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ABSTRACT

NAME: FOUAD ALI H. AL-SAIF.

TITLE: A PROGRAMMABLE SELF-ADJUSTING SCR-BASED
AC VOLTAGE REGULATOR.

MAJOR: ELECTRICAL ENGINEERING.

DATE: JUNE, 1994.

The objective of the thesis is to simulate, design and
implement a smart ac voltage regulator which maintains
load voltage of a circuit within a predetermined range.
The regulator consists basically of two thyristors, a
signal conditioner circuit and an 8-bit microcontroller.

The regulator is designed +to continuously monitor
the output voltage across a load. If the monitored load
voltage deviates from the predetermined range, the
regulator will adjust the firing angles of the thyristors
to cope with the deviation in the 1load voltage. The
regulator was tested with resistive and inductive loads.
During the tests, the regulator was able to regulate the
flow of current from the supply to the 1load by

manipulation of the firing angles of the thyristors
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in such a way that the predetermined range is never
violated. The accuracy provided by the regulator is quite
good ( £ 5 % ) from the desirable range. In addition, the
regulator provides the flexibility of programming. It
also ensures voltage stability, because of its automatic

nature and fast response time.

MASTER OF SCIENCE DEGREE
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CHAPTER 1

INTRODUCTION

1.1 GENERAL

The electrical supply voltage in a large industrial
manufacturing complex is often subjected to fluctuation
of various magnitudes and frequencies. Potential causes
of this problem are recognized to be overloads of
transmission lines and generators, 1line and generator
outages, and variation of load with voltage. Furthermore,
generator excitation 1limits and 1load tap changing
transformer actions are also possible causes of the
problem. [1]

The fluctuation in the supply voltage causes heavy
and inconvenient losses in quality and continuity in the
power flow. It also shortens machines' 1lifetime. In
addition, it creates instability in electrical systems.
Therefore, +there is a strong motivation for controlling
and maintaining stable voltages at load nodes. Ac voltage
regulators act to recover the normal operating voltages

and maintain them within a predetermined range.



1.2 VOLTAGE REGULATORS

An ac voltage regulator is a device which regulates
flow of current from an ac voltage source to a load. By
doing so, the load voltage can be maintained within a
predetermined range, if the regulator is smart enough to
sense and respond to any variation in the load voltage
{2,3,4,5]. Voltage regulators have a great deal of
applications in industry. Industrial heating, induction
motor speed control for fan and pump drives, transformer
tap changers, ac magnet controls, and light controls are
just few examples where voltage regulators are utilized

[4,5].

1.3 EXISTING REGULATION TECHNIQUES

Currently, tap changers, which are basically voltage
regulators, are used as automatic voltage control systems
to maintain the consumer's supply voltage within

acceptable limits. There are two types of tap changers:



1) Electromechanical Tap Changer

The tap changing mechanism of this kind is based
on an electromechanical arrangement which moves
a tap selector up or down in a sequential
manner. Fig. 1-1 shows an electromechanical tap
changer [9). One major disadvantage of this
technique is that the voltage regulation is done
in discrete steps. In addition, the maintenance
of the -electromechanical tap changer is quite
costly. Unfortunately, due to the frequent
changes of taps, electrical and mechanical wear
are inevitable which will create a need for
regular maintenance. In addition, this kind of
controllers does not have the accuracy or the
speed to cope with any sudden change in the
conditions of the «circuit |because of its

mechanical nature [9].
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2) Thyristor Assisted Tap Changer

Fig. 1-2 shows a thyristor assisted tap changer
transformer. This kind of tap changers
eliminates the problem of electrical and
mechanical wear. It also provides fast switching
response because of the utilization of the
thyristors. However, it has its own problems.
Many of the problems associated with this kind
of controllers are due to the method of voltage
control in which improper <coordination of
control signals are employed [9,10]. Another
problem is associated with the complexity of
controlling the firing angles of the thyristors
when a non-resistive load is used. Furthermore,
the relatively large number of thyristors needed
in the tap changer have so far tended to
discourage the wide use of thyristor assisted

tap changers.
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1.4 PROBLEM STATEMENT

Voltage stability and continuity of power flow are
essential to all consumers of electricity. Unfortunately,
the transfer of power from generators to loads might
cause the voltage level to drop to an undesirable 1limit.
Therefore, it is vital to control voltages at load nodes.
Tap changers act to recover the normal operating voltages
and maintain them within a predetermined range. However,
the existing tap changers have several problems that
might cause them to function improperly. Because of that,
there is a pressing need to ensure the smooth operation
of voltage controllers by eliminating their problems to
guarantee continuity of the power flow. This thesis
propose a new microcontroller-based voltage regulator
that maintains the output voltage within a predetermined

range regardless of the nature and size of the 1load.



1.5 PROPOSED REGULATOR

The proposed regulator is a new ac voltage regulator
based on an 8-bit microcontroller. The proposed regulator
automatically monitors, adjusts, and maintains the 1load
voltage within a predetermined range. It consists

basically of two units:

1) The Acquisition Unit
It is responsible for detecting any variation

in the load voltage.

2) The Requlating Unit
It is responsible for taking a corrective
action to maintain the 1load voltage within

the predetermined range.



CHAPTER 1II

LITERATURE REVIEW

2.1 INTRODUCTION

The principles of ac voltage regulation have been
known and employed for many Yyears [6,7]. 1In a power
system there might be several circuits serving sensitive
loads where voltage reduction would not be acceptable.
For these types of loads continuous voltage regulation is
indispensable. Because of that, several methods were
proposed to eliminate the voltage drop problem. One of
the methods used is the electromechanical tap-changing
system [8]. This method proved to be successful in
regulating the supply voltage against fluctuations.
However, the frequent changes of the taps, to maintain
a certain degree of regulation, will lead to electrical
and mechanical wear [9]). Further enhancements on this
type of regulation technique by utilizing thyristors
as switching devices were reporteda [11,12,13,14].
Although the utilization of thyristors eliminated the

electrical and mechanical wear, output voltage distortion



remains high (>5%). The high distortion means that an ac
voltage regulator based on the above methods is

unsuitable for sensitive circuits.

Tez proposed a microprocessor-based controller for
electromechanical tap-changing transformers [9]. In his
design he tried to minimize the electrical and mechanical
wear by avoiding the unnecessary and frequent changes of
taps while a certain degree of voltage regulation is
performed. Servetas and Vlachakis proposed another
voltage regulator which employs TRIAC's as switching
elements [15]. Their regulator maintains low distortion
of harmonics. It also provides good voltage regulation.
Servetas and Vlachakis regulator along with Tez regulator
are discussed in greater details in the following two

sections.

- 10 -



2.2 TEZ PROPOSED CONTROLLER

As mentioned earlier, Tez made use of the basic
elements of an automatic tap-changing, shown in Fig. 2-1,
to design his controller [{9]. He replaced the analog
circuitry of the tap-change controller with a digital one

by using an 8085 microprocessor.

- 11 -~
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2.2.1 PRINCIPLES OF OPERATION AND SYSTEM INTERFACING

Since the maintenance cost of electromechanical taps
is quite high, Tez tried to avoid the unnecessary and
too frequent changes of taps. This is achieved by
structuring the control strategy to be based on the
integral of an error voltage over a period of time rather
than its instantaneous value. By doing so, the tap-change
controller will not be affected by short term transient
or voltage spikes eliminating unnecessarily frequent tap-
changing actions. Fig. 2-2 shows a block diagram of the

microprocessor-based controller [9].

- 13 =-
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In order for the system to work properly the following

inputs should be entered within the given limits:

1)

2)

3)

Normal Voltage Setting (NVS)
The voltage range should be between 80 to 120V

with 1V increments.

Dead-Band Setting (DBS)

The dead-band settings defines the acceptable
margin of error from the NVS. The allowable
settings range from *0.5% of NVS to #2.25% of NVS

in steps of 0.25%.

Integrating Time Setting (ITS)

The value of ITS defines the minimum time needed
before the controller takes any action, if the
output voltage lies outside the dead-band of the

normal voltage settings.

- 15 =



2.2.2 DRAWBACKS OF THE CONTROLLER

Despite the automatic nature and reprogrammability
provided by the controller, the controller has two major
disadvantages. The first disadvantage is that electrical
and mechanical wear is unavoidable because a totally
electronic tap-changing system was not adopted in the
design. Therefore, the controller will be in need of
costly regular maintenance. The second disadvantage is
that the voltage regulation in the system is achieved in
a discrete manner which makes the system unsuitable for
regulating small voltages. moreover, the controller does
not provide on-line correction, because it waits for a
period of time (ITS) before taking any corrective action.
In addition, the mechanical nature of the electro-
mechanical tap changer increases the response time of the

system significantly.

2.3 SERVETAS AND VLACHAKIS PROPOSED CONTROLLER

Servetas and Vlachakis adopted a controller that

employs TRIAC's as switching elements in the secondary

of a power autotransformer, shown in Fig. 2-3 [15].

- 16 -
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2.3.1 PRINCIPLES OF OPERATION FOR THE CONTROLLER

The block diagram shown in Fig. 2-4 presents the

basic structure of Servetas and Vlachakis regulator [15].

The regulator consists basically of the following three

sections:

1)

2)

Discriminator

The function of the discriminator is to
identifies the root cause of the output-voltage
deviation. This cause may be due to the input-
voltage variation or the load-current variation
or both. After identifying the root cause of the
fluctuations, the controlled variable of the
regulating system will also be determined in the

discriminator section.

Central Control Unit

The primary function of the central control unit
is to determine which of the TRIAC's of the power
unit should be operated depending on the output-

voltage deviation at each instant of time.

- 18 =
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3) Power Unit
The power unit section includes the power auto
transformer and the switching elements (TRIAC's).
The number of TRIAC's needed depends upon the

desired output voltage.

2.3.2 DRAWBACKS OF THE CONTROLLER

Servetas and Vladhakis controller offers good
voltage regulation and short time correction. However,
one major disadvantage of this controller is the
complexity of the power unit. This is because, the number
of the TRIAC's needed depends upon the desired voltage.
Furthermore, the controller consists of a large number of
components which will increase its cost and
complexity. Moreover, the regulator is not programmable.
In addition, the regulation scheme used by the regulator
to adjust the voltage is quite involved because of the

interaction of the different components used.
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CHAPTER 111

AC VOLTAGE REGULATORS ANALYSIS AND SIMULATION

3.1 INTRODUCTION

Controllers and ac switches conduct electrical
current in both directions. However, since semiconductor
valves only conduct current in one direction, namely the
forward direction, two valves always are needed and are
connected back-to-back. Fig. 3-1 shows a diagram of a
thyristor ac switch circuit. Thyristors (SCR's) proved
to be suitable for use as ac switches on account of their
extremely high switching capacity and precise set turn-
on points [4,5]. Because of that, thyristor switches are
being used instead of mechanical switches in alternating

current and three-phase circuits [4,5].
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Fig. 3-1 Thyristor AC Switch Circuit.
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As a consequence to the growing interest in the
thyristors, there has been a pressing need for accurate
and simple means to analyze thyristor circuits.
Therefore, when the Spice computer program was introduced
in the mid-1970s [16], there has been an urgent need for
a thyristor (SCR) model that could be used with the
program. Recently, several SCR models, based on the two-
transistor model for the SCR, have been proposed
[(17,18,19,20). While these models accurately reflect
the switching dynamics and other parameters of the SCR,
they are not functional for simulation purposes without
determination of more than 50 model parameters. In
addition, they involve a 1large number of components

adding a significant complexity to the SPICE analysis.

In order for the SCR model to be of practical use, it
should be as simple as possible to simplify the analysis
of thyristor circuits. In 1989 Giacoletto used ideal
voltage~controlled and current-controlled switches to

propose a model for the SCR [21], shown in Fig. 3-2.
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Fig. 3-2 Thyristor Model Circuit.
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The PSPICE subcircuit description of the thyristor model

is provided below:

.SUBCKT SCR 3 2 1
RGATE 2 5 750

vGS 5 1 0

SSCR 3 4 6 1 SSCR

CSWITCH 3 4 450PF

vas 4 9 0

DT 9 1 DIODE

.MODEL SSCR VSWITCH(RON=0.0125 ROFF=103000
VON=1 VOFF=0)

.MODEL DIODE D

FSENSE 1 6 POLY(2) VGS VAS 0 50 11
RSENSE 6 11

CR 6 1 0.1UF

. ENDS

The model is simple and uses a reasonable number of
components which simplifies the analysis of SCR circuits.
The model has been found to be computationally efficient

and quite adequate for the present study.
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3.2 ANALYSIS OF A SBINGLE-PHASE AC VOLTAGE

REGULATOR

Fig. 3=-3(a) shows a single phase ac voltage
regulator. It consists of two thyristors connected in
an antiparallel fashion. By varying the delay angle of
thyristor Tl during the positive half-cycle and the delay
angle of thyristor T2 during the negative half-cycle, the
power flow is controlled. Fig. 3-3(b) shows the waveforms

that illustrate the operation of the circuit [5].

The RMS output voltage can be calculated from the

following equation:

Vo = [:(Z/Zn) IZ vig d(wt):ri (3-1)

If vg = v2 Vg sin wt then,

%
Vo = Vg I:(l/'rr) (T - a + (sin2a)/2):| (3-2)

the range of delay angle is 0 < a < m.
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Fig. 3-3 Single Phase AC Voltage Regulator.
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There are two common loads for such circuits. One is the
resistive load and the other is the inductive load. The
output waveforms and the position of the firing angle are
based on the type of the load the voltage is regulated
across. In the next two subsections, both loads will be

simulated for the single-phase ac voltage regulator.

3.2.1 ANALYSIS AND SIMULATION OF A SINGLE PHASE AC

VOLTAGE REGULATOR WITH RESISTIVE LOAD

Fig. 3-4 shows a circuit diagram of a single-phase
regulator with resistive 1load for PSPICE simulation.
By varying the firing angle ¢ from 0 to m, Vg, can be
varied from VAN to 0. In the simulation The firing angle
a was arbitrarily chosen to be equal to 21.61°.

Fig. 3-5 shows the resulted waveforms from simulation.
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Resistive Load for PSPICE Simulation.
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3.2.2 ANALYSIS AND SIMULATION OF A SINGLE PHASE AC

VOLTAGE REGULATOR WITH INDUCTIVE LOAD

In reality, most loads are inductive to a certain
degree. A full-wave ac voltage regulator with inductive
load is shown in Fig. 3-6(a). Due to the presence of
the inductive load, the output current lags the voltage
by the load phase angle ¢ = tan™1 (wL/R) . Therefore, the
load current would not become =zero at wt =m, but
continues to flow until B8 which is called extinction
angle [3,5]. Consequently, only T1 will operate, causing
asymmetrical waveforms of output voltage and current,
as shown in Fig. 3-6(b) [5). This obstacle can bke
overcome by either using a continuous gate pulse with
duration (m-a) as shown in Fig. 3-6(c), or by using a
train of pulses with short durations as shown in Fig.

3-6(d) [2,3,4,5]).
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Fig. 3-6(a) is redrawn in Fig. 3-7 for the purpose of
simulation. Note that a free wheeling diode is connected
in parallel with the inductive load to provide a path
for the inductor current during the discharge process.
As a result, the continuous load current profile displays
considerably less ripple. The firing angle a was also set
to be equal to 21.61° during the simulation of the
circuit. The simulated waveforms of the circuit are

shown in Fig. 3-8.
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Inductive Load for PSPICE Simulation.
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3.3 ANALYSIS OF A TAP CHANGER TRANSFORMER

For fast switching actions of tap changers,
thyristors can be used as ac static switches. Fig. 3-9
shows a circuit diagram of a single-phase tap changer
transformer. With this kind of circuit, the load voltage
Vo can be varied within three possible ranges. The
three ranges are:

1) 0 < Vg <V
2) 0 < Vg < (Vg + Vo)

3) Vl < VO < (Vl +V2)

Suppose that v; and v, are set as follows:
v, = v2 V4 sin wt
Vs = v2 V, sin wt
then, the RMS output voltage for the three ranges can be

calculated as follows:
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Fig. 3-9 Tap Changer Transformer.
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First Control Range: 0 < Vo S V4

%
Vo = V4 [:(l/ﬂ)(ﬂ -a + (sin2a)/2):] (3-3)
Fig. 3-10(c) presents the instantaneous load voltage and
current for this range ([5].

Second Control Range: 0 < Vo < (Vq + Vj)

5
Vo = (V1+V3) I:(l/n) (m - a + (sin2a)/2):| (3-4)
Fig. 3-10(d) shows the instantaneous load voltage and

current for this range [5].

Third Control Range: Vi £ Vg 5 (Vg3 + V)

[:(Vzl/n)(a - (51n20)/2) + [(V+Vy)2 /M) [m - a +
(51n2a)/2]:] (3-5)

Fig. 3-10(e) shows the instantaneous 1load voltage and
current for this range [5].
Note that the range of delay angle is 0 < a < ® for the

above three equations.

In the subsequent two subsections the tap changer will be

simulated for resistive and inductive loads.
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3.3.1 ANALYSIS AND SIMULATION OF A TAP CHANGER

TRANSFORMER WITH RESISTIVE LOAD

The operation of a tap changer is simple for a purely
resistive load. On the positive half cycle, thyristor T3
is gated on at the zero crossing of the voltage (wt=0).
The voltage appearing across the load is V1. Thyristor
T1 may be gated on at any later time in the positive half
cycle. If Tl is turned on (e.g. at wt=a), T3 is reverse
biased due to secondary voltage V2, and T3 is turned off.
The voltage appearing across the load is (V1+V2). T1 is
self-commutated at wt=r and T4 is turned on. The
voltage across the load at that time will be equal to V1.
Thyristor T2 may be gated at any later time in the
negative half cycle. If T2 is fired (e.g. at wt=m+a),
T4 is turned off due to the reverse voltage V2 and the
load voltage is (V1+V2). At wt=2m, T2 is self-
commutated, T3 is fired again and the cycle is repeated.
Fig 3-11 shows a circuit diagram of a single phase tap
changer with resistive load for PSPICE simulation.
The simulated waveforms of the circuit are shown in Fig.
3-12. The firing angle a was set to be equal to 60°

during the simulation of the circuit.
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3.3.2 ANALYSIS AND SIMULATION OF A TAP CHANGER

TRANSFORMER WITH INDUCTIVE LOAD

If the load is inductive, T3 cannot turn on at the
zero crossing and current will continue to flow in either
T2 or T4 depending on which one had control at the end of
the previous half cycle. Fig. 3-13 shows the output
voltage and current waveforms of an inductive load [2].
Note also if T4 is carrying current at the beginning
of the positive half cycle, then gating T1 on while
T4 is still conducting will short out V2. Therefore, the
control circuit must be designed carefully so that Ti1 is
not turned on until T4 is off and the 1load current
Io 2 0. Similarly, T2 should not be fired on until T3 is

off and the load current Io < 0 [3,5].
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Fig. 3-14 shows a circuit diagram of a single phase tap
changer with inductive 1load for PSPICE simulation.
The simulated waveforms of the circuit are shown in Fig.

3-15. The firing angle a was set to be equal to 80°

during the simulation of the circuit.
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PSPICE Simulation.
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3.4 ANALYSIS OF A TAP CHANGER TRANSFORMER WITH THREE

SECONDARY WINDINGS

If the number of thyristors is increased, a higher
and a finer voltage control will be achieved. Fig. 3-16
shows a circuit diagram of a tap changer with three
secondary windings. With this kind of circuit, the 1load
voltage V, can be varied within the following six

possible ranges:

1) 0 < Vg <V

2) 0 < Vg < (V; + Vy)

3) 0 < Vg < (Vg +Vy + Vj)
4) Vi < Vg < (Vg + Vy)

5) V3 < Vg < (V5 + Vy + V3)

6) (Vg + Vp) < Vg < (Vg + Vy + V3)
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The RMS output voltage can be calculated from the
following equation:
27

Vg = [(1/211) Jo vy d(wt):rz (3-6)

Suppose that vy, V2 and v3 are set as follows:

vy = V2 Vy sin wt

vy = ¥v2 V5 sin wt
vy = v2 V3 sin wt
then, the RMS output voltage for the six ranges can be

calculated as follows:

First control Range: 0 < Vg5 < V3

%
Vo = Vg [:(l/ﬂ)(ﬂ - a + (sin2a)/2):] (3-7)
Fig. 3-17(d) presents the instantaneous load voltage for

this range.

Second Control Range: 0 < Vo < (Vq + V3)

%
Vo = (V1+V2)[:(1/ﬂ)(n -a + (sin2a)/2):] (3-8)
Fig. 3-17(e) shows the instantaneous load voltage for

this range.
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Third Control Range: 0 < Vg < (Vy + Vy + V3)

%
Vo = (V1+V2+V3)[:(1/ﬂ)(ﬂ - a + (sin2a)/2):] (3-9)
Fig. 3-17(f) shows the instantaneous load voltage for

this range.

Fourth Control Range: Vi £ Vg (Vl + vz)

Vo = [:(Vzl/ﬂ)(a - ésinZa)/Z) + [((VqtVy)2/m)[m - a +

(sin2a)/2]:] (3-10)

Fig. 3-17(g) shows the instantaneous load voltage for

this range.

Fifth control Range: V; < Vo < (V; + Vy + V3)
If Stages one and three are used to satisfy the above
range, then the RMS output voltage can be calculated as

follows:

Vo = [:(Vzl/ﬂ)(a - ésinZa)/Z) + [(Vq+Va+V3) 2 /m) ([T - a +
(sin2a)/2]:| (3-11)

However, if stages one, two and three are used to satisfy
the range, then the RMS output voltage is calculated as

follows:
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Vo = [:(Vzl/ﬂ)[al - (sin2al)/2) + [(V1+V2)=/n]{(a2-a1) -
(1/2) [sin(2a2) - sin(2al) ]} + [(V3+Va+V3)2/n){m -

a2 + (sin2a2) /2}:| (3-12)

Fig. 3-17(h) and Fig. 3-17(i) shows the instantaneous
load voltages for this range. Note that the range of

delay angle are
and
for the previous equation.

gixth Control Range: (V1 + V2) < Vo < (Vl + VZ + V3)

Vo = [:[(V1+V2)2/ﬂ][a - (sin2a)/2} + [(V+Va+V3) 2 /M) {m -

%
a + (sin2&)/2]}:] (3-13)

Fig. 3-17(j) shows the instantaneous load voltage for
this range.

Note that the range of delay angle is 0 < a £ m for all
of the above eguations. In the subsequent two subsections
the three-secondary tap changer will be simulated for

resistive and inductive loads.
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3.4.1 ANALYSIS AND SIMULATION OF A TAP CHANGER
TRANSFORMER WITH THREE SECONDARY WINDINGS

(RESISTIVE LOAD)

The operation of the circuit is quite simple for a
purely resistive 1load. On the positive half cycle,
thyristor T5 is gated on at wt=0. The output voltage
across the load at that time is V1. Thyristor T3 may be
gated on at any later time in the positive half cycle
(e.g. at wt=a;), T5 is reverse biased due to secondary
voltage V2, and (V1+V2) is the output voltage appearing
across the load at that moment. Now, if T1 is fired at
wt=a,, T3 is reverse biased due to secondary voltage V3,
and the 1load voltage is (V1+V2+V3) at that time. T1 is
self-commutated at wt=m and Té is gated on. The voltage
across the load at that time will be equal to V1. After
that, T4 is fired at wt=n+a;, and the 1load voltage at
that moment is (V1+V2). Then, T2 is turned on at wt=m+a,,
and the 1load voltage at that instance is (V1+V2+4V3). At
wt=2m, T2 is self-commutated, and T5 is fired again and
the cycle is repeated. Fig. 3-18 shows a circuit diagram
of a three-secondary-winding tap changer with resistive

load for PSPICE simulation.
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Fig. 3-18 Tap Changer Circuit with Three Secondary

Windings with Resistive Load for PSPICE Simulation.
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The simulated waveforms of the circuit are shown in Fig.
3-19. The firing angle al was set to be equal to 60° and
a2 was set to be equal to 100° during the simulation of

the circuit.
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Windings Waveforms (Resistive Load).
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3.4.2 ANALYSIS AND SIMULATION OF A TAP CHANGER
TRANSFORMER WITH THREE SECONDARY WINDINGS

(INDUCTIVE LOAD)

Fig. 3-20 shows a circuit diagram of a tap changer
with three secondary windings. The load of the circuit is
inductive. Care must be taken in designing the control
circuit of the system to avoid shorting any of the
secondary windings of the transformer. Therefore, T3 is
not turned on until T6 is off and the load current
Io > 0, and T1 is not gated on until T4 is off and the
load current Io > 0. Similarly, T4 should not be turned
on until T5 is off and the load current Io < 0, and T2
should not be gated on until T3 is off and the 1load
current Io < 0. The simulated waveforms of the circuit
are shown in Fig. 3-21. The firing angle ¢l was set to

be equal to 60° and a2 was set to be equal to 120°

during the simulation of the circuit.

- 59 =



Tf ot

VAN L1

5

12 14
8,_/1\"

L2 73 I\l/—ag
wi

s oAK—

T5 [\I/-—O 11 .
%

lo

18 11

N
§L4 2 o

D1 ZX -

LS

RL .

Vo

Fig. 3-20 Tap Changer Circuit with Three Secondary

Windings with Inductive Load for PSPICE Simulation.

- 60 -



[uwt|
(S'ZA+ (L'ITDDA O (P'OT)A & (L'6)A Y (£'8)A° (LA D

swQoz SwST SwoT swg S0

F A—V-— O0—8{0-9———0-T+—07——0V: —4-0——0-V: A-OV\—O-7-O0— 8-0V AO

m ﬂ ! | H T _

m L] |

m _, | . y

.r ||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| L AOT
(LA v (S)A© (S'P)A O

e g e ekttt betielielehaiaa g - AOOC-

Fig. 3-21 Simulated Tap Changer with Three Secondary

Windings Waveforms (Inductive Load).
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3.5 DISCUSSION AND ANALYSIS OF THE SIMULATION RESULTS

FOR THE SINGLE-PHASE AC VOLTAGE REGULATORS

In the previous sections, a single-phase ac voltage
regulator, a two-secondary tap changer and a three-
secondary tap changer were simulated. It was shown that,
the output voltage can be controlled by just manipulating
the firing angles of the thyristors. In this section, the
simulation results of the same circuits for resistive and
inductive loads are tabulated. Several different firing
angles were used in the simulation. Tables 3-1 and 3-2
display the simulation results of the different

Regulators.
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# of Stages Vin Vout Firing Stage
used (RMS) (RMS) Angles used
135V a=0° 1
33 120V a=38° 1
One-stage
“"B @”" 90V =100° 1
45V a=164° 1
135V a=0° 2
-
L€z 4 asy 120V a=68° 1,2
Two-stage a5V —
1 800v 90V a=0° 1
45V a=164° 1
135V a=0° 3
n 120V a=68° 2,3
v 120V al=30, a2=55|1,2&3
Three-Stage
120V al=10, a2=63}1,2&3
90V a=0° 2
45V a=0° 1

Table 3-1 Simulation Results of the Different

Regulators with Resistive Load.

- 63 -




# of Stages Vout Firing Stage
used (RMS) Angles used
135V a=0° 1
120V a=38"° 1
One-stage
a0V a=100° 1
45V a=164° 1
135V a=0° 2
] 120V a=68° 1,2
Two-stage
‘ 90V a=0° 1
45V a=164° 1
135V a=0° 3
120V a=68° 2,3
120V al=30, a2=55|1,2&3
Three-Stage
120V al=10, a2=63|1,2&3
90V a=0° 2
45V a=0° 1

Table 3-2
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Regulators with Inductive Load.

Simulation Results of the Different




Tables 3-1 and 3-2 reveal that the same output voltage
might be achieved with a single-stage, two-stage, and
three-stage by just manipulating the firing angles of the
circuit used and by using the right transformer that will
deliver the necessary input voltage. Therefore, there is
no need to use more than one stage to achieve a certain
voltage if sufficient input voltage source is provided.
By doing that, components will be saved and cost will be
cut. Moreover, the strategy needed to control the system
will be considerably simpler. It is worth noting that
the combinations used to achieve the required voltages
are not unique, different combinations might be used to

obtain the same output voltages.
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3.6 THREE PHASE TAP CHANGER TRANSFORMER

A three-phase tap changer transformer provides a
simple and economic method for speed and crane drives
control [22]. These type of controllers are also gaining
importance as power factor controller in energy savings
schemes where the motors are 1lightly loaded [23,24].
Applications of these controllers also include industrial
heating, 1lighting control, reactive power compensation,
and electrochemical processes [25). Despite the
simplicity of such controllers, the analysis of such
systems, especially with induction motor loads, is quite
complex because of the interaction between the different
phases of the system. In the next two subsections
the three-phase tap changer will be simulated for

resistive and inductive loads.
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3.6.1 SIMULATION OF A THREE-PHASE TAP CHANGER TRANSFORMER

WITH RESISTIVE LOAD

The three-phase tap changer transformer with
resistive load possesses many of the properties of the
single-phase tap changer with resistive 1load. The
operation of the circuit is the same as in the single-
phase. However, three firing angles are required. One
for each phase. Fig. 3-22 shows a three-phase Tap changer
transformer with resistive load. During the simulation

of the circuit the following firing angles were chosen:

apy = 60°
QBN = 180°
aCN = 300°

The different simulated waveforms of the controller are

shown in Fig. 3-23, 3-24, 3-25 and 3-26.
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Fig. 3-22 Three-Phase Tap Changer Circuit
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3.6.2 SIMULATION OF A THREE~-PHASE TAP CHANGER TRANSFORMER

WITH INDUCTIVE LOAD

Fig. 3-27 shows a three-phase Tap changer transformer
with inductive load. The three-phase tap changer
transformer with inductive load possesses many of the
properties and problem of its single-phase counterpart
with more complexity. The operation of the circuit
is the same as in the single-phase. Of course, care must
be taken in designing the control circuit of the system
to avoid shorting any of the secondary windings of the
transformers. Since the system is three-phase, three
firing angles are required. One for each phase. During
the simulation of the circuit the following firing angles

were chosen:

apy = 60°
apy = 180°
acy = 300°

The different simulated waveforms of the controller are

shown in Fig. 3-28, 3-29, 3-30 and 3-31.
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CHAPTER IV

HARDWARE AND SOFTWARE IMPLEMENTATION OF THE

PROPOSED AC VOLTAGE REGULATOR

4.1 INTRODUCTION

The proposed regulator is based on an 8-bit MOTOROLA
MC68HC11A8 microcontroller. The regulator automatically
monitors, adjusts, and maintains the output load voltage
within a predetermined range. Fig. 4-1 shows a block
diagram of the proposed system. The controller was
designed in a single-phase due to the following reasons.
The single-phase is in use in many applications, such
as lighting control and small motor control. Moreover,
the single-phase controller possesses many of the
properties and problems of the three-phase controller

with less complexity.
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Fig. 4-1 Block Diagram of the Proposed Regulator.
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4.2 SYSTEM HARDWARE ARCHITECTURE

Fig. 4-2 shows the overall hardware architecture of
the proposed regulator. The proposed regulator consists
of two thyristors connected in an antiparallel fashion
along with an 8-bit MOTOROLA MC68HC11A8 microcontroller.
In addition, an 8-bit digital-to-analog (D/A), a signal
conditioner circuit and a control unit to trigger the
thyristors are all utilized by the system to perform
its functions.

Thyristor switches were used in the proposed
regulator instead of mechanical switches because of
their high switching frequencies and precise set turn-on
points. Only two thyristors are used in implementing the
proposed system because, as explained in the previous
chapter, there is no need to use more than two thyristors
to achieve a specific voltage if sufficient input voltage

source is provided.
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4.2.1 MC68HC11A8 MICROCONTROLLER

The microcontroller unit in the MC68HC11A8 is
equipped with a processing unit, a 2 MHZ clock, interval
timer, serial port, and several parallel ports. It is
also equipped with 8K bytes of ROM, 512 bytes of EEPROM,
and 256 bytes of RAM. Moreover, one of the major
peripheral functions provided on-chip 1is the eight-
channel analog-to-digital (A/D) converters with eight
bits of resolution [26]. Fig. 4-3 shows a block diagram

of the microcontroller [26].
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4.2.2 BIGNAL CONDITIONER CIRCUIT

The function of the signal conditioner circuit, shown
in Fig. 4-4, is to subdue The monitored locad voltage to
safeguard the microcontroller from any damage. The output
voltage of the signal conditioner circuit should 1lie
between 0 and 5.12 Volts to comply with the requirements

of the on-chip 8-bit A/D converter.
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Fig. 4-4 Signal Conditioner Circuit.
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Suppose that Vin is as shown in Fig. 4-5, then the
resulted Vsi, Vsm and Vso are shown in Fig. 4-6(a), Fig.

4-6(b) and Fig. 4-6(c) respectively.
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Fig. 4-6 Signal Conditioner Intermediate Voltages.
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4.2.3 THE TWO-PULSE CONTROL UNIT

Fig. 4-7 shows the two-pulse control unit used in the
thesis to trigger the thyristors [29). It is manufactured
by LEYBOLD DIDACTIC GMBH (LH) [29]. It supplies trigger
pulses at four pulse outputs. The pulse output (5) and
(6) supply train of pulses during the positive half-cycle
of the mains voltage supply and the pulse outputs (7) and
(8) during the negative half-cycle.

The phase of these trigger pulses can be set, dependent

on the control voltage Ugp = 0...10V, from a = 180° to 0°
[29].
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4.2.4 THE 8-BIT DIGITAL~TO-ANALOG CONVERTER

The 8-bit D/A converter, shown in Fig. 4-8, gets its
input from the 8-bit port (B) of the microcontroller, and
its output will set the DC control voltage of the two
pulse control unit. The firing angle « can be varied from
0 to m by varying the DC control voltage of the two pulse
control unit from 0 to 10 volts. Table 4-1 shows how the
D/A converter output and the load voltage varies by just
changing Port (B) settings. Therefore by just varying
port B settings, manipulation of the output éurrent can
be achieved and the output voltage can be maintained

within the desirable limit.
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Fig. 4-8 The 8-Bit D/A Converter.
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port B | DAC output | Firing angle | Load Voltage
80 oo Vv 180° 00.0 V
8C o1 vV 160° 0.03 V
98 02 Vv 140° 4.15 V
A4 03 V 120° 13.5 V
BO 04 V 100° 23.4 V
BC 05 V 80° 32.5 V
Cc8 06 V 60° 39.25 V
D4 o7 Vv 40° 42.00 V
EO 08 V 20° 43.74 V
EC o9 Vv 0o° 45.00 V
F8 i0V 00° 45.00 V
FF 10.6 V oo° 45.00 V

Table 4-1 Port B settings vs. (DAC output, Firing angle
& Load Voltage)
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Fig. 4-9 shows a plot of the D/A converter output versus
the load voltage. Fig. 4-10 shows a plot of the firing

angle versus the load voltage.
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Fig. 4-9 D/A Converter Output vs. Load Voltage.
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4.3 PRINCIPLES OF OPERATION FOR THE PROPOSED REGULATOR

The operation of the proposed regulator is based on
a microcontroller software program which initiates a
sequence of commands that reads and processes the voltage
across the 1load. Then, a decision based on the value of
the load voltage is made. If the load voltage lies within
the predetermined range, then no changes is needed and
a new reading will be taken. However, if the load voltage
is outside the desired range, the microcontroller will
increase or decrease the input voltage to the control
unit, by changing port B settings, which will update the
firing angles of the two thyristors. Having done that, a
new reading of the load voltage will be carried out and a
new signal will be processed and analyzed to check if the
output voltage has reached an acceptable value.
Otherwise, a new signal will be issued to the control
unit to make up for the error. The above mentioned
procedures are repeatedly performed until the desired

output voltage is reached.
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4.4 REGULATION ALGORITHM AND SOFTWARE IMPLEMENTATION

The regulation program is written in the MC68HC11AS8

assembly

language rather than a high-level language to

minimize the execution time of the program. Thus, a short

time will be needed to correct the load voltage if the

predetermined range is exceeded. The flowchart of the

program is shown in Fig. 4-11. The program consists of

four subroutines:

1)

2)

3)

Initialization routine

It sets the program variables.

A/D converter programing routine

It is responsible for programing the on-chip
A/D converter and for getting the number of
samples required to calculate the V,,-. across

the monitored load.

Measurement routine
It is responsible for calculation of the
monitored output voltage. Since the RMS voltage

is given by
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4)

Vems = SQRT (1/T Ig vz (t)dt) (4-1)
where v(t) is the instantaneous voltage, and T
is the period of the voltage waveform [27].
The load voltage is regularly sampled at a rate
of 62.5 KHZ and the integration of (4-1) is
evaluated numerically by summing the square of
the discrete samples over the period. The
summation equation used to calculate the output
voltage in the program is:
N 2

Vout = SQRT ( 1/N ( £ V'y ) ) (4-2)
k=1

where N represents the number of samples taken

over one period [27].

Regulation routine

It is responsible for detecting any change in
the output voltage. Moreover, it will take a
corrective action if the output voltage is
found to be outside the predetermined range to
ensure the smooth operation of the controller

at all times.
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4.5 SYSTEM TESTING AND ANALYSIS

The proposed regulator was tested with resistive and
inductive loads. Several ranges were set and the
potentiometer, included to simulate a change in the
circuit conditions, was taken to both limits ( MIN and
MAX ). Fortunately, the controller was able to cope with
the changes in the circuit's 1load and to maintain the
monitored voltage within the predetermined range, with
acceptable accuracy ( < 5% ). The experimental results of

the test are presented in tables 4-2 and 4-3.
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set-range range W/0 rang with % error
volts control control between
set&achvd
14 - 16 11.7-17.8 14.3-16.2 1.25 %
19 - 22 17.2-23.9 19.2-21.9 0.00 %
26 - 28 21.7-30.2 25.9-28.2 0.71 % Fig 4-12
29 - 30 26.1-37.3 29.3-30.8 2.67 %
32 - 34 26.8-36.7 32.5-34.2 0.59 % Fig 4-13
35 - 35 30.1-41.6 35.1-36.3 3.71 %
33 - 37 30.7-42.1 33.3-37.5 1.35 %
Table 4-2 Experimental Results (Resistive load).
set-range range W/O rang with % error
volts control control between
seté&achvd
14 - 16 12.2-17.4 13.8~-15.7 0.00 %
19 - 22 17.9-23.5 19.4-22.2 0.90 % Fig 4-14
26 - 28 22.4-29.8 26.1-28.4 1.42 %
29 - 30 26.5-36.4 29.3-31.1 3.67 %
32 - 34 27.1-35.9 32.2-34.5 1.45 %
35 - 35 30.3-41.3 34.8-36.5 4.29 %
33 - 37 31.2-41.7 33.7-37.6 1.62 % Fig 4-15

Table 4-3 Experimental Results (Inductive load).
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(a) Waveform of the Output Voltage (Vout=28.2 V)

and Input Voltage.
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(b) Waveform of the Output Voltage (Vout=25.9 V)

and Input Voltage.

Fig. 4-12 Experimental Waveforms
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(a) Waveform of the Output Voltage (Vout=34.2 V)

and Input Voltage.

(b) Waveform of the Output Voltage (Vout=32.5 V)

and Input Voltage.

Fig. 4-13 Experimental Waveforms
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(a) Waveform of the Output Voltage (Vout=22.2 V)

and Input Voltage.

(b) Waveform of the Output Voltage (Vout=19.4 V)

and Input Voltage.

Fig. 4-14 Experimental Waveforms
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(a) Waveform of the Output Voltage (Vout=37.6 V)

and Input Voltage.

(b) Waveform of the Output Voltage (Vout=33.7 V)

and Input Voltage.

Fig. 4-15 Experimental Waveforms
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The experimental results shown in table 4-2 and table
4-3 show that the proposed regulator is capable of
maintaining the load voltage within (* 5 %) from the
predetermined range at all times without any restrictions
on the input range. 1In addition, from the resulted
waveforms it is clear that, the method used by the
controller leads to a low distortion output voltage.
This is because, the correction of the output voltage
takes place only once and is not repeated unless the
output voltage lies outside the predetermined range.
Moreover, the time required to adjust the output voltage
is short, because the execution time needed by the
program that was developed to carry out the regulation is
0.2495 ms which is extremely short.

The higher values of errors in the previous tables
are due to the resolution accuracy of the 8-bit DAC used
in the thesis which is:

( 180°/ 256 ) = 0.703 Deg.
However if a 10-bit DAC was used, a better resolution
would be achieved (0.1758 Deg.). Utilization of a 16-bit
DAC would be‘even better, because its resolution accuracy
is (0.00275 Deg.) which 1is quite good. Therefore, to
achieve better results a 10-bit or 16-bit DAC should be

used instead of the 8-bit DAC.
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CHAPTER V

CONCLUSION AND FUTURE WORK

5.1 DISCUSSION AND CONCLUSION

A new microcontroller-based ac voltage regulator
was proposed in this thesis. The regulator is based on
an 8-bit MOTOROLA MC68HC11A8 microcontroller. From the
simulation results presented in the third chapter, it was
found that only two thyristors are necessary to attain a
certain voltage. Because of that, the proposed
regulator utilizes only two thyristors to regulate the
flow of current from the source to the load which reduces
the number of components used in its design. As a
consequence, the cost of the regulator will be low and
the regulation algorithm will be simple. Moreover, the
regulator eliminates entirely the problem of electrical
and mechanical wear because totally electronic power

switches devices were used in its design.
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The experimental results shown in chapter four,
demonstrate that the proposed regulator is capable of
sustaining the 1load voltage within (£ 5 %) from the
predetermined range at all times without any restrictions
on the input range. The regulator also achieves this with
a short correction time  because the regulation
algorithm is written in the MC68HC11A8 assembly language.
Stable voltage and lower distortion are provided by the
regulator, since the correction of the output voltage
takes place only once and is not repeated unless the

output voltage has not reached the predetermined range.

In addition to the above advantages, the proposed
regulator offers flexible and low-cost approach to
voltage regulation, because of its programmability
nature. It is also easily serviced and fully automatic.
Because of its fast dynamic response, significant energy

savings are made and good quality service is provided.
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5.2 FUTURE WORK

Further work can be pursuit in the following areas:

1) A 10-bit or 12-bit A/D converters might be

2)

used instead of the 8-bit A/D used in the
proposed regulator to achieve better

regulation accuracy.

The regulator can be implemented for a

three-phase instead of a single-phase.
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APPENDIX A

*

... PSPICE Source File for a Single Phase AC Voltage
* Regulator with Resistive Load ...

* EEEEEEEEN I I I A IS A B SN R RN R R B N R I I NI IR A R B B I A O

* esessses SCR SUBCIRCUIT eseseccs

.SUBCKT SCRM 3 2 1

RGATE 2 5 20

VGs 5 1 0

SSCR 3 4 6 1 SSCR

CSWITCH 3 4 450PF

VAS 4 9 O

DT 9 1 DIODE

.MODEL SSCR VSWITCH(RON=0.0125 ROFF=103000 VON=1
VOFF=0) .MODEL DIODE D

FSENSE 1 6 POLY(2) VGS VAS 0 50 11

RSENSE 6 1 1

CR 6 1 10UF

. ENDS

L2 T T S
X1 1 4 2 SCRM

X2 2 5 1 SCRM

RL 2 0 100

VGl 4 2 PULSE(0O 5 1MS .5U8 .5US 1MS 16.66MS)
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VG2 5 1 PULSE(0 5
VAN 1 0 SIN(O 110
.TRAN .4MS 30MS
.PROBE

. END

9.33MS .5US

60 0 0)
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* .... PSPICE Source File for a Single Phase Voltage

* Regulator with Inductive Load ....

*.0.0..-OC....!0......-..Q.i...ll.l.l.l..l...lo....

* SCR SUBCIRCUIT

.SUBCKT SCRM 3 2 1
RGATE 2 5 20

VGs 5 1 0

SSCR 3 4 6 1 SSCR
CSWITCH 3 4 450PF
VAS 4 9 O

DT 9 1 DIODE

.MODEL SSCR VSWITCH(RON=0.0125

ROFF=103000 VON=1

VOFF=0) .MODEL DIODE D

FSENSE 1 6 POLY(2) VGS VvVvas 0 50 11
RSENSE 6 1 1

CR 6 1 10UF

. ENDS

* eesssese END OF SCR SUBCKT «cecsvceces
X1 1 4 2 SCRM

X2 2 5 1 SCRM

RL 2 6 100

1 6 0 50mH

Dl O 6 DIODE

VGl 4 2 PULSE(0 5 1MS .5U8 .5US 1MS 16.66MS)
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VG2 5 1 PULSE(0 5 9.33M8 .5US .5US 1MS 16.66MS)
VAN 1 0 SIN(O 110 60 0 0)

.MODEL. DIODE D

.TRAN .4MS 30MS

.PROBE

«END
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* ... PSPICE SOURCE File for a Tab Changer Transformer
* with Resistive Load ....

K it eeescsecsescsscssescssassesessessassess et st

¥ .....0s.. SCR SUBCIRCUIT ceoenscse

.SUBCKT SCRM 3 2 1

RGATE 2 5 750

VéGS 5 1 ©

SSCR 3 4 6 1 SSCR

CSWITCH 3 4 450PF

VAS 4 9 O

DT 9 1 DIODE

.MODEL SSCR VSWITCH(RON=0.0125 ROFF=103000 VON=1
VOFF=0)

.MODEL DIODE D

FSENSE 1 6 POLY(2) VGS VAsS 0 50 11

RSENSE 6 1 1

CR 6 1 0.2UF

. ENDS
* eeseseees END OF SCR SUBCKT ..cccco
X1 3 6 7 SCRM

X2 7 8 3 SCRM

X3 4 9 7 SCRM

X4 7 10 4 SCRM

% @ 5 © 5 6 0 0 @ 6 8 0 6 06 6 06 0 9 00 005600 000G 000N E OSSN LE NS00
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* ... The magnetic specification of the transformer ...
* cscecs PRIMARY cecease
Ll 2 0 O0.5MH

* ceecs SECONDARY ..ccceo
L2 3 4 0.5MH

L3 4 0 O0O.5MH

¥ Lieeesccescss MAGNETIC COUPLING .ccccoscssccccsce

KALL 1 L2 L3 0.9999

*

Rl 1 2 1U
RL 7 0 100
VGl 6 7 PULSE(0O 5 3Ms .5US .5US 1MS 18MS)

VG2 8 3 PULSE(0O 5 12MS .5US .5US 1MS 18MS)

VG3 9 7 PULSE(0O 5 O0MS .5U8 .5US 1MS 18MS)

VG4 10 4 PULSE(0O 5 9MS .5U8 .5US 1MS 18MS)

VAN 1 0 SIN(0O 110 55.555 0 0)

.TRAN .4MS 30MS

.OPTIONS NOMOD NOPAGE RELTOL=0.03 ABSTOL=1UA VNTOL=1MV
ITL4=40 ITL5=0

.PROBE

. END
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* ... PSPICE Source File for a Tab Changer Transformer

* with Inductive Load ...

* 'R EEEEEREEEENII I AN B A AN R NN Y I I B R L B I A B A

* sseseess SCR SUBCIRCUIT cecensan

.SUBCKT SCRM 3 2 1

RGATE 2 5 750

Vés 5 1 0

SSCR 3 4 6 1 SSCR

CSWITCH 3 4 450PF

VAS 4 9 O

DT 9 1 DIODE

.MODEL SSCR VSWITCH(RON=0.0125 ROFF=103000 VON=1
VOFF=0)

.MODEL DIODE D

FSENSE 1 6 POLY(2) VGS VAS 0 50 11

RSENSE 6 1 1

CR 6 1 0.5UF

.ENDS
* vevees. END OF SCR SUBCKT .eeveeosns
X1 3 6 7 SCRM

X2 7 8 3 SCRM

X3 4 9 7 SCRM

X4 7 10 4 SCRM

*
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* ... The magnetic specification of the transformer ...

e o0 000 PRIMARY s e o0 00

cssee SECONDARY ..cceee
L2 3 4 0.5MH

I3 4 0 O0.5MH

* .seeeecseseces MAGNETIC COUPLING .ccccececccsocsnse
KALL Ll L2 L3 0.9999

Rl 1 2 1UOHM

RL 7 12 100

L4 12 0 100mH

D1 0] 12 DIODE

VGl 6 7 PULSE(0 5 4Ms .5US .5US 1MS 18MS)
VG2 8 3 PULSE(0O 5 13MS .5US .5US 1MS 18MS)
VG3 9 7 PULSE(0O 5 OMs .5US .5US 1MS 18MS)
VG4 10 4 PULSE(0O 5 9MS .5Us .5US 1MS 18MS)

VAN 1 O SIN(O 110 55.555 0 0)

.MODEL DIODE D

+.TRAN .4MS 30MS

.OPTIONS NOMOD NOPAGE RELTOL=0.02 ABSTOL=1UA VNTOL=1MV
ITL4=40 ITL5=0 .PROBE

. END

- 119 -



* ,... PSPICE Source File for a Tap Changer Transformer

* with Three Secondary Windings ....
* | ... Resistive Load ....
K e ceescceccsossesccsssssssessrsssssses et esss s s
%* eesssses SCR SUBCIRCUIT cesecss

.SUBCKT SCRM 3 2 1

RGATE 2 5 500

VéGS 5 1 0

SSCR 3 4 6 1 SSCR

CSWITCH 3 4 450PF

VaS 4 9 O

DT 9 1 DIODE

.MODEL SSCR VSWITCH(RON=0.0125 ROFF=103000 VON=1
VOFF=0)

.MODEL DIODE D

FSENSE 1 6 POLY(2) VGS VAS 0 50 11
RSENSE 6 1 1

CR 6 1 0.5UF

.ENDS

*  .ieeveeeeee. END OF SCR SUBCKT «eeevecccncn
X1 3 6 7 SCRM

X2 7 8 3 SCRM

X3 4 9 7 SCRM
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X4 7 10 4 SCRM
X5 5 11 7 SCRM

X6 7 12 5 SCRM

*

* ... The magnetic specification of the transformer ...
* csesse PRIMARY ceesee
Ll 2 O O0.5MH

* ceene SECONDARY .......
L2 3 4 O0.5MH

L3 4 5 0.5MH

L4 5 O O0.5MH

*

seceeccssesseses MAGNETIC COUPLING ....... seeerenes

KALL L1 L2 L3 L4 0.9999

*

Rl 1 2 1UOHM

RL 7 0 100

*

VGl 6 7 PULSE(0 5 5MS .5UsS .5US 1MS 18MS)
VG2 8 3 PULSE(0 5 14MS .5US .5US 1MS 18MS)
VG3 9 7 PULSE(0 5 3Ms .5US .5US 1MS 18Ms)
VG4 10 4 PULSE(0 5 12MS .5US .5US 1MS 18MS)
VG5 11 7 PULSE(0O 5 OMS .5US .5US 1MS 18Ms)

VG6 12 5 PULSE(0 5 9MS .5US .5US 1MS 18MS)

*

® 8 5 © 2 9 6 09 000 0 00 E S GO L P OO0 00 LSOO L OSSOSO S0 Nee e
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VAN 1 0 SIN(O 110 55.555 0 0)

.OPTIONS NOMOD NOPAGE RELTOL=0.7 ABSTOL=8UA VNTOL=8MV
ITL4=40 ITL5=0 .TRAN 5MS 20MS

.PROBE

.END
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..+« PSPICE Source File for a Tap Changer Transformer
* with Three Secondary Windings ....

* essss Inductive Load cease

*

® 9 # 8 6 0 0 6 0 060 0 0 068 €0 0 0 0SSO LSOO O 0SS0 OL L Es SO

* eseeees SCR SUBCIRCUIT cecsecun

.SUBCKT SCRM 3 2 1

RGATE 2 5 7000HM

VésS 5 1 0

SSCR 3 4 6 1 SSCR

CSWITCH 3 4 450PF

VAS 4 9 O

Dr © 1 DIODE

.MODEL SSCR VSWITCH(RON=0.0125 ROFF=103000 VON=1
VOFF=0)

.MODEL DIODE D

FSENSE 1 6 POLY(2) VGS VAS 0 50 11
RSENSE 6 1 1

CR 6 1 0.5UF

.ENDS

* seseseees END OF SCR SUBCKT ..cc0c0ssne

*

@ 8 6 06 0 000 0 005 0 00 056000 06068 0500850000000 5000005000600

X1 3 6 7 SCRM

X2 7 8 3 SCRM
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X3 4 9 7 SCRM
X4 7 10 4 SCRM
X5 5 11 7 SCRM
X6 7 12 5 SCRM
*

* The magnetic specification of the transformer.
* cesnne PRIMARY cecens

1 2 0 0.5MH

* ceeas SECONDARY ....c0.

L2 3 4 0.5MH

L3 4 5 0.5MH

L4 5 O O0.5MH

¥ ietececcenss MAGNETIC COUPLING v vveenovconsocs
%*

KALL Ll L2 L3 L4 0.9999

*

*

R1 1 2 1UOHM
RL 7 15 100
LS 15 0 100mH

D1 0 15 DIODE

%*

© 6 00 80 0000000000000 0000 LLE0LLIC0LEELIOLIOLLILILIBIEIBOEOIEOIOGIEOGS

VGl 6 7 PULSE(0 5 6MS .5US .5US 1MS 18MS)

VG2 8 3 PULSE(0 5 15MS .5US .5US 1MS 18MS)
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VG3 9 7 PULSE(0O 5 3MS .5US .5US 1MS 18MS)
VG4 10 4 PULSE(0O 5 12MS .5US .5US 1MS 18MS)
VG5 11 7 PULSE(0 5 OMS .5USs .5US 1MS 18MS)

VGé 12 5 PULSE(0O 5 9MS .5U8 .5US 1MS 18MS)

*

VAN 1 O SIN(0O 110 55.555 0 0)

.MODEL DIODE D

.OPTIONS NOMOD NOPAGE RELTOL=0.% ABSTOL=8UA VNTOL=8MV
ITL5=0 ITL4=40

.TRAN 5MS 20MS

. PROBE

. END
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* .... PSPICE Source File for a Three-Phase Tab Changer
% Transformer Circuit with Resistive Load ....

* M EE R R e B A A B A S SR B R RN B B R O L B B B B I A A

* eessesss SCR SUBCIRCUIT cvesenas

.SUBCKT SCRM 3 2 1

RGATE 2 5 750

VGS 5 1 0

SSCR 3 4 6 1 SSCR

CSWITCH 3 4 450PF

VAS 4 9 O

DT 9 1 DIODE

.MODEL SSCR VSWITCH(RON=0.0125 ROFF=103000 VON=1
VOFF=0)

.MODEL DIODE D

FSENSE 1 6 POLY(2) VGS VAS 0 50 11
RSENSE 6 1 1

CR 6 1 .1UF

. ENDS

* eesssss END OF SCR SUBCKT .cccc..
*o..o-...o-......oo-o..-....-..-..o-..-..--.--......-....
* veesses Phase Voltage VAN .......

VAN 1 0 SIN(0O 110 55.555 )
R1 1 2 1UOhm

* ... The magnetic specification of the transformer ...
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* ceesse PRIMARY cesens
Ll 2 0 O0.5MH

* ceses SECONDARY ...cce.
L2 3 9 O0.5MH

L3 9 0 O.5MH

* «+ess MAGNETIC COUPLING .....

KALLA Ll L2 L3 0.9999

%*

X1 3 4 5 SCRM
X2 5 6 3 SCRM
X3 9 7 5 SCRM

X4 5 8 9 SCRM

*

RA 5 0 1000hm

VGl 4 5 PULSE(0 5 21MS .5US .5US 1MS 18MS)
VG2 6 3 PULSE(0O 5 30MS .5US .5US 1MS 18MS)
VG3 7 5 PULSE(0 5 18MsS .5US .5US 1MS 18MS)

VG4 8 9 PULSE(0O 5 27MS .5US .5US 1MS 18MS)

*..ooo.o.uoo.ccooo.o.ooaooo.cooooooo---oon-o-o.o-o-ooo..

* +essess Phase Voltage VBN .......

VBN 10 O SIN(O 110 55.555 0.006)
R2 10 11 1UOhm
* ... The magnetic specification of the transformer ...

* LI R ] PRIMARY e 0 0 00
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L4 11 O O0.5MH
* ceses SECONDARY ....c¢.
ILs 12 18 0.5MH
L 18 O 0.5MH
* «e+.. MAGNETIC COUPLING .....

KALLB L4 L5 L6 0.9999

*

® 0 6 0 6 0 0 5 0 9060 060606080 0550800808 L0 GO OS LGS SISO

X5 12 13 14 SCRM
X6 14 15 12 SCRM
X7 18 16 14 SCRM

X8 14 17 18 SCRM

*

RB 14 0 1000hm

VG5 13 14 PULSE(0 5 9MS .5US .5US 1MS 18MS)
VGé 15 12 PULSE(0O 5 18MS .5US .5US 1MS 18MS)
VG7 16 14 PULSE(0 5 6MS .5US .5US 1MS 18MS)

VG8 17 18 PULSE(0O 5 15MS .5US .5US 1MS 18MS)

*

* sesessss Phase Voltage VCN .......

VCN 19 0 SIN(O 110 55.555 0.012)

R3 19 20 1UOhm

* ... The magnetic specification of the transformer ...
* cesacs PRIMARY ceeson

L7 20 O O0.5MH
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* ceees SECONDARY .c¢ccces

18 21 27 O0.5MH

L9 27 0 0.5MH

* ee+es MAGNETIC COUPLING .....

KALLC L7 L8 L9 0.9999

*

L I A A A N I R A A A N A N N N NN I NN NEENENEENEEE NN RN SRS

X9 21 22 23 SCRM
X10 23 24 21 SCRM
X1l1 27 25 23 SCRM

X12 23 26 27 SCRM

*

RC 23 0 1000hm

VG9 22 23 PULSE(0O 5 15MS .5U8 .5US 1MS 18MS)
VG1l0 24 21 PULSE(0O 5 24MS .5U8 .5US 1MS 18MS)
VG1l 25 23 PULSE(0O 5 12MS .5US .5US 1MS 18Ms)

VGi2 26 27 PULSE(0O 5 21MS .5US .5US 1MS 18MS)

*

L I I S R I R R R A A A A I A B A A B R A B A S A B A R B B B I AN A AR B B AR B B AR BN B LR R 2 2 2 2 O 4

.TRAN 0.1MS 36MS 18MS 1MS

.OP

.OPTIONS NOMOD NOPAGE RELTOL=0.2 VNTOL=5MV ITL4=100
ITL5=20000

. PROBE

«END
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* ,... PSPICE Source File for a Three-Phase Tab Changer
* Transformer Circuit with Inductive Load ....

K L ieecescscecestesasssscesscsessss st s s reascess et e
* eessaseses SCR SUBCIRCUIT eeocesce

.SUBCKT SCRM 3 2 1

RGATE 2 S5 750

VGS 5 1 O

SSCR 3 4 6 1 SSCR

CSWITCH 3 4 450PF

VAS 4 9 O

DT 9 1 DIODE

.MODEL, SSCR VSWITCH(RON=0.0125 ROFF=103000 VON=1
VOFF=0)

.MODEL DIODE D

FSENSE 1 6 POLY(2) VGS VAS 0 50 11

RSENSE 6 1 1

CR 6 1 .1UF

. ENDS

* essses. END OF SCR SUBCKT .......
*'..l..'..."......‘l....l..'.'...l...‘.l..l.............
* sesees. Phase Voltage VAN .......

VAN 1 0 SIN(0O 110 55.555 )
Rl 1 2 1UOhm

* ... The magnetic specification of the transformer ...
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ceseese PRIMARY ceesee

* cecee SECONDARY ...c..e

L2 3 9 0.5MH

L3 9 0 O0.5MH

* +esss MAGNETIC COUPLING .....

KALLA Ll L2 L3 0.9999

*

® © 8 0 ¢ 2 5 00 0 000 08 G0 L L EE O E LSS EE 00 LDN S OOEOCOEELIOSEECEOIOEOLIEOCOTDSTE

X1 3 4 5 SCRM
X2 5 6 3 SCRM
X3 9 7 5 SCRM

X4 5 8 9 SCRM

%

RA 5 30 1000hm

La 30 0 50mH

DA 0 30 DIODE

VGl 4 5 PULSE(0O 5 21Ms .5US .5US 1MS 18MS)
VG2 6 3 PULSE(0O 5 30MS .5US .5UsS 1MS 18MS)
VG3 7 5 PULSE(0O 5 18MS .5US .5US 1MS 18MS)

VG4 8 9 PULSE(0 5 27MS .5US .5Us 1MS 18MS)

*

* csessss Phase Voltage VBN .......
VBN 10 O SIN(O 110 55.555 0.006)

R2 10 11 1UOhm
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* ... The magnetic specification of the transformer ...
cecens PRIMARY csesas

4 11 0 O.5MH

* crnee SECONDARY ..ccsse

I 12 18 O0.5MH

I 18 O 0.5MH

* essee. MAGNETIC COUPLING .....

KALLB L4 L5 L6 0.9999

*

X5 12 13 14 SCRM
X6 14 15 12 SCRM
X7 18 16 14 SCRM

X8 14 17 18 SCRM

*

RB 14 31 1000hm

LB 31 O 50mH

DA 0 31 DIODE

VG5 13 14 PULSE(0 5 9MS .5US .5US 1MS 18MS)
VGé 15 12 PULSE(0 5 18MS .5US .5US 1MS 18MS)
VG7 16 14 PULSE(0O 5 6MS .5US .5US 1MS 18MS)

vG8 17 18 PULSE(0 5 15MS .5US .5US 1MS 18MS)

*........l......I...l.......l...'...l......l.............

* «seeesss Phase Voltage VCN .......

VCN 19 0 SIN(O 110 b55.555 0.012)
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R3

L7
*
L8

L9

*

19

... The magnetic specification of the transformer ...

20

21

KALLC

%*

20 1UOhm

PN PRIMARY
0 O0.5MH

ceene SECONDARY
27 0.5MH
0 0.5MH

MAGNETIC COUPLING

.9999

$ 6 0 0. 25 0 5 0500 0P 0TSO O L E 0L L0 O SO0 L O e O P OGS OLLOESIOIEELIOEE

X9

X10

X11

X12

%*

® # 0 8 00 0 090000 N S PP LN 0000000 L e LS80S G000 0L eI eSS LTSS

RC
LC
DC
VG9
VG10
VG1ll

VGl2

%

21

23

27

23

23

32

0

22
24
25

26

L7 L8 L9 0
22 23
24 21
25 23
26 27
‘32 1000hm
0 50mH
32 DIODE
23 PULSE(O
21 PULSE(0
23 PULSE(O
27 PULSE(0

.MODEL DIODE D

SCRM

SCRM

SCRM

SCRM

5 15MsS
5 24Ms
5 12MSs

5 21Ms
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. 5US

.5US

.5US

. 5US

.5US
. 5US
.5US

.5US

1Ms

1Ms

1MS

1Ms

18MS)
18MS)
18MS)

18MS)



.TRAN 0.1MS 36MS 18MS 1MS

.OP

.OPTIONS NOMOD NOPAGE RELTOL=0.2 VNTOL=5MV ITL4=100
ITL5=20000

. PROBE

.END
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APPENDIX B
AC VOLTAGE CONTROLLER CIRCUIT BY (LH)

Fig. B-1 shows the circuit diagram of the ac

voltage controller utilized in the thesis as shown in

LEYBOLD DIDACTIC GMBH (LH) manual [28].
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Fig. B-1 Circuit Diagram of the AC Controller

Fig. B-2 shows the waveform of the input source and Fig.

B-3 shows the train of pulses provided by the Two-Pulse

control unit
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Fig. B-2 Input Source

Fig. B-3 Train of Pulses from Control Unit
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APPENDIX C

SOURCE CODE OF THE PROGRAM DEVELOPED TO CARRY OUT

THE DIGITAL CONTROL FUNCTIONS OF THE

PROPOSED CONTROLLER

The following is the source code of the assembly

program developed to test the operation of the proposed

controller.

ADR2 EQU
ADCTL EQU
OPTION EQU
ORG
LDAA
STAA
LDAA
DELAY DECA
BNE
START LDAA
STAA

STAA

$1032
$1030
$1039
$C000
#$80
OPTION
#S$FF

DELAY
#$00
$C400

$C760

. .Setup Portion..
Declaration of variables

used in the program.

Initialization of the
memory locations where

the calculated output
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RET1

LOOPl

RET2

RIGHT

LOOP2

LDD
STD
LDX

LDY

LDAA

STAA

LDAA

ROLA

BCC

LDAA

CMPA

BHS

INY

CPY

BNE

BRA

LDAA

STAA

LDAA

ROLA

BCC

LDAA

#$0000
$C401
#$C200

#$CéOO

#911
ADCTL

ADCTL

LOOP1
ADR2
#$80

RET1

#$C3ff
RIGHT
CHECK
#$11
ADCTL

ADCTL

LOOP2

ADR2

voltage will be stored

($C400-$C402)

..A/D Programming..
The A/D programming is
done in such away that,

a half period will be
captured. A zero ($80)
will be searched for,
initially. Then, after a
zero is found the results
of the ADC will be stored
starting from $C200 until
the next zero ($80) is
found which indicates the

end of the half cycle.
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RET3

JMP1

LOOP3

CHECK

CMPA
BLS
BRA
INX
STAA
LDAA
STAA
LDAA
ROLA
BCC
LDAA
CMPA

BHS

LDD

SUBD

STD

LDAA

STAA

JSR

JSR

BRA

#$80
RET2

JMP1

$0,X
#$11
ADCTL

ADCTL

LOOP3
ADR2
#$80

RET3

#$0,X
#$C200
$C700
#$00
$0,X
Vrns
COMPAR

START
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#SC200 is subtracted from
The contents of register X,
to get the number of
samples stored. The number
of samples is stored in

($C700-$C701) .



vrms

RETURN

JMP2
JMP3

LDX

LDY

LDAA

LDAB

JSR

'ADDD

BCC
STD
LDAA
INCA
STAA
BRA
STD
INY
LDAA
CMPA
BNE
JSR

RTS

$C700
#s$c200
$0,Y

$0,Y

DIVIDl1

$C401
JMP2
$C401

$C400

$C400
JMP3

$C401

$0,Y
#$00
RETURN

DIVID2

. .Vrms Subroutine..
The calculation of the
output voltage is done
according to the following
equation:

N
Vout = SQRT(1/N ( i 1v’k ))

where Vi is output of ADC

and N is the number of

samples.
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DIVID1

DIVID2

JMP4

JMP5

IDIV
STX
ADDD
STD
LDD
LDX
RTS
LDD
LDX
IDIV
STX
LDD
ADDD
BCC
STD
LDAA
INCA
STAA
BRA
STD

RTS

$C750
$C760
$C760
$C750

$C700

$C760

$C700

$C750
$C750
$C401
JMP4

$c401

$C400

$C400
JMP5

$C401

In this subroutine the
division will be carried

out.

In this subroutine the

sum of the remainders of
DIVID1 division will be
divided by the number of
samples and added to output

voltage.
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COMPAR LDAA
CMPA
BHI
BLO
LbD
CPD
BEQ
BLO
BHI
CHKUP LDAA
CMPA
BLO
BHI
LDD
CPD
BLS
BHI
MODAD LDAA
CMPA

BEQ

$C400
$C500
CHKUP
MODAD
$c401
$C501
CONTIN
MODAD

CHKUP

$C400
$C600
CONTIN
MODSB
$Cc401
$C601
CONTIN

MODSB

$1004

#SFF

CONTIN

- 142

. .Comparison Subroutine..
The upper side of the range
is stored in ($C600-$C602)
and the lower is stored in
($C500-$C502) . The actual
output voltage is stored in
($c400-$C402) . The output
should lie within the
range. Therefore, if the
output voltage is lower,
one will be added to port
B ($1004), which is the
input to the DAC, and the
output voltage will be
calculated once more.
Otherwise, if the output
voltage is higher, a one
will be subtracted from
port B ($1004) and the
output voltage will be
calculated once more.

However, if the output



MODSB

CONTIN

ADDA
STAA

BRA

LDAA
CMPA
BEQ

SUBA
STAA

RTS

SWI

END

#$01
$1004

CONTIN

$1004
#$80
CONTIN
#$01

$1004
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voltage lies within the
range, port B ($1004) will
not be updated and the
output voltage will be

calculated once more.
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