a
=
3
o

lg, Colactorm-Emibtor Cumant 1A

Figure(B3)n)Typical Output Characteristics b) - Typical Transfer Characteristics




'\l

i .{rrh e [ Vgp= Y
=

N

eraen | (4]
£

'

N

Ml by Ly 0 ol i

50
Te s

- 100 TE
Cape Tamparature | ")

Figure (B.4) Maximum Collector
Current vs. Casc Temperature

33

Ver = 45y |
- ED um PLLSE Wi TH 1
= g i
E‘ Ip= 824 #
| | =
2a 5
WA tas |
] ¥
F 14 :
8 lem &1A
a,. HEEN
S T T L}
] k=& BA
e B e
o= I
o8 |
AL X 9 20 M B 00 15D D 180

T, . emclion Termparnmmire )

Figure (B.5) Typical Collectortn-
Emutter Voltages. Juncrion Temperature

| apar = W =
== | =
1 =
i 1L 1
9 == = !
= | 6 Lbt
o e =
=N !
E e — -
y = _| ]
[ L
'E Ty — _,.:_4 I I [ . :
Lot | i FLLSE P
E (TeEibdsl FESPCHAL |
i - ad} - - =
_i — : H vl
= 1 T e
( ki
| LRCT T N P T
Sy | 2 Pool Tu~Find ¥ I aTc
Qean AN ke | adrl o 3

. Rectanguiar Pulsa Demation (sec)

Figure (B.6)Maximum Effective Transient Themal Impedance, Junction-to-Cass

LD




- VaE=DV, T=1M ] ® Nec =0y |
Coos = Cgu # Ty, Uye SHORTED 6 =ath
':rm. 3 ::-_ﬂr = =
8000 i s "
% \'\| | TE: f.;-"
& 1 -_.'.I-ML "E - ! ,f
E poay | [ |E 1 ./
E “\.._\ LA LY £ 3 __/""f
A -
& \ \"“*L! | [j iF =E 1 Ty . -
b ' -
1"‘.,__ I:'l.'r'l'l i'
"\-.__ | I r. ; A '\__--Eﬂ s ’r(
Cras 41| .
L LT s Tt !
i mn i (L o A3 ] (] 1] 300
Vi . Colleetor-to-Crither Valitgs (W) O, Tokl Gale Ohorge ()
Figure (B.7 )Typical Capacitance vs Figure (B.8)Tvpical Gate Charge ve.
Collector-to-Emitter Voltage Gate-to-Emitter Voltage
03 [z « 4600 " fRE =500
VoE = 15¥ WaE =15
Ty mdi Gl ] L L] wor =480
- iy = 41A ,-"’f - 3 Po= sa -
| = | | 1t
a-t A e = | =TT | | | l I
% =] | b= i A
3 }'f § | .-'-"""-I
™ & o ¥ T 1t
* /fl/ = : : Jc=20.54
H | = = - —
& na /'J : F f 7
=] = | ”“__..-u s
L = ll
b= = ....-""r.
! |
B.E ] =
a e = W *® 0 40 40 20 0 20 K W & 100 13 140 180
Aq . Sale Resbilns | i T4. Junction Tempsratuns i "2 )
Figure {B.2)Tvpwal Switching Losses Figure (B.10)Tvpical Switching Losses

ve, Gate Resgistance vg Junction Temperature




-
-

.
F]

4

Totl Smiching Listee  m
E

]
& = a0 0 = hoe
Iy o COlDCTO- fo-amier Curment (A)

Figure (B.11) Typical Switching Losses
ve. Callector-to-Emitter Current

mf_ . g_ ;I@‘I

': z‘l’lﬂ‘ﬂ‘::n: ¥ l‘ﬂ-'l'm ;:;’%’.‘ﬁ:?ﬂm dnd et
Wil =2 ramis e oblass raled W
Figure {B.13a) - Clampod Inductive
Load Test Circuil
Figure (B. 13b) - Pulsed Collector
Curront Test Circuit

o

Loz

o
-

lg. Colaoter b Erntter Sirrart [a)

H

1

Vige =20
Ty =126

a1
L}

F

r s
{

l ]
BAFE OPEFATING AREA

1

10

Vg . Callecmrto-Emither Volags i)
Figure (B.12)- Tum-0Off SOA

1l

Lo




=

TE L
|

Rib g

L __r’ Dirlw ir | 2

| -\. 'H'...

™
¥

- i 1o0ay _HTT 1: |’, CL
-

Figure (B.14a) - Switching Losses Test Curcuit
* Dnver same type
as DT, VC — 480V

o
L
—
!
r e Hl% |
i i
[N e T FEm—— A G, :
o DO el ek VTR
1 = litinly | -
v A1 I
' i |
'l.ilfiﬂ 2 e B A o R
—|.;— "'I"'
Vaiopi —= = - L= B =it ]
P=Ean™ P—Ew -~
By tEm

Figure (B. 14b) - Switching Loss Waveforms

Case Outiine and Dimensions — T0-247AC

T EE HOTER:
AT g 201148 e T | DEAEWEISHA & TOUEAasC NS
F R TRET . - FEN &N Y 1400, 1082,
[T L7015 !
A s 3 CONTROLLING DIMEREDN < mch
A e N e 1 DMENSI NS ARE SHOWN
=1 il MALLIWETER D (MEHES)
s [ 4 i T MR 0 EDES QUTLINE
1 T2-garal.
2,50 LAv 'P"I
7.7 L T7S
i : LEAD AYSNMERTS
¥ 1 rdaklE
1 3 1 y £ QILEOTON
e - 1 EMITTRA
|. — 4 -COLLEOTOR
'Hiﬂﬁﬂil EE T
14301 589 1145, « LOWGER LCADED Boman)
N WERRION A% o B LE i TO-mama 1y
TOOROEE A0 %6 SR
o r— 0 PART VT ER
14 (068 o W !
‘ i b |u*|:-:.:|-c|. j‘.""u wda s
Bzl il g e el el =3 o,
:‘J hl..II'II'Il'u'Illl

Figpure(B.15) CONFORMS TO JEDEC OUTLINE T0O-247AC (TO-3P)




Appendix C

DAQ Data Sheet

C.1 Analog Input

Input Characteristics

Number ol channels ... ..

(software-selectable par channel)

Typsof ADC.............

Tl L e ¢ e o s b el e

Samphingrate e na s

[npul signal ranges .. .. ..

16 single-ended or 8 dilTerential

. Successive approximation

12 bits, | in 4,096
200 kS/s guaranteed

Bipalar anly

Board Gain
(Softwars_Selectable) Range
05 =10V
| =5V
10 =500 m'V
100 =50 mV

Table C1 Analoe input pain

(O T R

Max working voltage

(signal + commen mode) ... ...

=11 V of ground
C .2 Digital VO
Mumber of channels

b R

- DE

... Each input shonld remain within

- 32 mputioutput




6023 and 6024E. ..o B mputioutput

Compatibility ... .ooesncioa: TTRAAMOS

DIO<=0..7>

Digital lopic levels

Level Min Max

Input low W'Erage av 08V
Inpur ugh voltzge 2V 5V
Input low current (V.= 0V) — —320 pA
Inpait high current (Vig=3 V) _ 13 uA
Qutput low veltaze {(Iy = 24 mA) — 04V
Oulput high voltage (1= 13 mA) 433V —

Table C.2 The voltage level
30 x4 pull up tu +5 VDC
Diata transfers .. ... v nisnnsen . Eogrammed U0

PA<0..7> PB<0..7> PC<0..7>

Digital logic levels

Level Min Max
Input low 1.':-1ta-gt= oV 0.8V
Input hagh voltage 22V 5V
Input low current (Vi =0V, 100 kil pull up) — 75 pA
Iaput high current (Vo= 5 V. 100 kL2 pull up) — 10 uA
Output low voltage (I, =2.5 mA) — 04V
Output high voltage (L,=2.5 mA) 37V =

Tahle C. 3 Digial logic levals

1G5




ACHA |34]68

ACH1 [33[67
AIGND | 32|88
alTH10 | 31| 85
ACH3I (30|64
AIGND [25] 63
ACH4 | 78|62
AlGND [ 27]E1
ACH13 |25]| B0
ACHE |25]155
AIGND [24] 58
ACHIS [23]57
DACOCUT" | 22|56
CACICUT | 21|55
RESERVED [20| 54
gl 18153

DGND | 18] 52

D1 | 17] 51

D08 | 16| 50

DGERD 15| 49

+5% | 1448

CGND [ 13[47
CGND [ 12] 48
PFIMTRIGT1 [11]45
PRI1MTRIG2 10| 44
DGND | 9|43

+5 Y & |42

DGMD T 1
PEISPDATE | 6 [ 40
FFIGFTRIG | 5 (29
CGHD 4 |38
PFISNGBECTRO_GATE | 3 | 37
GPCTRO_OUT | 2|36
FREQ OUT | 1[35]

I Mot avallable on the S023E

ACHOD

AIGND

RCHS

s5CH2

AN

ACHTT

AISENSE

ACH12

ACHS

ATGHD

A&CH14

SCHT

SIGND

ACEEND

LHOEND

ESHD

Dot

Dios

OGHD

Dlo2

Clor

Clo3

SCANCLK
EXTSTROBE
CGHD
PRIZICONVERT"
PFIGPCTR|_SOURCE
PFIGPCTRI_GATE
GPCTR1_OUT
DGEMD
PFITISTARTSCAN
PRA/GPCTRD _SOURCE
CGHND

DGHND

Figure C. 1 The pins port of'the DAQ
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