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Abstraét

High frequency switching power supplies have become a part of electronic
equipments to provide regulated dc of desired voltages at a low cost and high
efficiency. These power supplies have several advantages over their counterpart the
linear power supplies. Main advantages are smaller compact size due to elimination of
step down transformer and small filters due to high frequency operation. These power
supplies have high efficiency because the regulating device(s) in them works as
switches ensuring low device loss. Their output voltage can be controlled for a wide

range of input voltage fluctuation by ON/OFF ratio (duty cycle) control.

Four common types of switch mode converters are used in dc to dc conversion. They
are BUCK (step down), BOOST (step up), BUCK-BOOST (step up/down) and Cak
converters. At present these converters use high frequency multiple pulse switching to

generate the controlling signal(s) of power devices.

Utility AC voltage fluctuation both momentary and prolonged, affects adversely the
~ domestic, industrial and commercial customers. In this research, an electronic AC
Buck -Boost regulator has been proposed for maintaining constant voltage across the
output of the load during any change in load or input voltage variation. AC Buck-
Boost regulator made of ideal switches and practical IGBT switches have been
investigated. Control circuit is proposed for generating pulses (PWM) for maintaining
constant output voltage. The PWM controls the ON/OFF time (Duty cycle) of
switching devices (IGBTs) of the proposed regulator. By regulating duty cycle of the
control signal, output voltage can be maintained almost constant for wide range of
input voltage and load variation. Freewheeling path and surge voltage across switches
create problem in the proposed regulator. Snubbers are used for suppressing surge
voltage across switches. Input current of the: proposed regulator is excessively high
and needs to be reduced by further research to make the regulator technically viable.
In this thesis input filter requirement is also calculated to determine the proper LC

values so that the current ripple of input/output currents are within prescribed limit.
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CHAPTER -1

INTRODUCTION

1.1 INTRODUCTION

Normal power lines experience voltage sags due to switching lines/loads and faults
somewhere 1n the system. Short time voltage sags may also occur because of nearby
momentary aperiodic loads like welding and operation of building construction
equipment. Voltage sags are much more common since they can be associated with
faults remote from the customer. In Bangladesh continuous voltage sags are also
prevalent in many areas due to inadequate supply and demand situation. Both
momentary and continuous voltage sags are undesirable in complex process controls
and household appliances as they use precision electronic and computerized control.
Major problems associated with the unregulated long term voltage sags include
equipment failure, overheating and complete shutdown. Tap changing transformers
with SCR switching are usually used as a solution to continuous voltage sags [1].
They require large transformer with many SCRs to control the voltage at the load
which lacks the facility of adjusting to momentary changes. Some solutions have been
suggested in the past to encounter problems of voltage sag [2,3,4]. But the proposals
have not been transferred to practical developments to replace the tap changing
transformers. Advances in power semiconductor devices are making it possible for
utilities to use a variety of power control equipment to raise power quality levels to
meet the requirements [3]. Manual and auto ac voltage regulators are also used for
low, medium and high power applications in domestic, commercial and industrial use.
The area of power line conditioning for sensitive loads is important in power
eIectrorﬁcs. A wide class of equipment is available including transient suppressors,
line voltage regulators, standby power supplies as well as off-line and online
uninterruptible pbwer supplies. Given the proliferation of personal computer loads,
the need for economical power conditioners is growing rapidly. The use of isolation is
not vitally important in many applications, as the input power supply normally

contains a high frequency transformer. However, most techniques presently used



incorporate a low frequency transformer to realize the Buck-Boost function needed

for ac line voltage regulation [7]

1.2 REVIEW OF SWITCH MODE DC- DC CONVERTER

A switch mode DC-DC power supply (SMPS) is switched at very high frequency.
Conversion of both step down and step up dc with insignificant filter size having
facility of feed back regulation by ON/OFF high frequency switching is possible in an
SMPS. Usually SMPSs are used in dc-dc conversion for their light weight, high
efficiency and isolated multiple outputs with and without voltage regulation. Uses of
SMPSs are now universal in space power applications, computers, TV and industrial
units. SMPSs have advantages of being low cost, compact, self regulating and self
protected. Diverse types of SMPS are investigated to meet user requirements and
research is still continuing to find newer ways of switching, increase in switching
frequencies, modified topologies and enhanced performance of filters to reduce

ripples and EMI.

A simple DC-DC SMPS consists of a rectifier fed directly from line voltage, a filter
and a static switch (BJT, MOSFET, IGBT etc). The SMPS is switched by control
circuitry at a very high frequency to step down or step up dc voltage by ON/OFF ratio
(duty cycle) control. The filter and the feedback circuif are the other components of a
DC-DC SMPS. Fig.-1 shows the block diagram of a DC-DC SMPS, -

Main components of a dc-dc SMPS are:

1. Power circuit
2. Control circuit
3. Magnetic circuit.

The control circuit of an SMPS basically generates high frequency gating pulses for
the switching device to control the dc. Switching is performed in multiple pulse width
modulation (PWM) fashion according to feedback error signal from the load to serve

two purposes,

a) Produce high frequency switching signal
b) Control ON / OFF period of switching signal to maintain constant voltége

across load.
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High frequency switching reduces filter requirements at the INPUT/QUTPUT sides of
the converter. Simplest pwm control uses multiple pulse modulations generated by

comparing a dc with a high frequency carrier triangular wave.

1.2.1 PRINCIPLE OF OPERATION [9]

Fig.-2 illustrates the circuit of a classical linear power conversion. Here power is
controlled by a series linear element; either a resister or a transistor is used in the
linear mode. The total load current passes through the series linear element. In this
circuit greater the difference between the input and the output voltage, more is the
power lost in the controlling device. Linear power conversion is dissipative and hence

is inefficient. The efficiency range is typically 30 to 60% for linear regulators.

The circuit of Fig-3 illustrates basic principle of a de-dc switch mode power
conversion. The controlling device is a switch. By controlling the ratio of the time
intervals spent in ON and OFF positions (defined as duty ratio), the bower flow to the
load can be controlled in a very efficient way. ldeally this method is 100% efficient.
In practice, the efficiency is reduced as the switch is non-ideal and losses occur in

power circuits.

The semiconductor devices can be used as a switch in an efficient way. The dc load to
the voltage can be controlled by controlling the duty cycle of the rectangular
waveform supplied to the base or gate of the switching device. When the switch is
fully ON, it has only a small saturation voltage drop across it. In the OFF condition

the current through the device is zero.

The output of the switch mode power conversion control (Fig.-3) is not pure dc. This _
type of output is applicable in some cases such as oven heating without proper
filtration. If constant dc is required, then output of SMPS has to be smoothed out by
the addition of a low-pass LC filter. Switches are required as basic components for
efficient electric power conversion and control. Ideally lossless storage components,
inductors and capacitors are required to generate dc output voltage. Inductors and

capacitors are used to smooth the pulsating dc originating from the switching action.

Although the conversion would be 100% efficient in the ideal case of lossless
components (Fig.-4), in practice all components are lossy. Thus, efficiency is reduced.

4
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Hence, one of the prime objectives in switch mode power conversion is to realize
conversion with the least number of components having better efficiency and

reliability.

1.2.2 TYPES OF DC-DC CONVERTERS
The Simp]est dc-to-dc SMPS converter topology consists of a single switch (single-

pole double throw ideal switch § in Fig.-5), a single inductor and a single capacitor.

By different arrangement of these components, four types of converter have been

developed in the past [9, 10, 14, 15], these are,

a. Buck (step down) converter,

b. Boost (step up) converter,
Buck-Boost converter and

d Cik converter.

1.2.2.1 BUCK CONVERTER [9, 10]

The simplest configuration of Buck converter is shown in Fig.-6. The input dc voltage
Vin 1s chopped by the switch S. Hence, this converter is also called as the Chopper.
Due to the chopping, an intermediate pulsed waveform V) is produced. This voltage

V1 is filtered by a low-pass filter.

When the switch is ON (t = T.y) input current rises through filter inductor L,
capacitor C and load resistor R. As the switch is turned OFF (t = Tofr) the
freewheeling diode Dy, conducts due to energy stored in the inductor and the inductor
current continues to flow through L, C, load and diode Dy,. The inductor current falls
until the switch is again turned ON in the next cycle. The ideal voltage gain and

current gain relationship of this converter are given by [9],

VO
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Fig 6(b): SPDT switch realization by a BIT and a diode.

Fig 6: Basic Buck SMPS for DC-DC conversion.



Where, D is the duty cycle of the switching waveform of the SMPS. The efficiency of
the converter is ideally 100% if the switch and other components are thought to be:
lossless. In the real world the voltage gain, current gain and efficiency of buck
converter deviates from ideal one due to lossy components, switching and conduction
losses of switch and voltage drop across the switch. The voltage gain and current gain
relationship may also be different from the one shown in equs. (1) and (2) for
discontinuous conduction mode of the inductor current and switching and conduction
losses of the switch as well as stray resistances of magnetic circuits and capacitors
used in the circuit. Above observations will be valid for the other three topologies of
DC-DC SMPS. |

1.2.2.2 SEMICONDUCTOR IMPLEMENTATION OF THE SWITCHING
ACTION [9]

Tlo fully gain electronic control of the converter, a semiconductor implementation of
the single pole, double- throw switch is desired. Implementation using a diode and a
bipolar transistor is shown in Fig.6 (b). The diode works in synchronism with the
transistor, which is the only controlled device. When the transistor is turned ON, the
input dc voltage reverse biases the diode and turns the diode OFF for the interval DT,..
When the transistor turns OFF, the inductor voltage reversal forward biases the diode
and turns it ON. This semiconductor implementation simulates the original ideal
switch only in a limited fashion. Equivalent circuits of the buck SMPS are shown in
Fig.-7 for switch ON and OFF position respectively. The buck converter pulsating
input ‘current often requires an input filter to smooth out large current variations,

Hence the buck converter of Fig.- 8 has an input capacitance to reduce current ripple .

1223 BOOST CONVERTER [9, 10,]

An interchange of the source and load of the BUCK converter generates a boost
converter from the buck converter as shown in Fig.-9. Operation of boost converter
can be explained with the help of Fig.-10. When the switch is ON (t = T,,) the input
current rises through filter inductor L and the switch. When the switch is OFF ( t =
Ton ) the current that was flowing through the switch would now flow through L.C,
load .and diode Dpn. The inductor current falls until the switch is again turned ON in

the next cycle,
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Fig 7: Equivalent circuit of Buck SMPS for ON and OFF time of
the switch.
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Fig 8: Buck SMPS with input current filter




®)
Fig 9: Boost switch mode DC-DC converter

a) Circuit with an SPDT switch .
b} Circuit with BJT and diode realizing the SPDT switch.

att=Ton

Fig 10: Equivalent circuits of Boost canverter for ON and OFF time of the switch.
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The dc voltage and current gains of the boost configuration, due to the nature of the

source and load interchange are given by [9]

Yo o 1 (3)

In the practical implementation of boost converter as shown in Fig.-10, the input
capacitance is also omitted as non essential for basic operation of the converter. The
conversion is realized by the least number of components: a single switch, an inductor

and a capacitor. Equivalent circuits of a Boost SMPS are shown in Fig.-10.

1.2.2.4 BUCK- BOOST CONVERTER [9, 10]

Buck converters can step-down and boost converters can step-up dc voltages
individually. The Buck-Boost converter in which the inductor is grounded can
perform either of these two conversions. The output voltage polarity is opposite to

input voltage and as a result the converter is also known as an inverting converter.

Operation of the Buck-Boost converter can be explained with the help of Fig.-11.
When the switch is turned ON, the diode D,, is reversed biased. The input current
rises through inductor L and the switch. When the switch is turned OFF (t=Tox) the
current which was flowing through inductor L would flow through L, C, Dy, and the
load. The energy stored in inductor L would be transferred to the load and the

inductor current would fall until the switch is again turned ON in the next cycle.

The voltage and current gains of the Buck Boost SMPS are given by,

_ ()

Ball RS (6)

Thus etther a step-up (D > 0.5) or a step-down (D < 0.5) conversion can be achieved
with the same converter. For D = 1. 0, the gain becomes infinite, but practically a
finite voltage gain results due to the inclusion of inductor’s parasitic resistance,
switching losses and voltage drops across the switch /diode.

Equivalent circuits of a BUCK-BOOST converter are shown in Fig.-12.

11



SN . | P Vo
.+_! | |
in — =2 - .
e % F
1
(a)
~ D ICIDE 4o
f—_i.. L . ‘
V'mT . “& i~
(®)

Fig 11: Buck-Boost circuit
a) circuit with an SPDT switch .
b) circuit realization with a BJT and a diode.
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Fig 12: Equivalent circuit of a Buck-Boost converter for switch
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1225 CUK CONVERTER [9,10]

CUK converter provides an output voltage which is less than or greater than the input
voltage and the output voltage polarity is opposite to that of the input voitage.
TheCUK converter is based on capacitive energy transfer. D¢ voltage gain of ClK

converter is given by,

Yo D )
Vin (1-D)

and current gain is given by,

L __(-D) (8)
L. D

n

Fig.-13 shows the CUK converter with an SPDT and BJT / Diode as switch. When the

switch is turned ON ( t = To, ) current rises through inductor L;. At the same time
voltage of capacitor C; reverse biases diode D, and turns it OFF. Capacitor C;
discharges to the circuit formed by C,, C,, load and L,. When the switch is turned
OFF (t = Tox ) the capacitor C1 is charged from the input supply and the energy
stored in the inductor L; is transferred to the load. The diode D, and the switch
provides a synchronous switching action. The capacitor C, is the medium for
transferring energy from the source to the load. The equivalent circuits of a COK

converter switch ON and OFF period are shown in Fig. -14.
' 1.2.3 ADVANTAGES OF AN SMPS [9, 10]

Switch mode power supplies have following advantageous features:

* Isolation between the source and the load
* High power density for reduction of size and weight
* Controlled direction of power flow

High conversion efficiency
Input and output waveforms with low total harmonic distortion for
small filters

Controlled power factor if the source is an ac voltage

13
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Fig 13: CUK converter circuit diagram.
a) SPDT as a switch.
b) BJT and diode as a switch.
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Fig 14: Equivalent circuit of the CUK converter when the switch is ON and OFF.,
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1.3 REVIEW OF PWM TECHNIQUES AS USED IN POWER
CONVERTERS

In many industrial applications, it is often required to control the output voltage of the
converter. The most efficient method of controlling the gain (and output voltage) is to
incofporate pulse-width-modulation (pwm) control. Some commonly used techniques
are:[10]

1) Single-pulse-width modulation,

2) Multiple pulse-width-modulation,

3) Sinusoidal pulse-width-modulation,

4) Optimized pulse-width-modulation ,

5) Delta pulse-width-modulation,

6) | Trapezoidal pulse-width-modulation,

7) Current controlled pulse width modulation,

8) Space vector pulse width modulation and

9) Selected harmonic inj ected pulse width modulation.

In SMPS control usually the multiple pulse width modulation technique is used.

1.3.1 MULTIPLE-PULSE-WIDTH-MODULATION [10]

In multiple-pulse-width modulation for DC-DC SMPS control pulses are generated
comparing a reference signal Ar with a triangular carrier as shown in Fig.-15. In dc to
ac conversion same technique may be modified with square wave as reference and

triangular wave as carrier.

1.4 REVIEW OF AC VOLTAGE REGULATORS |25, 26]

The AC voltage regulator is a device by which the voltage can be set to a desired
value and can be maintained constant all the time. This subject is vast and the field of
application extends from very large power systems to small electronic apparatus.
Naturally, the types of regulators are also numerous. The design of the regulator
system depends mainly on the power requirements and degree of stability.

The voltage regulator may be

(a) Manually controlled orl

(b) Automatically controlled.

15
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When the stabilityris not very stringent, manual control is generally preferred from
economic considerations, The voltage can be regulated either in steps (discontinuous),
or continuously. In the automatic regulator, there is a sensing element, a signal
processing unit, and finally the power-control unit. The output voltage is compared
with a fixed reference voltage, and the error thus generated is amplified, integrated or
differentiated whenever necessary. The processed error voltage is fed to the main
controlling unit to have required corrective power. Thus the output voltage is

maintained constant.

All regulators take a finite time to effect a change in the supply voltage or load. This
time is referred to as the time constant of the regulator, but in most case it is termed as
response time. In some cases, the response time is dependent on the magnitude of the
change of output voltage, but the rate of change remains constant. The maximum
allowable response time depends upon the type of application. Tt is always desirable to
make the response time as small possible to reduce the transients in the output

voltage.
141 MANUALLY CONTROLLED VOLTAGE REGULATOR [25]

The voltage can be regulated manually by:
(a) Tap-changing switches,

(b) A variable auto-transformer (variac) or
(¢) An induction regulator.

In some cases, variable resistance and variable inductances are also used.

1.4.1.1 TAP-CHANGING SWITCHES [25]

The voltage regulations by tap-changing switches are used in many industrial

applications where, the maintenance of output voltage at a constant value is not very

important. In smaller installations, OFF-load tap-changing switches are used, but for
large installations, incorporation of ON-load tap-changing switches are necessary.

The arrangement of OFF-load tap-charging switch is shown in Fig.-16

The switches are generally incorporated at the secondary of the transformer as shown.
When the required number of control steps is large than the number of positions

_ available at the switch, more than one switch is used, but the taps are so arranged that
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equal voltage steps are available at the output points. In the figure three four-position
switches are shown such that the minimum of X volts per step are available at the
output. The transformer taps are such that the fine-control coil has four taps having X
volts each, whereas, the medium section of the coils should have four taps each

having 4 X V, and the coarse control section should have four taps of 16X volts each.
1.4.1.2 STEPLESS CONTROL BY VARIAC [25'-28]

The voltage is corrected by tap-charging switches in steps. In many applications, this
may be objectionable. Where stepless control is required, variable autotransfromers or
variacs are used. The normal variac consists of a toroidal coil wound on a laminated
iron ring. The insulation of the wire is removed from one of the end faces and the wire
is ground to ensure a smooth path for the carbon brush. Carbon brush is used to limit
the circulating current, which flows between the short-circuited turns. An almost
stepless control of voltage may be obtained due to gradual change of contact area as
the brush moves from one turn to the next. For three-phase operation, three variacs are
ganged together. The toroidal structure of variacs is limited to smaller current ratings.

For large currents, rectangular cores are used. Stepped core with round coils are used
for high power variacs. These variacs are available as single-and three-phase units.
The construction is similar to that of ordinary transformers except that coils are
wound on a single layer to facilitate 100% variation. The carbon brush slides on the
bare surface of the coils. The electrical circuit representation is shown in Fig.-17.The
input is connected to a tap on the total winding so as to obtain a greater output than
the iﬁput. The voits per turn of the variac is made much smaller than that of a
transformer of similar rating because its choice is guided by the circulating current
due to the interturn voltage through the sliding brush. Generally, 1 V per turn is
allowed to limit the circulating current and special high-resistance brush is used for

this purpose.

When 100% variation is not required, a Buck-Boost transformer is often used as
shown in Fig.-18. The maximum voltage impressed at the primary of the Buck-Boost
transformer is + E;/2 and that the secondary is (E/2) (N,/ Np). The output voltage can
therefore be varied steplessly. For three-phase units, a three-phase variac and three

Buck-Boost transformers are required.

18
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1.42 AUTOMATIC VOLTAGE REGULATORS [25-27]

In manual control, the output voltage is sensed with a voltmeter connected at the
output; the decision and correcting operation is made by a human judgment. The
manual .control may not be feasible always due to various factors. In automatic
voitage regulators, all functions are performed by instruction, and give much better
performance, so far as stability, speed of correction, consistency, fatigue, etc. are

concerned. Moreover, the highly unpredictable personal factor is totally absent.

There are two types of automatic control — discontinuous control and continuous
control. It has been already said that the automatic-control system consists of a
sensing or measuring unit and a power control or regulating unit. The measuring unit
compares the output voltage or the controlled variable with a steady reference and
gives an output proportional to their mh difference. The regulating unit is driven by

the error signal derived from the measuring unit and gives the correcting power.

In the discontinuous type of control, the measuring unit is such as to produce no
signal so long as the voltage is within certain limits. This region where no signal is
given is called the 'dead zone’. When the voltage goes outside the dead zone, a signal
is produced by the measuring unit until the voltage is again brought within this zone.
An example of this type of \measuring unit is the voltage-sernsitive relay with charge-
over contacts. In this type of measuring or sensing unit, the correcting voltage is

independent of percentage of error.

In the discontinuous-control system, the regulating or the power-controlling unit also
operates in a discontinuous manner. It is activated by a discontinuous measuring unit
and selects a fixed and predetermined amount of correction voltage. When the voltage
is brought back to the dead zone, the signal from the measuring unit is zero and the
regulating unit remains at its new position until another signal is received from the

measuring unit.

In continuous control, the measuring unit produces a signal with amplitude
proportional to the difference between the fixed reference and the controlled voltage,
The output of the measuring unit is zero when the controlled voltage or a fraction of it

is equal to the reference voltage. An example of this type of measuring unit is a
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voltage-sensitive bridge or a comparator. The regulating or the controlling unit, which
is associated with the continuous measuring unit, gives a correcting voltage
proportional to the output of the measuring unit. This is nothing but a voltage-and-
power amplifier. This may be sometimes associated with a phase-sensitive detector
and a driving mechanism. The discontinuous control system is simpler than the
continuous-control system, but its response time is longer and less accurate.
Therefore, it is used, where, the required output stability or the accuracy of control is
not more than £ 1%. This is due to the presence of a finite width of dead zone in the
measuring unit. The continuous-control type has faster response due to feedback
action, and the output can be achieved more than % 1%, but it is costly. The
adjustment to suppress hunting is also critical. An auto transformer type automatic tap

changing voltage regulator shown in Fig.19.

1.43 AUTOMATIC VOLTAGE REGULATOR USING SERVO
SYSTEM [25-29]

Automatic voltage regulators using servo systems are quite common. Both single and
three-phase types are available. The rating of this type of regulator is quite high and is
more economical for high power rating. This regulator consists normally of a variac
driven by a servomotbr, a sensing unit and a voltage and power amplifier to drive the
motor in a reversible way. Sometimes, limit switches are incorporated in series with
the motor to disconnect the motor supply when the variac reaches either the upper or

the lower limit of its travel.

Various types of driving motor may be used for regulating the unit, viz. direct current,
induction and synchronous motors. However, in all cases, the motor must come to rest
rapidly to avoid overrun and hunting. The amount of overrun may be reduced by
dynamic braking in the case of a dc motor or by disconnecting the motor from the
variac by a clutch as soon as the signal from the measuring unit ceases. This enables
the variac to stop more rapidly as its inertia is small, and allows the motor to overrun
without causing any difficulty. This overrun is important for faster correcting systems
and sets a limit to the speed of connection. When the motor is driven directly by an
amplifier, overrun may be prevented by velocity feedback using a tachogenerator

coupled to the motor.
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The schematic diagram of the auto voltage regulator using servo system is shown in
Fig.-20. The output voltage of the regulator is stepped down by transformer T3 and
rectified by the bridge rectifier R,. The rectified voltage is filtered by capacitor C;.
The measuring circuit is the zener bridge B. The zener bridge is adjusted by P to
produce zero voltage at the desired regulator output voltage Eo. When the regulator
output voltage deviates from the desired value, the zener bridge produces a voltage
whose polarity depends on the value of the regulator output voltage. This error
voltage is amplified by an operational amplifier with complementary-symmetry (OP-
AMP) which drives a power-amplifier stage. Two dc relays R.; and R.; are put in the
collector circuits of the amplifier as loads. The armature of a separately excited dc
motor M is connected to a dc source through the contacts of the relays in such a way
that it can be driven in both directions. If the regulator output voltage is low, the zener
bridge becomes unbatanced in such a direction that the OP-AMP output is negative.

Relay R.; is energized and relay R., is OFF.

The motor rotates in such a direction as to increase the regulator output voltage up to
the desired value. At this condition, the zener bridge output is zero, and as a result,
both the relays are OFF. The wiper of the variac remains in the new position.
Similarly, if the regulator output voltage becomes high, the zener-bridge output
voltage changes sign and relay R., is energized rotating the motor in the other
direction so that the output voltage becomes nominal. In this condition, both the

relays are again OFF,

The advantage of the above regulating system is that the rating of the power amplifier
need not be very large, because the load is only the relay coil. The accuracy of the
system is better than + 1%, and the speed of correction lies between 32 and 70 V per
second. The chief disadvantage of this type of regulator is the low life of the contact

points of the relays.
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1.5 RECENT WORK

A switch mode voltage regulator based on Buck conversion principle with a step up
injection transformer at its output has been proposed in the literature [5]. The
converter uses ON/ OFF duty cycle PWM control. Enhanced power quality has been
reported by PWM control of AC to AC voltage controller. Voltage gain and efficiency
of practical buck converter deviates from ideal ones due to lossy paésive components
and non-ideal switches. The voltage gain and efficiency of this converter decrease

with duty cycle of the control signal.

The AC to AC Buck Converter as reported is shown in Fig-21. Normally, when input
voltage decreases then the output voltage also decreases. But when the output voltage
is less than the desired value, it can be increased to the desired value by adding a
suitable voltage which is produced in the transformer secondary with the input
voltage. The induced voltage which is added to the input can be varied by PWM

technique.

Fig-22 shows the practical implementation of AC to AC buck converter. The input—
- output waveforms are shown in Fig.23 for input voltage of 250V. It is observed that
when input voltage is 250V then output voltage is 300V. The voltage induced in the
transformer secondary (Ep) is added with input voltage (Vi, ) . The input voitages of
OPAMP’S and its output voltage pulse, gate pulses for limit2 and limit1 are shown in
Fig.24, 25 and 26 respectively. To maintain output 300V the input DC voltage of
OPAMP’S is required to be 8V. If the input voltage is decreased to 225V then output
voltage is 300V, which is shown in Fig.27. The input voltages of OPAMP’S and its
output voltage pulse, gate pulses for limit2 and limit1 are shown in Fig.28, 29 and 30
respectively. To maintain output 300V the input DC voltage of OPAMP’S is required
to be 4V. Pulse width variation controls the duty cycle and output remains constant

with the variation of input voltage.

If the input voltage is increased then output is increased. But it is necessary to
decrease the output voltage Vj to the desired value by subtracting the voltage E,, from
input voltage Vi, But it is not possible by this arrangement. This drawback may be

overcome by using Buck-Boost converter configuration.
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1.6 OBJECTIVE OF THE THESIS

1t is observed that in recent work when input voltage decreases then output voltage
can be increased to the desired value by adding a suitable voltage with the input
voltage. But if the input voltage increases then output voltage cannot be maintained
cons.tant by subtracting certain voltage from the input voltage as it would require
polarity reversal of transformer winding. Qur objective is to develop an automatic
voltage regulator using an AC to AC Buck-Boost voltage controller with PWM
control. In this arrangement output voltage will remain constant for either increases or
decreases of the input voltage and also for any change in load. The output of the
converter will be compared with a reference and proper PWM signal will be
generated (by adjusting pulse widths) to compensate the voltage difference. The
proposed voltage regulator is expected to provide a practical way of compensation for
both short term and long term voltage changes at the load for either input voltage

variation or the load variation within specified limit.

1.7 CONTROL FUNDAMENTALS [10, 30, 42]

Semiconductor implementation of the ideal switch allows electronic control of the
power processing through variation of the duty cycle of control signals. Electronic
control of the conversion ratio allows easy transformation of the converter into a
switched mode regulator. In the control circuit the output is compared with a
reference voltage and the error signal is amplified to provide the desired control
signal. The control signal is compared with a saw tooth voltage to generate the PWM
signal for the dc chopper as shown in Fig.-31. Same idea can be intended to the AC-
AC SMPS control which has been investigated in thesis for a Buck-Boost Ac voltage

regulator.
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‘1.8 OUTLINE OF THE THESIS

This thesis consists of three chapters. Chapter-1 deals with introduction to SMPS,
review of voltage regulators and PWM techniques. It incorporates various advantages
and requirements the SMPS. Objective of the research and discussion on expected

results are also included in chapter-1.

Chapter-2 includes the detailed study of AC Buck-Boost regulator. AC Buék-Boost
regulator with ideal and practical IGBT switch implementation has been proposed and
studied. Input /output ideal and non ideal relationship for Bﬁck-Boost SMPS are
presented in this chapter. Uncontrolled AC Buck-Boost regulator by ideal switch, g.ate
signal generating circuit and results of the operation of an AC ‘Buck-Boost regulator is
included in chapter-2. This chapter also includes proposed controliéd AC Buck-Boost
regulator implemented by practical IGBT switches. Automatic control circuit and
results of AC Buck-Boost regulator is presented in this chapter. Problems faced like
freewheeling path, surge voltage across switches and possible remedy of freewheeling
path and surge voltage are included in this chapter. Input /output filter requirement is

also described in brief in chapter-2.

Chapter-3 concludes the thesis with summary, achievements and suggestion on future

works.
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CHAPTER-2

AC BUCK-BOOST VOLTAGE REGULATOR

2.0 - INTRODUCTION

A Buck-Boost regulator provides an output voltage which may be less than or greater
than the input voltage—for this reason it is called “Buck-Boost”. The outpuf voltage
polarity is opposite to that of the input voltage and the regulator is therefore known
as an inverting regulator. A Buck-Boost converter can be obtained by the cascade
connection of the two basic converter: the step down (Buck) converter and the step
up (Boost) converter. In steady state, the output to input voltage conversion ratio is
the product of the conversion ratios of the twb converters in cascade. The main

application of a Buck-Boost converter is in regulated power supplies.
2.1 | BUCK-BOOST REGULATOR TOPOLGY

The cascade connection of the Buck and Boost converters which can be combined

into the single Buck-Boost converter is shown in Fig. 32. The circuit operation can be

divided into two modes. During mode 1, transistor Q is turned ON and diode Dy, is
reversed biased. The input current, which rises, flows through inductor L and
transistor Q;. During mode 2, transistor is switched OFF and the current, which was
flowing through inductor L, would flow through L,C, Dy, and the load. The energy
stored in inductor L. would be transferred to the load and the inductor current would
fall until transistor Q, is switched on again in the next cycle. The equivalent circuits

for the modes are shown in Fig. 33.

2.1.1 IDEAL SWITCH IMPLEMENTATION OF AC BUCK- BOOST
REGULATOR

AC Buck-Boost implementation by ideal switch is a very smple arrangement as
shown in Fig.34. Fig. 34 shows two S-break switches whlch are actually bi-directional
switch. S-break switches are considered as lossless switch. During positive half cycle

of input voltage when switch s; is ON (by gate signal) and s; is OFF the input
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provides energy to the inductor. When s, is OFF and sz 1s ON (by gate signal) the
energy stored in the inductor is transferred to the output through the load. During
negative half cycle of input voltage the same operation takes place but direction of
energy stored in inductor is opposite.

The operation of AC Buck-Boost regulator by ideal switch in positive and negative

halféycle of input voltage is shown in Fig.35 (a) and (b) respectively.

2.1.2 PRACTICAL IGBT SWITCH IMPLEMENTATION

Practically AC Buck-Boost regulator may be implemented by three different
topologies as shown in Fig 36, 37 and 38. Fig. 36 shows the AC Buck-Boost regulator
implemented by two switches with required gate signals for IGBT-1 and IGBT-2. Fig
37 shows the AC Buck-Boost regulator implemented by three switches together with
gate signals for IGBT-1, IGBT-2. and IGBT-3. Fig. 38 shows the AC Buck-Boost
regulator implemented by four switches with gate signals for IGBT-1, IGBT-2, IGBT-
3 and IGBT-4 respectively. Among the three topologies two switch implementation
requires minimum switching devices. So in this thesis we have investigated this

configuration only.

The practical AC Buck-Boost regulator of two switch implementation is shown in
Fig.36. The ideal S- break switch is replaced by 4 diode bridge and one IGBT which
in Fig.36. During positive half cycle of input voltage when IGBT-1 is ON (by gate
signal), then current passes through diode D, IGBT-1, diode D; and inductor L. The
energy is stored in the inductor L. When IGBT-1 is OFF and IGBT-2 is ON (by gate
signal) the stored energy in the inductor is transferred to the output load by Ds, IGBT-
2 and Dg.

During the Negative half cycle of input voltage current passes through inductor L, Ds,
IGBT-1 and D4, when IGBT-1 is ON and IGBT-2 is OFF. The energy is stored in the
inductor L. When IGBT -1 is OFF and IGBT-2 is ON, the stored energy in the
inductor is transferred to the output load by Ds, IGBT-2 and D8. The operations of
positive and negative half cycle of input voltage are shown in Fig. 39(a) and (b)

respectively.
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2.2 INPUT /OUTPUT RELATIONSHIP
2.2.1 IDEAL RELATIONSHIP

The Ideal relationship between input and output means the losses associated with the
inductor, capacitor, the switch and the diode is not take into account. The relétionship
is derived for any half cycle of Buck-Boost regulator and assumed to hold for other
half cycle of AC Buck-Boost regulator.

From Fig.40(a), we have
‘When switch is at 1 for Toy time

VL= Vin

When switch is at 2 for Topr time

VL =- Vo

By voltage second balance,

Tow T

J' v,,dt=— J-vo‘dt
a

TON

or, Vin Ton=- vo ( T - Ton)

or -0 Tox
Vin T"TON
v, 1 1 D
*N.TTT TTT  TTiop
vm _______1 K ...1 -
Ton D
D
V== —— V. 9
"1-p " %)
If D<.J5 Vo < vi .(step down)
and D > 5 Vo > Vin. (step up)
For 100% efficient (ideal) converter
i, 1-D
L =- — 10
i D (19)

Equation (9) & (10) show the ideal relationship of input-output voltage and input-

output current respectively. Voltage and current quantities are in time varying form,
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The ideal voltage and current gain relationships also hold for rms values as well. That

is,
vo‘_'__D""Vin
1-D
D
I,=~——1
[¢] - l_D n

A Buck-Boost regulator of the topology having only one bidirectional switch
provides output voltage polarity reversal. Instead if two switches are used cascading
individual Buck and Boost regulator, output voltage polarity can be maintained the

same.
2.2.2 NON IDEAL RELATIONSHIP

The parasitic in a Buck-Boost regulator are due to nonideal inductor, capacitor, the
switch and the diode. The parasitic elements have sig:niﬁcant impact on the voltage
conversion ratio, efficiency and the stability of the switch mode converters. Fig.41
shows the typical effect of these parasitic elements on voltage gain of an SMPS. The
effect of these parasitic elements can be modeled in the circuit simulation programs

for designing such converter.

Parasitic Effect on Voltage Gain and Efficiency:

Inclusion of lossy elements in the converter analysis is necessary, since otherwise the
results may be qualitatively misleading. The voltage gain of the Buck-Boost converter
as obtained in equation (9) becomes infinitely large when the duty ratio D approaches
1, which is not achievable practically. Inclusion of lossy elements in the analysis,
such as the parasitic resistance R; of the inductor, corrects this problem. The efficiency
also reduces from the ideal 100 %, because of the loss on the inductor resistance and

other components of the regulator. Let the inductor resistance is R;.

We know,
. P
Efficiency = ——2
an +P loss
I;R
II+I’R,

54



]+ Il 'ZIR! R
I, R

. Lo |
For ideally 100% efficient converters, —~ = 1

1, 1-D

Therefore efficiency expression becomes

efficiency = ! ]
el )
1-D
2
- (=D Ly
(1-D)+a |
We know n = Voly
VinIin
V
or, V; = nxl, /],
From equation (10) and (11) we get,
V, _ (-p)) D
Vin  (1-D)'+a (1-D)
V, _ (1-D)D. a2)

vin B (1 - D)2 +a
The input-output relation which is shown in equation (12) differs from equation (9)

due to effect of parasitic elements on the voltage conversion ratio in a Buck-Boost

converter.

Effect of Switch Non idealities On Efficiency:

The semiconductor switch may be approximated by two batteries as shown in Fig. 42.
One modeling the saturation voltage drop of transistor V, and the other the forward
voltage drop of the diode Vi. Leakage currents in.both devices when they are off can
safely be neglected. To simplify derivations and observation, we now assume that the

inductors are ideal and consider only efficiency loss due to switch non idealities.
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From the input and output puised current waveforms, the average currents are

calculated, and so the efficiency 1 in

_ V,DT, V.V,  real voltage gain ‘ (13)
i VDI, D/D’ ideal voltage gain '

However, in steady-state the voltage-second balance still applies, and results in
(Vin - V§) DTg = (Vo + V§) D'T; B (14)
Substitution of (14) in (13) results,

_Vin-V, V,
Vin  V,+V,

(15)

In the special cases of the Buck-Boost converter, this result could have been obtained
from consideration of "input" and "output” circuit efficiency n; and g, respectively.

— (vin _VS)Iin - Vin _VS

i : Vin Iin B Vin
VU I out VO

TS WAL VY,

out

n=mnMo

The form of the result (15) leads to a general conclusion:
High efficiency is difficult to obtain even with switching converters when either input

or output voltages are low and comparable to transistor and diode drops.

2.3 UNCONTROLLED AC BUCK-BOOST REGULATOR - Ideal
Switch Implementation

The proposed uncontrolled AC Buck-Boost regulator made of ideal switches and
proper circuit elements is shown in Fig.43, In this regulator, output voltage across the
load may be kept constant irrespective of increase or decrease in the input voltage and
change in load by controlling the duty cycle of gate pulses manually or by control
circuits. The constant output is achieved by using PWM technique which is manually
controlled initially. Output pulse width of OPAMP is varied by changing DC control
voltage to the OPAMP. The variable pulse width controls the switches S; and Ss.
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By changing ON/OFF time of switches S; and S, output voltage across the load can
be maintained constant for any change of input voltage and load. In this work our
objective is to keep output voltage always 300V corresponding to 230Vrms. Fig.44
shows that the voltage waveforms when the input voltage is 250V then output voltage
is 30_0V. Fig.45 shows that the voltage waveforms when the input voltage is 300V
then output is voltage 300V. Fig.46 shows that the voltage waveforms when the input
voltage is 400V then the output voltage are 300V. So both Buck and Boost operation
has done the required regulation. Voltage regulation during load change is discussed

in section 2.3.2,

2.3.1 GATE SIGNAL GENERATING CIRCUIT FOR UNCONTROLLED
AC BUCK-BOOST REGULATOR

The gate signal generating circuit for uncontroiled AC Buck-Boost regulator is shown
in Fig..47. The control circuit shows an OPAMP whose inputs are a saw-tooth wave
and a DC voltage. OPAMP acts as comparator. Qutput of the OPAMP depends on the
difference of two inputs. Viz. (V. - V.). In this circuit positive input (saw-tooth wave)
is kept fixed and negative input (DC voltage) is varied. So, output pulse width
depends on DC input voltage of OPAMP. Fig.48 shows the input voltage waveforms
and output gate signal of OPAMP when input DC voltage is 8V. Fig.49 shows the
| input voltage waveforms and output gate signal of the OPAMP when the input DC
voltage is 4V. Comparing Figs.48 and 49 it is clear that the output pulse widths of
OPAMP are smaller than when the input DC is less. Variation of pulse width controls
the duty cycle. Output signal of OPAMP is passed through two limiters. One directly
inputs the limit2. The function of limit2 is to limits the magnitude of signal from Ov-
10v without change of the shape or pulse width of signal. The output of limit2 is the
gate signal for switch S;. When switch S; is ON then switch S; is OFF. So the gate
signal generating circuit is arranged in such a way that when gate signal for switch S,
is ON then gate signal for switch S, is OFF and vise versa. For this reason output of
OPAMP is multiplied by (-1) using a gain unit. Output of the gain passes through the
fimitl. The output gate pulses of limitl are of magnitude 0-10 V which is the gate

signal for switch S;.
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For DC 8V the output pulses of OPAMP (input of limit2) and output of limit2 are
shown in Fig.50. The input of the gain, output of the gain and output pulse of limitl
are shown in Fig.51. For DC 4V the output pulses of OPAMP (input of limit2) and
output of limit2 are shown in Fig.52. The input of the gain, output of the gain and
output ﬁulse of limitl are shown in Fig.53. The OPAMP input, output and gate pulses
at limitl and limit2 for input voltage 250V, 300V and 400V to keep output voltage
300V are shown in Figs.54, 55, 56(for input 250V), Figs.57, 58, 59(for input 300V),
and Figs.60, 61, 62(for input 400V) respectively.

2.3.2 RESULTS OF UNCONTROLLED AC BUCK-BOOST REGULATOR

(Ideal Switch Implementation)

When input voltage is 250V and load is varied 50 Ohm to150 Ohm, it is seen that
output is 300Vas shown in Fig.63 and Fig. 64 respectively. When input voltage is
300V and load is varied from 50 Ohm to 150 Ohm, it is seen that the output is 300 V
as shown in Fig.65 and Fig 66 respectively. When input voltage is 400V and load is
varied 50 Ohm to 150 Ohm, it is seen that output is 300 V as shown in Fig.67 and Fig.
68 respectively. When input varies as 250 V, 300V and 400V and load is 100 Ohm,
then output remains constant at 300 V as already been shown Figs. 44, 45 and 46
respectively. From the results it is seen that due to input voltage change or load
change output voltage across the load can be maintained constant by changing the

pulse width of gate signals of switches S; and S,.

2.4 CONTROLLED AC BUCK-BOOST REGULATOR (Practical

Switch Implementation)

Controlled AC Buck-Boost regulator implemented with IGBTs as Switches is shown
in Fig 69. Comparing AC Buck-Boost regulator implemented with ideal switch which
is shown in F{g. 43 and practical AC Buck-Boost regulator as shown in Fig 69 (a) and
(b), it can be observed that the ideal S-break switch is replaced by 4 diode bridge and
lone IGBT switch. Limits are replaced by a diode and a resistance. Since it is desired
that when gate signals for TGBT-1 is ON when gate signal for IGBT-2 should be OFF,
two optocouplers are used. Connection of optocouplers with IGBT switches are such
that when gate signal of IGBT-1 is ON then gate signal of IGBT-2 is OFF and vice-
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versa. Optocouplers connections are shown in Fig 69(a). Fig 69(b) is an automatic
controlled circuit. Ground isolation of power and control circuit ié achieved by using a
single transformer having ratio 1:1. Automatic control circuit controls the PWM.
PWM controls ON and OFF time of IGBT -1 and IGBT-2 and maintains output .

voltages across the load constant for any change in either input voltage or load.

2.4.1 CONTROL AND GATE SIGNALGENERATING CIRCUIT FOR
CONTROLLED AC BUCK-BOOST REGULATOR

Fig. 70 shows the automatic control and gate signal generating circuit for AC Buck-
Boost regulator. Let the input voltage is 250V AC. The input AC voltage is converted
to pulsating DC by using a diode. Qutput of the diode circuit is passed through an
OPAMP buffer (U3A :+). Buffer (U3A) is used to remove the loading effect. Output
of the buffer is same as its input. The input AC voltage, output of the diode circuit,
input of the buffer and output of the buffer are shown in the Fig. 71(a), {(b), (c) and (d)
respectively. Output of the buffer is the input to the difference circuit (U4A :-).
Another input (positive input) of the difference circuit 1S Vier. Vier is the reference
voltage by which we get the desired output. The function of the difference circuit is to
give output of the difference of two signals. The input of the difference circuit (U4A
=), Veer voltage and output of the difference circuit are shown in Fig. 72(a), (b) and (c)
respectively. Output of the difference circuit is the input of the integrator circuit
(USA ).

The input of the integrator circuit and its output voltage are shown in Fig 73 (a) and
(b) respectively. Output of the integrator circuit is the input to the (U10A :-). Another
input of (U10A) is a triangular wave. Output of (U10A) is the PWM signal required
for the control. The inputs of (U10A) and output of (UI0A) are shown in Fig. 74(a),
(b) and (c) respectively. The inputs of (U10A) and its output PWM signal are shown
in Fig. 75 (a), (b) and (c) respectively for input to the controller at 300V AC. The
inputs of (U10A) and its output PWM signal are shown in Fig. 76 (a), (b) and (c)
respectively for the input voltage of 400V AC. Conipari'ng Fig. 74(a) and 75(a) it is
seen that for input voltage 250 V the negative input signal of (U10A) is more deviated
from the X-axis than that for the input voltage of 300V. Also comparing Fig.74 (d)
and Fig.75 (d) it is seen that for input voltage 250 V the width of PWM signal (output

8%
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71 Waveforms at various points of automatic control circuit when input voltage =250V
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of U10A) is wider than that for the input voltage of 300V. Co.mparing Fig.75 (a) and
76(a) it is seen that for input voltage 300 V the negative input signal of (U10A) is
more deviated from the X-axis than that for the input voltage of 400V. Also
comparing Fig.75 (d) and Fig.76 (d) it is seen that for input voltage 300 V the width
of PWM signal (output of UT0A) is wider than that for the input voltage of 400V. The
nega;tive input signal of (U10A) varies the PWM signal (output of U10A). By this

change in PWM signal output remains constant (300V) for any input voltage.

2.4.2 RESULTS OF CONTROLLED AC BUCK-BOOST REGULATOR
(IGBT Switch Implementation)

When input voltage is 250V and load is varied from 50 Ohms to 150 Ohms, it is seen
that output is 300 V as shown in Fig.77, Fig.78 and Fig 79 respectively. When input
voltage is 300V and load is varied from 50 Ohms to 150 Ohms, it is seen that output
is 300 V as shown in Fig 80, Fig.81 and Fig 82 respectively. When input voltage is
350V and load is varied from 50 Ohms to 150 Ohms, it is seen that output is 300 V as
shown in Fig 83, Fig.84 and Fig.85 respectively. When input voltage is 400V and load
1s varied from 50 Ohms to 150 Qhms, it is seen that output is maintained at 300 V as
shown in Fig. 86, Fig.87 and Fig.88 respectively. From these results we can infer that
the Buck-Boost ac voltage regulator with automatic control -.can maintain output

voltage at load constant in both cases of input voltage variation and change in load.

2.5 DRAWBACKS OF AC BUCK-BOOST REGULATOR

Switching losses:

Efficiency of an AC Buck-Boost regulator is ideally 100%. But due to non-ideal
elements (stray resistances in inductances and capacitor) and switching of devices,
losses take place in Buck-Boost regulator. Losses due to non-ideal elements account
negligible towards total loss. However, the losses associated with switching device
are substantial and may change with regulation and switching. Switching device

losses are of two types.

1. Product of device drop (0.3 t0 0.7 V) and current through the
device during ON time

2. Product of voltage and current in the device during turn ON or
OFF period.
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Usually no loss occurs during OFF period. The secondly loss depends largely on the
frequency of switching and time required to turn ON and OFF the switches. ON /OFF

switching per second gives rise to losses in SMPS and is dissipated as heat.

During ON/OFF period of switching, spike voltage is created across the switching
device. The second drawback of AC Buck-Boost regulator is a high input current.
The input current of AC Buck-Boost regulator is shown in Fig. 89 without input filter.
The input current of AC Buck-Boost regulator is shown in Fig. 90 with input filter
circuit. By comparing Fig. 89 and 90 it is seen that the current wave shape smooth up

as in_put filter is used.

2.5.1 FREE WHEELING PATH AND SURGE VOLTAGES ACROSS
SWITCHING DEVICE

Current does not change in an inductance circuit instantaneously. When inductive
L . , di
circutts are switched ON and OFF, abrupt change of current causes high m
resulting high voltages. These voltages appear across the switches as surge. Usually
such occurrence is restricted by providing freewheeling path made of diodes in power

cCircuits.
Surge Voltage:

In the proposed circuit the two switches serve as the freewheeling path for each other.
However, for very short period when one switch is turned OFF and other is turned
ON, an interval elapses due to delay in the switching time. As a result, freewheeling

during this interval is disrupted in the proposed circuit. If the current in any circuit is
di
abruptly disrupted, a high L m across the switch appears due to absence of

freewheeling path. High spiky surge voltage appears across during these short
intervals. This is shown in Fig.91 (a) & (b) for switches Sy and S; of Buck-Boost AC
regulator. These spiky voltages across the switches may be excessively high and
destroy switches during operation of the circuit. Remedial measures should be taken

to prevent this phenomenon to make the circuit commercially viable. In this thesis
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another method of suppressing surge voltages across switches is used by R-C
snubbers across the switches. Typical waveforms across switches with and without
snubber circuits are shown in Figs.91 (a), (b) and 92(a), (b) respectively. However, in
practical circuit with IGBT switches this problem does not exist as shown in Fig 92(c)
and (d) which may not be so always. Use of snubber reduced the spike voltages across
the switches but further reduction of spike voltages to a tolerable limit of switches is

desired with proper snubber design and application.

2.5.2 POSSIBLE REMEDY OF FREEWHEELING PATH AND SURGE
VOLTAGE ACROSS SWITCHES

Fig.93 and 94 shows the possible ways of remedy of freewheeling path and 'surges
voltage. Fig.93 shows the three switch implementation and Fig.94 shows the four
switch implementation of AC Buck-Boost regulator to provide propér freewheeling
path. In these spike is created but only one spike created during half cycle of AC
wave which is shown in Fig.95. If we use a current sensing element at the place
marked I in the 93 and 94 in both circuits then there would be no spike in current

waves.

2.5.3 HIGH INPUT CURRENT

The main disadvantage of AC Buck-Boost regulator is it has high input current. The
input current of AC Buck-Boost regulator is shown in Fig.96 without filter. The input
current of AC Buck-Boost regulator shown in Fig 97 with and without input filter
circuit. Output current of AC Buck-Boost regulator shown in Fig,98 with input filter
circuit. By comparing Fig.96 and Fig.97 it is seen that input current is decreases and
smooth shape is obtained when input filter is connected. By comparing Fig.98 (a) and
Fig.98 (b) it is seen that output current decreases and smooth shape is obtained when
input filter is used. Fig.99 shows the AC Buck-Boost regulator with input filter

circuit. The elements of filter circuit (L, C) values are calculated later in section 2.6.
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2.6 INPUT/OUTPUT FILTER REQUIREMENT

Fig.100 (a) shows the Buck-Boost regulator. Fig.100 (b) shows modes of operation
and Fig.- 100 (c) shows the waveforms for the steady-state voltages and current of the
Buck-Boost regulator used in DC-DC mode.
Let |
Vin = The input voltage
Va = The average output voltage
AV, = Peak-to-peak ripple voltage of the capacitor. |
Ton = Turn on time.
Torr = Turn off time.
T = Time period
= Ton + Torr.
D = Duty cycle = Ton / T.
L, = The average load current
f= Switching frequency
L = Inductor
C = Filter capacitance
Al = Peak-to-peak ripple current of the inductor.

Assuming that the inductor current rises linearly from I to I;in time Toy,

I,-
v, =L 27h o AL a6
Ton AT
or
AlL
Ton = v, (17
and the inductor current falls linearly from I; to I; in time Torr,
V., =-L Al (18)
TOFF
or
— AIL
Tere = e (19)

a

where Al =L, — I, is the peak-to-peak ripple current of inductor L.,
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From equations (16) and (18) we have,
vin TON - V.TOFF

AI:-——v =
L L
Substituting Tony = DT and Terr = (1- D)T, the average output voltage is
V. D
= - n 20
J= T (20)

Assuming a lossless circuit Vigly, = -V, = Vi I.D / (1-D) and the average input
current [, is related to the average output current I, by,
L LD

I-D
The switching period T can be found from

_1 J AL AL AL(V,-V,)
T--f =Ton+Tom = v - V.V,

in a

1)

(22)

and this gives the peak-to-peak ripple current,

or

V. D
fL

When transistor Q; is ON, the filter capacitor supplies the load current for t = Tqy.

The average discharging current of the capacitor I, = I, and the peak-to-peak ripple

Al =

(24

voltage of the capacitor is
T (Ton 1 (Tom iT
AV =— [dt=—3 1 dt= =2 ON 25
=gk Lat=gfTd= - 9)
Equation (20) gives Ton =V, / [(Va — V)] and equation (24) becomes
IV | ,
AV, = —— 2 26
) (Vn_vin)fc ( )
or
1D
AV_ = 27
Sl 7).
or
ID
C= 28
AV (28)
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Let

D=0.25
AV =5 Volts
f=1000 Hz
L=2A
. By equation (28) we get,
_ 2x025
5x%1000
= 100pF

The capacitor (100uF) connected to the circuit as a filter.
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CHAPTER -3
CONCLUSIONS AND RECOMMENDATIONS

3.1 CONCLUSIONS

Powe‘r quality describes the quality of voltage and current of power system and is one
of the most important considerations in domestic, industrial and commercial
applications today. Power quality faced by industrial operations includes transients,
sags, surges, outages, harmonics and impulses. Vcltage sags are one of the most
important power quality problems affecting domestic, industrial and commercial
customers. Voltage sag is the momentary decrease or increase in the rms voltage
magnitude, usually caused by faults or sudden loading on the power system.
Equipment used in modern industrial plants is becoming more sensitive to voltage
fluctuations as the complexity of the equipment increase. Increasing use of loads
supplied by electronic power converters has led to growing problems in the quality of
power supplies. Computers, adjustable speed drives and automated manufacturing

| processes are very susceptible to voltage sags and brief outages.

Dc to D¢ converters with isolation transformers can have multiple outputs of various
magnitudes and polarities. The regulated power supply of this type has wide
applications, particularly in computer system, where, a low voltage high current
power supply with low output ripple and fast transient response are mandatory. An
essential feature of efficient electronic power processing is the use of semiconductors
devices in a power supply in switch mode (to achieve low losses) to control the
transfer of energy from source to load through the use of pulse width moduiated
techniques. Inductive and capacitive energy storage elements are used to smooth the
flow of energy while keeping losses at a low level. As the frequency of switching
increases, the size of the capacitive elements decreases in a direct proportion. Because

of their superior performance they are replacing conventional linear power supplies.
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This thesis has proposed a AC- AC Buck —Boost regulator for ac power applications.
The function of AC- AC Buck —-Boost regulator‘is to keep output vdltage constant
either for a input voltage increase or decrease and also during load changes.

If the output voltage remains constant equipment life time increases and outages and
maintenance are reduced. The AC- AC Buck —Boost regulator are studied for ideal
and practical IGBT switch. It has been observed that in the controlled AC Buck-
Boost regulator when input voltage is 250v, 300v, 350v and 400v then output voltage
is always maintained at 300v corresponding to 230v rms. To maintain constant output
voltage PWM control is used. By varying pulse width of output of the control signals
ON/OFF time to switch IGBT automatically through electr.onic circuit have achieved
the goal of maintaining the constant output voltage across load. Due to freewheeling
path surge voltage appears across the switches devices, In this work snubbers are used
as a remedy-to this problem. Input current is very high of this regulator. Filter circuit
is used to smooth the output. As a starting work towards obtaining a practical light.
weight, efficient and reliable AC to AC voltage regulator the proposed Buck-Boost
regulator show promising aspects. However, problems remain in the form of high
input current, output voltage/current ripple and absence of freewheeling path during
change of current from one switch to the other, These problems restrict immediate

technical viableness of this type of regulator for commercial marketing.

3.2  RECOMMENDATION OF FURTHER WORK

The input current of the AC Buck-Boost regulator is very high and needs to be
reduced by further research to make the regulator technically acceptable. To avoid
surge voltage across switches an AC Buck-Boost regulator by three switches or four
switches with a current changing element may be considered. To make voltage wave
shapes ripple free appropriate output filter circuit design -and implementation is
required. The proposed AC Buck-Boost regulator should be implemented practically
in laboratory in future works. Replacement of the control circuit by commercially
available SMPS chips during laboratory implementation may be considered to reduce
the circuit complexity and reduce cost. These chips allow soft start of SMPS

converters and current regulation with proper design.

133



10.

1.

REFERENCES

N Kutkut, R. Schneider, T. Grant, and D. Divan, “AC Voltage Regulation
Technologies,” Power Quality Assurance, July/Aug.1997, pp. 92-97.

D. Divan, P. Sutherland, and T. Grant, “Dynamic Sag Corrector: A New
Concept in Power Conditioning,” Power Quality Assurance, Sept./Oct. 1998,
pp 42-48. 7

G. Venkataramanan, B K. Johnson, and A. Sundaram, “An AC-AC Power

Converter for Custom Power Applications,” IEEE Trans. Power Delivery, vol.
11, July 1996, pp. 1666-1671.

S.M. Hietpas and R. Pecan, “Siumulation of a Three-Phase Boost Converter to
Compensate for Voltage Sags,” in Proc. IEEE 1998 Rural Electric Power
Conf, April 1998, pp. B4-1-B4-7.

Steven M. Hietpas and Mark Naden, “Automatic Voltage Regulator Using an
AC Voltage - Voltage Converter,” IEEE Transactions on Industry
Applications, Vol. 36, No. 1. January/February 2000, pp.33-38.

Jeft’ Lamoree, Dave Mueller and Paul Vinett, “Voltage Sag Analysis Case
Studies,” IEEE Transactions on Industry Applications, Vol.30, No.4, July /
August 1994, pp. 1083-1089.

Chingchi Chen and Deepakraj M. Divan, “Simple Topologies for Single Phase
AC Line Conditioning,” 1EEE Transactions on Industry Applications, Vol.30,

- No.2, March/April 1994, pp. 406-412.

Mark F. McGranaghan, David R. Mueller and Marek J. Samotyj, “Voltage
Sags in Industrial Systems” IEEE Transactions on Industry Applications,
Vol.29, No.2, March/April 1993, pp. 397-403.

Slobodan lelk,"B'asics of Switched Mode Power Conversion Topologies,
Magnetics, and Control,” Modern Power Electronics: Evaluation, Technology,
and applications, Edited by B.K. Bose, IEEE Press, 1992, pp.265-296.

M. H. Rashid," Power Electronics — Circuits, Devices, = and
Applications,"Prenctice Hall India, Second Edition, 2000, pp.317-387.

G. W. Wester and R. D. Middlebrook, “Low Frequency Characterization of
Switched DC-to-DC Converters," [EEE Power Electronics Specialists
Conference Record, 1972, Atlantic City, NJ, U. S. A, May 22-23, pp. 9-20.

134



12,

13.

14.

16.

17.

18.

19.

20.

21

S. Clk and R. D. Middlebrook, "Advances in Switched Mode Power
Conversion," IEEE Transactions on Industrial Electronics, Vol. IE 30. No. 1.
1983, pp.10-29.

M H. Rashid, "A Thyristor Chopper With Minimum Limits on Voltage
Control of DC Drives, " International Jurnal of Electronics, Vol. 53, No. 1,
1982, pp.71-81.

K. P. Severns and G. E. Bloom, “Modern DC-to-DC Switch Mode Power
Converter Circuits,” Van Nostrand Reinholdd Company, Inc., New York, U.
S. A 1983

S. Cdk, "Survey of Switched Mode Power Supplies,” 1EEE International
Conference on Power Electronics and Variable Speed Drives, London, 1985,
pp. 83-94.

M. Ehsani, R. L. Kustom, and R. E. Fuja, "Microprocessor Control of A
Current Source DC-DC Converter,” IEEE Transactions on Industrial
Applications, Vol. LA19, No. 5, 1983, pp. 690-698.

R. D. Middlebrook, “A Continuous Model for the Tapped-Inductor Boost
Converter," IEEE Power Electronics Specialists Conference Record, 1975,
Culver City, CA, U. S. A, pp.63-79. _

Slobodan COk R. D. Middlebrook, "A General Unified Approach to Modeling
Switching DC-to-DC Converters in Discontinuous Conduction Mode," IEEE
Power Electronics Specialists Conference Record, 1977, Palo Alto, CA, U. S.
A, pp. 36-57.

‘R, D. Middlebrook and Slobodan CUk, "Modeling and Analysis Methods for

DC-to-DC Switching Converters,” IEEE International Semiconductor Power
Converter Conference Record, 1977, Lake Buena Vista, FL, U. S. A, pp.90-
111, '

Shi-Ping Hsu, Art Brown, Loman Rensink, and R. D. Middlebrook, "
Modelling and Analysis of Switching DC-to-DC Converters in Constant-
Frequency Current-Programmed Mode, " [EEE Power Electronics Specialists
Conference Record, 1979, San Diego, CA, U. S. A, pp. 284-301.

Slobodan CUk and R. D. Middlebrook, * A New Optimum Topology
Switching DC-DC Converter, * IEEE Power Electronics Specialists
Conference Record, 1977, Palo Alto, CA, U. S. A, pp.160-179.

135



22,

23.

24,

25.

26.

27

28.

29.

30.

31

32,

Slobodan C{k and R. D. Midd]ebrook, “Coupled Inductor and other
Extensions of a New Optimum Topology Switching DC-to-DC Converter,”
IEEE Industry Applications Society Annual Meeting, Record, 1977, Los
Angeles, CA, U. S A, pp.1110-1126.

R. D. Middlebrook and Slobodan Culk, “Isolation and Multiple Qutput
Extensions of a New Optimum Topology Switching DC-to-DC Converter,”
IEEE Power Electronics Specialists Conference Record, 1978, Syracuse, NY,
U. S. A, pp.256-264, |

Slobodan Cik, "A New Zero-Ripple Switching DC-to-DC Converter,” IEEE
Power Electronics Specialists Conference Record, 1980, Atlanta, CA, U. S. A,
pp.12-32.

P.C. Sen, "Power Electronics,” Tata McGraw-Hill Publishing Company
Ltd. India, 1987 pp. 588-614.

R. Thompson, "A Thyristor Alternating Voltage Regulator,” IEEE Trans. on
Ind. and Gen. Apﬁlication, vol. IGA 4 (1968) 2, pp. 162-166.

E. J. Cham and W. R. Roberts, “Current Regulators for Large Rectifier Power
Supplies Used on Electrochemical Processing Lines,” IEEE Trans. on Ind. and
Gen. Application IGA-4 (1968) 6, pp. 609-618.

J. M.(Jr), Mealing , "A Coherent Approach to the Design of Switching Mode
DC Regulators,” IEEE Conf Rec. IGA, Oct 1967, pp.177-185.

Unitrode, "Switching Regulated Power Supply Design Seminar Manual,”
Unitrode Corporation, U. S. A, 1986.

Ned Mohan, Tore M. Undeland and William P.Robbins, “Power Electronics-
Converters, Applications, and Design, " John Wiley and Sons Inc., Second ed.,
1995, pp. 161-195 & 669-695.

T. M. Undeland, A. Petterteic, G. Hauknes, A. K. Adnanes, and S. Garberg,
“Diode and Thyristor Turn-off Snubber Simulation by KREAN and an Easy to
Use Design Algorithim,” IEEE 1AS Proc., 1988, pp.647-654.

Tore M. Undeland, “Switching Stress Reduction in Power Transistor
converters,” IEEE Industrial Application Society Conference Proc., 1976, pp.
383-392.

“Loss Recovery,” IEEE Transactions on Power Electronics, 1994.

H. Veffer, “High Current, Low Inductance GTQ and IGBT Snubber

Capacitors,” Siemens Components, June 1990, pp. 81-85.

136



35.

36.

37.
38.

39.

40,
41.
42
43.

T. M. Undeland, F. lenset, A. Steinbakk, T. Rogne, and M. Hernes, “ A

Snubber Configuration for Both Power Transistors and GTO PWM

Converters,” Power Electronics Specialists Conference Proc., 1984, pp. 42-53.

S. B. Dewan and A. Straughen, “Power Semiconductor Circuits,” Wiley-

Interscience, 1975.

B. D. Bedford and R. G. Hoft, "Principles of Inverter Circuits,” Wiley: 1964,

E. R Hnatek, “Design of Solid-State Power Supplies,” Van Nostrand:

Reinhold; 1971.

Abrahan I. Pressman, “Switching and Linear Power Supply,” Power Converter

Design, vol. T and vol. 11, Hayden; 1977.

J. L. Helsa and D. G. Schultz, “Linear Control System,” McGraw Hill, 1969.

C. Desoer and E. Kuh, “Basic Circuit Theory,” McGraw Hill, 1969,

J.J. D’Azzo and C. H. Houpis, “Control Theory,” McGraw Hill, 1975,
OrCAD Software, Release 9: 1985-1999 OrCAD, Inc., U.S.A.

137



	00000001
	00000002
	00000003
	00000004
	00000005
	00000006
	00000007
	00000008
	00000009
	00000010
	00000011
	00000012
	00000013
	00000014
	00000015
	00000016
	00000017
	00000018
	00000019
	00000020
	00000021
	00000022
	00000023
	00000024
	00000025
	00000026
	00000027
	00000028
	00000029
	00000030
	00000031
	00000032
	00000033
	00000034
	00000035
	00000036
	00000037
	00000038
	00000039
	00000040
	00000041
	00000042
	00000043
	00000044
	00000045
	00000046
	00000047
	00000048
	00000049
	00000050
	00000051
	00000052
	00000053
	00000054
	00000055
	00000056
	00000057
	00000058
	00000059
	00000060
	00000061
	00000062
	00000063
	00000064
	00000065
	00000066
	00000067
	00000068
	00000069
	00000070
	00000071
	00000072
	00000073
	00000074
	00000075
	00000076
	00000077
	00000078
	00000079
	00000080
	00000081
	00000082
	00000083
	00000084
	00000085
	00000086
	00000087
	00000088
	00000089
	00000090
	00000091
	00000092
	00000093
	00000094
	00000095
	00000096
	00000097
	00000098
	00000099
	00000100
	00000101
	00000102
	00000103
	00000104
	00000105
	00000106
	00000107
	00000108
	00000109
	00000110
	00000111
	00000112
	00000113
	00000114
	00000115
	00000116
	00000117
	00000118
	00000119
	00000120
	00000121
	00000122
	00000123
	00000124
	00000125
	00000126
	00000127
	00000128
	00000129
	00000130
	00000131
	00000132
	00000133
	00000134
	00000135
	00000136
	00000137
	00000138
	00000139
	00000140
	00000141
	00000142
	00000143
	00000144
	00000145
	00000146
	00000147
	00000148
	00000149
	00000150
	00000151
	00000152
	00000153
	00000154
	00000155

