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ABSTRACT

KEYWORDS: Rotary converters; Solid-state converters; Cfmdd- principle;

Amplidyne; Four-quadrant operation.

The rotary converters that had gained a huge importanceifirtt half of the last cen-
tury are now losing out to solid-state converters on growfdsfficiency. In present
times, when there is a big hype about conserving energy and pswer efficiently,
we can understand clearly where the future lies, with ssiede converters. It would
take a few more decades to completely replace rotary cargerespecially in naval
and aerospace fields, while the replacement in other fieldgidly progressive.

The goal of the project was to design a retrofit converter teesas a replacement for
an amplidyne rotary converter system. The resultant céewerust achieve controlled
four-quadrant operation for the given DC motor, constrdibg certain specifications.
The motor would be operated at voltages higher than the wgtdage therefore step-
ping it up was compulsory. Different approaches were studig a final circuit topol-
ogy was arrived at.

The control systems were suitably designed for achievimgrobover various param-
eters and desirable performance. These can be implemeotedhnTMS320F2812
digital signal processor.

Various simulations were carried out in Simulink to verifhetproposed model and to
fine tune its performance. Magnetic components, i.e., iteda@nd transformers, were
designed, and the design is subject to hardware verificaB@B designing was done
using DipTrace, and the PCB boards were obtained after iwit Suitable semicon-
ductor devices were identified and procured.

The amplidyne system can now be replaced with the propostdmygiven the board

be verified for its functionality which is the near-futureope of this work.
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CHAPTER 1

INTRODUCTION

1.1 Historical Background

There is a famous Latin saying that goes likempora mutantur, nos et mutamur in il-
lis, meaninglimes change, and we change with thdmue to this, the field of Electrical
Engineering has witnessed several revolutionary chariges gs conception. But one
of the most significant events is inarguably ¥var of Currents that changed the then
conventional DC transmission system into the present AGstrassion system. With
electricity supplies in their infancy, much depended onodiiag the right technology to
power homes and businesses and with each side debatingvr@tages and disadvan-
tages of their systems, it wasn't an easy task. We know whaogades the victor - AC
system.

But while AC system was perfectly adequate for the needs afddatury, it simply
wasn't for the later years. Time had already tested and gdrifie advantages of the in-
dividual systems circumstantially. This led to a power regtthat increasingly evolved
into a hybrid of AC and DC systems. It was no more a question@Arsus DC, but
AC and DC. Consequently, the field of power converters, to abrmp@ver from one
form to the other, received great interest and research.

With this brief background in picture, the converters deped till date can be classified

broadly into two major categories:

1. Rotary converters.

2. Solid-state converters.

1.2 Rotary Converter

A rotary converter is essentially a motor-generator seiclvhcts as a mechanical rec-

tifier or inverter. It was used for AC/DC conversion (and viezsa) before the advent



of chemical or solid state power rectification. They were ownly used to provide DC
power for commercial, industrial and railway electrificatifrom an AC power source.

The block diagram is as shown in Figure 1.1.

Load

Coupled
Shafts
AC Motor DC Generator

Field Winding
+

Figure 1.1: Block Diagram of a Rotary Converter

1.2.1 Advantages
1. The setis robust and can work in harsh conditions.
2. It operates at high power factor.

3. The running and operating cost is low.

1.2.2 Disadvantages
1. Itis liable to reversal of polarity.
2. Its bulky construction makes the logistics difficult.

3. DC voltage regulation is limited.

1.3 Solid-State Converter

As the name suggests, a solid-state converter is exactlycthraverter made using solid-
state devices. Different soild-state devices can be usébsuin different topologies
to get rectifiers, inverters or step-up and step-down coexerThe block diagram is as

shown in Figure 1.2.
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Figure 1.2: Block Diagram of a Solid-State Converter
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1.3.1 Advantages
1. It has a fast response due to the semiconductor theorivet/o it.

2. It has high efficiency, greater than 90%.

3. Due to advancements in semiconductor technology, ctargeran be made smaller
and are easily transportable.

1.3.2 Disadvantages
1. It cannot operate efficiently in harsh conditions and n@iapse.

2. The converter cannot withstand overloading even for fssosds, and the devices
may burn.

3. It requires extracting isolated power supplies, theriabyeasing the number of
components.

1.4 Scope of the project

A brief outline of the two major classes of converters waggiwn the previous sections.
As it currently stands, the solid-state converters areddiegeplacing rotary converters,

wherever possible, given their many advantages. This weaksdvith the replacement



of one such rotary converter system, called amplidyne, witblid-state converter ca-

pable of achieving controlled four-quadrant operation.

e Chapter 2explains the construction and working of amplidynes.
e The simulation results are analyzedGhapter 4
e Hardware implementation details are giverGhapter 5

e The conclusions of the work are presente€imapter 6



CHAPTER 2

AMPLIDYNE

2.1 Cross-field principle

Consider a conventional two-pole DC machine with armatutetanshes combination

as shown in Figure 2.1.

g-axis

@) (b) ()

Figure 2.1: Conventional two-pole DC machine with armatuelarushes combination

e Refer Figure 2.1(a).
Flux ¢, along the horizontal axis will generate a voltage betweenbttushes L
and L on the commutator but no voltage between the brushesdWwhaplaced
along the field axis (or d-axis) on load. Thus field axis andag® axis are at
right angles.

e Refer Figure 2.1(b).
Flux ¢, along the vertical axis will generate voltage between bead¥d and M
placed along horizontal axis, on the commutator but no geltaill be induced
between brushes L and L placed along the vertical axis.

e Refer Figure 2.1(c).

The above-mentioned cases are now combined. Blualong the horizontal
axis generates voltage;; and flux ¢, along the vertical axis induces voltage
Vuar and neither the fluxes nor the voltages interfere with ealsrofrhus, this
device isvirtually two machines in onef armature reaction is negligible or full
compensation is provided. Although the currents are sogmErsed in the same
armature conductors, they can still be considered to haweparate existence.
This leads to an interconnection between the two systemshwhimade use of
in machines calledross-field generators



2.2 The Rosenberg Generator

The Rosenberg generator was originally used as a traindiglgenerator. This was
fore-runner of the cross-field machines from which the adyple and other types of

metadynes were developed later on. Its properties were:

1. It develops an emf in the direction which is independerthefdirection of rota-
tion.

2. It produces a current, which, beyond a certain speed,insmpeactically constant.

The connections are as shown in Figure 2.2.

Rheosta
— F
—1
—1
o AN
Rectifier /

To Light —
Circuit —

Figure 2.2: Rosenberg train-lighting generator

2.2.1 Components

e The battery V supplies current to the lamp when the train iestt and also to
the shunt field winding”'F', producing the polarity as indicated ByN, SS. The
axis of commutation of the brushag )/ is in line with the axis of the poles.

e The brushes\/ M are connected to the battery terminals through a rectifier el
ement which blocks the flow of current from the battery to theature, but
maintains it by offering a low resistance path in the otheecion.

¢ In addition to the main set of brushes, there is a pair of sticctiited auxiliary
brushed. L, placed at right angles to the field axis.



2.2.2 Working

e When the armature windings rotate through the magnetic fetlapsby F'F', a
current is produced which flows through the short-circugeshature brush set
LL, creating the field;. The clockwise rotation results in a field that is directed
from left to right. The rotation of the armature windingsdhgh this cross-field
generates an emf and current along i@/ axis in the direction along-,, such
that it opposes the main excitation createdmy. With the direction of rotation
reversed, the direction of the cross-fieldalso reverses, preserving the original
polarity across the brushég M. Sinceg, opposes the excitation due to the field
winding, the net field flux parallel to th&/ M axis is small, ensuring there is not
excessive current flowing through the short-circuifed

e Thus, there is a definite current limit deliverable by thesbiees)M M, by virtue
of its construction. This is reached whenneutralizes the field excitation due to
FF.There would be no further emf and current in the axis, and hence no emf
in the main brush.

As seen in the case of Rosenberg generator, there was no ceatiparprovided for
the armature reaction mmf set up by the load current. In ongthis was essential for
giving constant current characteristics. Amplidynes amdattynes are machines that
have evolved from Rosenberg generators and have a compgnsatiding in series
with the power output brush terminals to neutralize thisature reaction mmf. Fully
compensated machine is called the amplidyne, while therwratapensated machine

is called the metadyne.

2.3 Amplidyne

The amplidyne is an electromechanical amplifier with a high power gain and a

relatively rapid response.

2.3.1 Working

Consider a conventional DC generator as shown in Figure Z&8.control field excita-
tion power that it requires, is nearly% of its rated output power. Therefore, here the
separately excited DC generator system may be considegetbéary power amplifier.

Infact, any generator, may be considered as a rotary anmplifie



of

I
Control field
Eg
DC supply

Figure 2.3: Separately excited generator

Now consider the same generator with its armature termshalged as shown in Figure
2.4. Now, to operate on the rated load without damaging tinemgeor, it is necessary
to reduce the field excitation to let us say, one hundredttsairiginal excitation. The
rated short-circuit armature current produces an armaeaetion flux¢,;. Assuming
that this field is of the same magnitude as the field flux, theesanitage,r,, is now
generated across the brushes placed across the crossFhetsl. one hundredth of the

original excitation is capable of operating on the same kxadarlier.

df

B
Control field

DC supply

¢2

da1

Figure 2.4: Quadrature field

Figure 2.5(a) shows the system with a load connected adressdss-field axis brushes,
and the phasor diagram of the fluxes is as shown in Figure)2.%ie armature con-
ductors produce a flux,, directly in opposition to the control fieldy;. It is highly
undesirable to have the quadrature armature reactiort fesml this, because it would
oppose the main field and give a strong negative feedbaciinignthe output of the am-

plidyne. A compensating winding, is therefore connectedsteown in Figure 2.5(a),



whose flux is in the same direction as the control field and wmosnf varies with the
load current. Therefore, the arrangement is such that wdead conditions, the load

current fluxe,s is always neutralized by the compensating fiiyxas shown in Figure
2.5(b).

(M)
of T
THEEO \ E’?EI
Control field
DC =
supply Compensating ¢a2 b 2
(L winding
a1
(a) Circuit (b) Phasor Diagram

Figure 2.5: With compensations windings

Therefore, the amplidyne is clearly seen to be a variatiothefconventional motor-
generator set, in that it uses its own armature excitatlomresponse is relatively faster

than having two separate machines, and the size is redutedf too.



CHAPTER 3

SIMULATIONS

3.1 Amplidyne Characteristics

The amplidyne to be replaced acts as a current source, lmevaft construction, as

shown in Figure 3.1.

Ai_vs.D 1 vs.Ai
ow a ow
50, 35 !
—— Data —— Data
—— Linear Fif) —— Linear Fif
0 : 4 300+ ; /7 —
y =-660.4*x + 355.4
_50- : 250~
- * p
-100+ 200+ y = 0.9074*x + 23.41 4
H ~
=5 150 <, 150
<
-200 100+
-250- S0r
-300- or
35 ; ; ; ; ; ; ; ; ; 5 i ; i i i ; i
5 055 06 065 07 075 08 08 09 095 1 =50 0 50 100 150 200 250 300 350
D A [
. « .
(@) Aigyvs.D (b) I}vs.Adey

Figure 3.1: Amplidyne Characteristics

The simulations have been carried out for a typical indaksystem, whose speci-

fications are as given in Table 3.1:



Table 3.1: Motor Parameters

Nyarea | 2000rpm
Viated 115V
Prated 2kwW
R, 0.6
L, SmH
J | 0.032kg.m
B, 10uN.m.s
Ry 1150
Ly 11.5H
Las 0.4H

The optimum input voltage available to the systerijis,, = 22V. This could vary in
the rangel8V — 27V. SinceV,,,ut > Viatea, there is clearly a need for stepping up the

voltage. The approach is discussed in the following sestion

3.2 Initial Approach

The circuit diagram is as shown in Figure 3.2.

11



Figure 3.2: Initial Approach

3.2.1 Working

The H-bridge inverter at the primary of the transformer @twthe DC input voltage
into an AC wave. The turns ratio of the transformerRis: 250. The switches and
the diodes at the secondary of the transformer are opernatéctisat the four-quadrant

operation is achieved.

The switching waveforms for the switch paifd, S2 and S3, S4, and the resultant
voltage waveforms at the primary and secondary of the toamsfr are as shown in

Figure 3.3.

12



Switching Waveforms vs. time
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S — 3,54
[
g U ]
=
jo2
£
15 0.5r B
=
2]
0 ;
0 1 2
time (s) x 10
Transformer Voltages vs. time
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= —200- 1
|
0 1 2
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Figure 3.3: Input Bridge: Switching Waveforms and Resultasitages

For the output bridge, the switching waveforms for posiaugput voltages and negative
output voltages are as shown in Figure 3.11(a) and Figudl3.lrespectively.

For positive output voltages:

e S5:51,52
e S6:53,54
e S7:51,52
e 58:.53,54

For negative voltages:
e S5:53,54
e S6: 51,52
e S7:53,54
e S8:51,52

13



85,86 vs. time

i

time(s)
87,58 vs. time

]

1
time(s)
v vs. time

|

armature

1
time(s)

2
x10"
2
x10"
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(b) For Negative Output Voltages

Figure 3.4: Output Bridge: Switching Waveforms

This scheme was arrived at after considerable investigatiohe system. The require-

ment is that the resultant voltage waveform be strictly alapin one period of opera-

tion, not bipolar (i.e., not changing fromV, to —V,, and vice-versa; but changing from

0to+/ —V,, and vice-versa), and this scheme provides exactly that.

3.2.2 Control System

The control system implemented is as shown in Figure 3.5.ndter armature current,

1,(A) is fed into the inner loop, while the motor speeg,(rad/s) is fed into the outer

loop.

Speed
Controller

'..u?.’
m +?
w

m

|ai:|

I_

Current
Controller

—=V

Figure 3.5: Control Loop

The blocksSpeed ControlleandCurrent Controllerare PI controllers implemented as

shown in Figure 3.6.
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Integrator

Pt -

Limiter|

0 t
utpu

The values for thé(,, and K; for the speed and current controllers are determined from

bode plots of the respective plant transfer functions.

The output signal from control system,, is limited between-10V and10V. This is
compared with a bipolar triangle wave (peak-peak valugof) for switch pairS1, S2.
For the switch pais3, S4, —V, is compared. These comparisons then generate switch-

ing pulses with different duty ratios, depending on the gadfiV,, hence controlling

Figure 3.6: Pl Controller

the system according to our requirements. This is as showigure 3.7.

/\

V

>

51,52

53,54

Figure 3.7: Switching Scheme

3.2.3 Disadvantage

Despite satisfactory performances offered by the powercanttol systems, this topol-
ogy was rejected because the steady state current drawn exetethe most optimum
loading conditions on the input side of the transformer V&9 A, which, under cer-
tain loading condition rose up @O0A. Therefore the hardware implementation of this

topology would be problematic since many devices would havee put in parallel to

15




carry this current, resulting in a large area of occupatipthle entire system.

3.3 Working Topology

The circuit diagram is as shown in Figure 3.8.

1008

Figure 3.8: Working Topology: Circuit Diagram

3.3.1 Working

The H-bridge inverter on the primary side of the transforires the same functionality
as earlier, converting the DC input voltage into an AC wavéie Turns ratio of the
transformer igl8 : 195. The diode rectifier at the secondary of the transformeifiest

this AC wave and the LC lowpass filter filters this to store thierage voltage on the
capacitor. The capacitor is pre-charged 961'.

Now this entire unit from the input voltage source to the cipa bank is equivalent
to one CCVS. This can now be modulated using another IGBT britigleeaoutput,

providing the required variable output voltage to the motor

3.3.2 Control System

There are two control systems implemented, one for the isidetand the other for the

output side.

16



3.3.3 Input Control System

The current flowing through the inductor at the secondarpefttansformer is filtered
using a first-order Butterworth filter with a cutoff frequerafy2000H =. This is given as
the feedback signal to the inner current controller loope Vbltage across the capacitor
is fed back to the outer voltage controller loop. This syshiemts the average inductor
current to a maximum value db A, while trying to maintain the capacitor voltage at
195V. The system is as shown in Figure 3.9. Thigand K; values for this controller
were determined usingiegler-Nichols tuning methodand then further fine-tuned to

achieve desirable performance.

* ' Speed i Current
o —f?_> Controller J’r?_’ Controller >V
v

First Order

£ Butterworth

Filter {cu toff:
2000Hz})

T'L

Figure 3.9: Working Topology: Input Control System

The outputV, generated is limited betwe@y and10V. This(and its negative) is then
compared with the bipolar triangular wave and given to théchwpairs as discussed

earlier.

This input side control system limiting the secondary side currenttd5A (implying
primary side rms current being limited 162.5A) is what makes it practically imple-
mentable. In the previous topology, the solid-state devic¢he H-bridge inverter were
to withstand a maximum rms current@f0 A, but now it is reduced by almost 4.5 times.
Therefore the number of devices to be put in parallel is reduthereby reducing the

area of occupation if the entire system.

3.3.4 Output Control System

The output control system is similar to what was discusselieedn the case of old
topology, takingw,, and I, as the feedback signals with a few changes. As was ex-

plained earlier, the requirement is that the resultantgatwaveform be strictly unipo-

17



lar in one period of operation, not bipolar. Hence the swiitglstrategy shown in Figure
3.10 is implemented. The control system generates a bigolaage signal, ranging
from —5V to 5V. The absolute value and the sign of this signal is taken arsddan
the sign, switch pairs are activated. The resultant switgghvaveforms and armature
voltages are as shown in Figure 3.11.
¢ Positive Output Voltages: The resultants positive. Switch paif7, S8 is main-
tained in OFF state throughout the required peri6@. is kept ON throughout

while S5 is operated by comparison of the absolutelpiwith the ramp volt-
age(varying betweedl” and5V).

e Negative Output Voltages: The resultdnitis negative. Switch paif5, S6 is
maintained in OFF state throughout the required perisiis kept ON through-
out while S7 is operated by comparison of the absoluté/ofith ramp voltage.

| »= = S5

- _ |AND ——>

=] 86

Ve ——{abs() - 7
AND

~foon(| > fumeszeenorl LI E:

Figure 3.10: Working Topology: Output Switching Scheme

Switching Waveforms vs. time Switching Waveforms vs. time
1 1.5 T
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2 2
0n 0
© ©
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& 05 & ost
0 0
0 1 2 0 1 2
time(s) x10* time(s) x10*
\ vs. time \% vs. time
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20 0 —
150
. . 501 .
Ze 100 Z
E £ -100)
£ 50 5
> >
ol -150|
50! 0
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(a) For Positive Output Voltages (b) For Negative Output Voltages

Figure 3.11: Output Bridge: Switching Waveforms
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3.3.5 Regenerative Braking Switch

During braking, charge is sent back to capacitor leadingnttnaerease in the voltage
across the capacitor. For safe operating conditions, thtsge mustn't be allowed
to rise to dangerous levels. Therefore the capacitor velisagontinuously monitored
and the difference between the capacitor instantaneotsgeohnd the reference volt-
age(195V in this case) is sent to a LUT, where each value fdrdifice corresponds to

a specific duty ratio of the braking switch, as shown in Tabk 3

Table 3.2: Braking Switch Operation Control

AV(V) | D
o |o
5 |o
35 |1

The values for other points is obtained by interpolatiotifmi the rage) and extrapola-
tion(outside the range). This is then compared with a rampadiof frequency 10kHz
and in the rang®V to 1V, and the resultant pulses control the switching of the brak-
ing switch. The switch could have been directly turned catgly ON/OFF, without a
LUT, but that could lead current surges, which is not preféfior safety reasons.

This is as shown in Figure 3.12.

AV,
— LUT —» S0

1

Figure 3.12: Regenerative Braking Switching Scheme

3.3.6 Simulation Results

The simulation results to show that the converter devela@edindeed achieve four-

guadrant operation, are as given below.
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e Varying Speed and Constant Load = 1.68N.m
This simulation was run at optimum accelerating/deceiegatonditions, 200m/s
The results are as shown in Figure 3.13.

1. Figure 3.13(a) shows the motor speegl, and armature current,,.,.qture
profiles. It is seen thav,, follows the reference voltagey,, sincerely
and I ,marure 1S Well restricted within the specified limits and exhibitet
expected pattern.

2. Figure 3.13(b) shows the capacitor voltage and secoraargnt profiles.
The capacitor voltage dips initially teO0V from 195V, in the process of
activating the inner loop. It then remainsi@bsV throughout, tillt = 1s
when it rises t@00V. This is because the,, has overshot and gone greater
thanw?, and the current must reverse direction to apply a reverspi¢or
to brake the system and bring it downdag),. At ¢t = 2s, the huge rise
in voltage to372V is because the current has to remain negative(charge
pumped back to the capacitor) throughout the petied 2s to t = 3.5s,
to first brake the system and then reverse the direction efioot But
the regenerative braking switch swings into action and tleage rise is
brought under control by = 2.45s. A similar rise t0o200V" is observed at
t = 2.5s, due to a slower rate of acceleration in the reverse dinedtieereby
causing excess energy to be returned to the capacitor. &iexplanation
follows for the later period. The secondary current is weditricted within
the specified limits and exhibits the expected pattern.

3. Figure 3.13(c) shows the torque profile and current thinaihg regenera-
tive braking circuit. The electromechanical torque geteztdby the mo-
tor in sense, is a scaled down version of the current profilef,dj;—tm =
T. — T;, — Bw,, gives that at steady state non-zero speeds, the generated
electromechanical torque is higher/lower(depending ensign ofw,,,) by
the load torque by a factor ddw,,,. The current flowing through the brak-
ing resistor, shows a jittering pattern between 3.5s andt = 4.8s as the
switch is operated with a particular duty ratio, but sinceracpcal motor
operates in the braking mode for a short time, this jittedres down as the

motor comes out of that mode, as is shown in the figure.
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(c) Torque and Current through Braking Resistor

Figure 3.13: Varying Speed, Constant Torque: Drive Perfoceaa

¢ Varying Torque and Constant Speed = 205 rad/s The results ah®an in Figure
3.14.

1. Figure 3.14(a) shows that motor speed follows the reference voltage;,
sincerely. I, nqure 1S Well restricted within the specified limits and varies
in @ manner so as to provide the required electromechawicplé.

2. Figure 3.13(b) shows the capacitor voltage and secoraargnt profiles.
The capacitor voltage dips t®0V initially, for reasons explained earlier.
There is a small rise in voltage at= 1s, due to reverse current flowing
to brake the system to bring,, to w},. The capacitor voltage keeps rising
aftert = 4s because the motor is in braking mode, but again we see the
regenerative switch coming into action and bring the vatdgwn byt =
5.75ss. The secondary current is well limited within the specifiecits and
exhibits the expected pattern.

21




3. Figure 3.13(c) shows the torque profile and current thinaihg regenera-
tive braking circuit. The electromechanical torque getestdy the system
follows the load torque profile(with an offset éfw,,) after the speed has
settled down since nov’é% = 0. The jittering, as observed earlier, dies
down when the motor comes out of the braking mode.
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m
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time(s)
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(a) Motor speed and Current
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(b) Capacitor Voltage and Secondary Current
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0
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0
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(c) Torque and Current through Braking Resistor

Figure 3.14: Varying Speed, Constant Torque: Drive Perfocaa

These results verify that the converter developed is a doiadrant drive for the given

DC motor. The control systems help system perform desirdllg speed overshoot is

5% and the settling time is 1.1s making it suitable for padtapplications.
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CHAPTER 4

HARDWARE IMPLEMENTATION

The hardware implementation is done for lab prototype withgystem parameters as

given in Table 4.1.

Table 4.1: Motor Parameters

Nrateq | 3000rpm
Viated 83V
Prated 1kW
Lated 14 4A

Vinpur = 40V for this system. The lab prototype circuit diagram is as showFigure

4.1.

1aF

1008

59

Figure 4.1: Lab Prototype

The implementation must be done in the following stages:

1. Identifying and obtaining suitable devices.

2. Designing the PCB.




3. Designing the magnetic components.

4. Testing and verification of functionality:
(&) Implementation of the control systems in DSP TMS3202281

(b) Winding the transformer and inductor and verifying thggrformance.
(c) Populating the board and testing to verify its functidga

Two isolated power supplies each-pt5V need to be derived for the two driver boards.
For this, a230 : 18 transformer with two secondary windings is being used. LI&8
regulates this resultant voltage 4al5V. An LC filter is being added at the input to

protect the voltage source from damages caused by highenegswitching ripples.

4.1 Identification of Suitable Devices

The following devices were selected for the hardware impletation.

MOSFETSs: IRF3710 (TO-242).

Diodes: U30D40 (TO-242).

MOSFET Driver: IR2110 (14-Lead PDIP).
Optocoupler: HCPL2531 (8-Lead DIP).
Optocoupler-cum-Driver: TLP250 (8-Lead DIP).
IGBTs: G20N60B (TO-242).

N oo o M w bdhoPRE

\Voltage Regulator: LM7815 (TO-220).

4.2 PCB Designing

The PCB designing was done using DipTrace for the lab prototyifne two types of

boards developed were for:

1. Input and output power boards, as shown in Figure 4.2.

2. Input and output driver boards, as shown in Figure 4.3.
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(a) Front View

(b) Rear View

Figure 4.2: Input and Output Power Boards
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Figure 4.3: Input and Output Driver Boards




4.3 Designing the Magnetic Components

4.3.1 Inductor Design Equations

With L, Lcaks Lrms, kw, Bm, J, core tables and SWG table as the input data, the follow-

ing steps are followed to design an inductor:

e Compute

L[peak [rms

A A, (em*) = BT

(4.1)

e Match the computed A, with the core table data and select the core witi,,
atleast 1.5 times the computed value.

e GettheA.(ecm?)) and A, (cm?) for the selected core.

e Compute
LI
N = £ 4.2
BA (4.2)
Round it up to the nearest highest integer value.
e Compute
Irms
aw(em?) = (4.3)

J

Select the nearest whole number wire gauge and the corréisigon, from the
wire table. One of the issues here is that the skin depth of G6iem, therefore
choosing a wire with a diameter > 1.2mm would be improper tisesmurces.

e From the cross-sectional area of the selected wif¢, Ccompute the number of
strands needed to be put in parallel to carry the requirectour
o

Npar‘allel = (44)
a

w

Round it up to the nearest highest integer value.

e Compute the air-gap

ONI ea
ly(mm) = HolX Tpeak (4.5)
B,
o Verify the assumptions that core reluctance « air-gap tehee and, << /A,
(for no fringing).
e Recalculate I
J*(A/mm?) = ;Ts (4.6)

Ensure this is within a reasonable range, to avoid overiigaft the wires.
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e Recalculate

= w (4.7)

e Compute the AC flux in the air gap

_ 0.4m(AI/2)107
B.o(T) = I (em) (4.8)

e For the selected core, compute the surface area availabtdddneywell POW-
ERLITE Amorphous C-Cores, this is calculated as

SA(em*) =2f(b+d) +2(b+d)(b+e)+2f(b+e) (4.9)

e Compute the mean turn length for the selected core

Lyr(cm) = 2(a + 2b + d) (4.10)

e Forthe selected wire, get the resistance per unit ledgih&nd compute the total
resistance for th&/ number of turns withV,,,, .. Strands in parallel

NL
Ruire(€) = RulN Lyt (4.11)
Nparallel
e Compute the Cu losses given by
PC’LL(W) - Iq?mstire (412)

e Obtain the weight of the selected core from the core tablecantbute the core
loss as
Poore(W) = 6.5fL51 BL ™t (4.13)

sw

where fsw is in kHz andwt is in kg.

e Total power loss
Ptatal(W) = PCu + Pcore (414)

e Calculate the temperature rise of the core
Protar(mW) )0.833
SA(em?)

Ensure that this rise in temperature is within the acceptabige, which depends
on the class of insulation that is being used. Here, we ang@ass A insulation,
which can support a maximum of 106.

AT(°) = ( (4.15)

4.3.2 Inductors

The above-mentioned steps for designing the inductor vadi@vfed and the computa-

tion results are as listed in Table 4.2.
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Table 4.2: Input and Output Inductor Computations

| Computations | Input side inductof Output side inductot
L 254 H 1mH
Lpear(A) 45 15
Tms(A) 36 12
J(A/mm?) 2.5 2.5
Bn(T) 1 1
kw 0.6 0.6
A.A,(computed)(crt) 2.7 12
A A, (table)(cnd) 3.92 2413
Core UMCCC-4 UMCCC-25
A (cm?) 1.13 2.73
A, (cm?) 3.47 8.94
N 10(18 in parallel) |  55(6 in parallel)
ay(CITP) 0.144 0.048
Wire Gauge SWG19 SWG19
a’,(cn?) 0.8171 0.8171
I,(mm) 0.565 1.037
J*(AImm?) 2.447 2.448
ki 0.424 0.305
Boo(T) 0.1 0.1
Royire(MQY) 1.112 20.882
Pou(W) 1.44 3.01
Prore(W) 0.37 1.43
Dot (W) 1.81 4.44
AT(°C) 11.89 12.15

4.3.3 Transformer Design Equations

With V', Prateds Doptimum, kws Bms J, fs, core tables and SWG table as the input data,

the following steps are followed to design a transformer:

e Compute

2Pra e Do imum
A Ay (em?) = 4}2 5’}{ (4.16)

e Match the computed A, with the core table data and select the core witil,,
at least 1.5 times the computed value.

e GettheA.(cm?) and A, (cm?) for the selected core.
e Compute

4
PratedDoptimum 10

N1 =
4BmAcfskw

(4.17)
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N2=TRx N1 (4.18)

whereT' R is the turns ratio of the transformer. Round these up to theesea
highest integer values.

Compute

[Tms p/s

— 4.19
: (4.19)

Select the nearest whole number wire gauge and the corréisigarn), from the

wire table. One of the issues here is that the skin depth of Gi6ram, therefore

choosing a wire with a diameter > 1.2mm would be improper disesources.

awm/s(ch) =

From the cross-sectional area of the selected wifg, (compute the number of
strands needed to be put in parallel to carry the requiregkoufor the primary
side and the secondary side using

Qw,p/s
Nparallel,p/s = o/ (420)

*
w,p/s

Round it up to the nearest highest integer value.

Recalculate 4
= ZCu 4.21
V=7 (4.21)
where,
Acu = 0‘008171((Nparallel,pN1) + (Npamllel,sN2)) (422)

For the selected core, compute the surface area availabtdddheywell POW-
ERLITE Amorphous C-Cores, this is calculated as

SA(em*) =2f(b+d) +2(b+d)(b+e)+2f(b+e) (4.23)

Compute the mean turn length for the selected core

Lyr(em) = 2(a + 2b+ d) (4.24)

For the selected wire, get the resistance per unit ledggih&nd compute the total
resistance for th&/ number of turns withV,,,, .. Strands in parallel

RuNL
Rwire,p/s(Q) = # (425)
parallel,p/s
Compute the Cu losses given by
PCU(W) = ]fms,p/stire,p/s (426)

Obtain the weight of the selected core from the core tablecantpute the core
loss as
Prore(W) = 6.5f151 BLTy¢ (4.27)

sw

where fsw is in kHz andwt is in kg.
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e Total power loss
Ptotal(W) = PCu + Pcore (428)

e Calculate the temperature rise of the core

Protar(mW) )0.833
SA(em?)
Ensure that this rise in temperature is within the acceptabige, which depends
on the class of insulation that is being used. Here, we ang@iass A insulation,
which can support a maximum of 108.

AT(°C) = ( (4.29)

Table 4.3: Transformer Computations

| Variable \ Value |
Vo (V) 40
Vi(V) 120
Prated(W) 1500
D optimum 0.64
B,, 0.7T
A A, (cmt)(calculated) 4
A A, (cmt)(data) 5.312
Core UMCCC-5
A.(cn?) 1.66
A, (cm?) 3.2
N1 5(18 in parallel)
N2 15(6 in parallel)
K 0.46
R,(mS) 0.61
Ry(mQ) 5.46
P p(W) 0.55
Peu.s(W) 1.23
P.ore(W) 20.26
Ptotal (W) 22.04
AT(°C) 87.04

4.3.4 Core Specifications

The cores selected for our implementation were HoneyweWEBLITE Amorphous
C-Cores. They have a high saturation flux density.667". Table 4.4 gives the speci-

fications of the selected cores. Figure 4.4 shows the frahsaite views of the core.
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Table 4.4: Core Specifications

|

Property [ a(mm) | b(mm) | ¢(mm) | d(mm) | e(mm) [ f(mm) | Lyr(cm) | SA(cn¥) |
UMCCC-4 9.5 11 34 15.5 30 52.4 9.4 92.47
UMCCC-5 | 104 10.2 34 20.5 31 54.3 10.26 103.38
UMCCC-25| 13.8 16 58 25.5 43.6 84.8 14.26 220.93
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CHAPTER 5

CONCLUSIONS

5.1 Conclusions

¢ Intensive simulations were performed to verify the perfante of the converter
as a four-quadrant drive to fine-tune its performance toesehilesirable results.

e The magnetic components were designed and suitable coresprecured to
wind them.

e Suitable devices were identified and procured for the p@wmdgpopulating the
PCB board.

5.2 Scope for Future Work

The near-future scope of this project is implementationhaf tontrol algorithm in
TMS320F2812, verifying the performance of the magnetic ponents and testing the
PCB boards. With these achieved, the amplidyne system caspleeced with the pro-

posed solid-state system.



APPENDIX A

Control System Design

DC Motor control system design equations:

Voltage to current transfer function

I(s) Js+ B A1)
Va(s)  82JL,+ 8(LoB + RoJ) + (RuB + (LasIs)?) '

Armature time constant 7, = ILTZ = 7.69ms

Mechanical time constantr,,, = % = 0.89hr

A.1 Current Loop Design

Converter transfer function

Va(s) K,
Ve(s) 1+ S%

(A.2)

Plant transfer function : Converter*\Voltage-to-current

L(s) 1.08¢08s + 33750 (A3)
Va(s) 83 +20130s2 + 2.601€06s + 2.008¢07 '




Bode Diagram
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Figure A.1: Open Loop Frequency Response (Current)

Current controller transfer function For1kHz BW

K
=K +-—2=137T+— (A.4)
S S

1.48¢085% 4 7.56¢10s + 2.362¢07
Tr(s) 14 %@ , ) ~ 511 2013¢045 + 15066085 + 7.562¢10s + 2.363¢07
(A.5)
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A.2 Speed Loop Design

Mechanical system transfer function

wm(s) . Lafff . 04
I(s) Js+B 0.032s+107°

(A.6)

Bode Diagram
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Figure A.4: Mechanical System

Speed controller transfer function For 100H z BW

I (s) 700
= =302+ —
E,(s) * s

The K, value was lated fine tuned £o73.

Speed loop closed loop transfer function

125005°% 4 875452 4 2.734s
wi(s) 14 eml) L) gt 4 1.25e0453 + 875452 + 2.734s

36

(A.7)

(A.8)



Bode Diagram
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