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SYNOPSIS

The economic exploitation of hydrd power sources
of smaller capacities(fgw KW to 1 W) is essential for
developing isolated power houses to meet the local needs.
such power houses will be particularly useful for hilly
areas, where the power transmission cost from the grid will
be exorbitant. The foremost problem in the design of
micro=hydro plants has been the choice of a proper prime-

e
mover, In the conventional systems the cost of the

governing mechanism becomes significant for lower rating

turbines,

s

In recent years, a number of studies have established
that pumps can be used in reverse to work as turbines, from
few KW to 5000 K®, for heads rangiﬁg from 3 mt. to 100 mt. |
In the absence of any governing mechanism in the prime .
mover, a load diverter or load controller is required |

which will divert excess generation to a dummy load, so that

voltage and frequency of the power supply can be maintained.

In the present work an electronic controller has
been designed which has static switching to divert excess

load. The dummy load has been divided into a number of



ii.

steps; besides having a continuously variable component,
The above arrangement reduces harmonic distortion. The
controller has been tested on a laboratory scale micro

hydel system of 6 KW.

Chapter 1 of ﬁhe thesis reviews the literature
available on micro hydel schemes., The block schematic
and the detailed designing of the control and power circuits
have been included in Chapter 2. The fabrication details,
preliminary testing of electronic circuits, and final testing
on laboratory scale model have been included in Chapter 3.
Chaptaer 4 concludes the test results and includes

suggestions for future work,
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CHAPTER 1

INTRODUCT ION

The first hydrceiectric power station in the wQ:ld
started generating electricai power when a 12,5 kw microhydro
set was commitioned on Fox River in Apleﬁwn, Wisconsin)vU;S.A‘
in 1888. But subseguently as the demand for electrical
energy inéreased with the growth of’industny, the emphasis
shifted towards la?ger installatibns as the cost of generation
of electriéél power pef killowatt decreased. Thus harnessing
power from small hydro-power sites -was overlooked aﬁd,many |
micrq/mini/émali hydro power stations Weré disbunded_due to
high pfbduction cost. But the demand for more energy and
rise in fossil fuel cqst.in the early seventies focussed
the world wide attention towards harnessing renewable energy

sources, foremostamongst them being microhydro.

Hydropower is one of the most attractive source of

renewable sources of energy, because of its following '

merits .
* Renewable source of energy
* Non polduting
* controlled source of energy as compared to other

non-conventional sources like wind pcwer or solar



energy which are intermittent in nature.

*  Neglijible inundation 6f land and displacement of
community from the development area leading to
various social and economical problems

* ‘Less time taken (usually 2 to 4 ysarg) depending

on tha complexity of the scheme for small scale

development

* Utilisation of locally available chstructiOn
material

* Long life andvlow operation and maintenance qoét

and special adaptability to remote control

operation

* Fairly constant cost of gensration as opposed to .
increasing cost of fossil :-fuel-energy with

time

* Possibility of engaging local labour with minimum
training for operation as Operatidris can be

made simple

A

* Reliability and flexibility

The microhydro sites are characterised by sparse

d¥stributien over a larger area and thus low energy density



which evidently indicates'higher production cost. But on the
other hand, such sites are usually found alongisde consuning
centres especially in rural and remote localities. Supply

of electrical energy to such remote communities from large
central stations may be found uneconomical due to high cost of
transmission and distribution. In such cases, development

of micro-hydro sites may not only provide basic energy
requirements of the remote c¢ommunitices but can also helpén‘

augmenbing . the quality of life.

Inspite of all the above cited merits of micro/mini/
small hydro=-electric power stations there are several
constraints in development of small hydro plants which are

as summarised below :
1. High capital cost per killowatt installed

2. Non=-availability of équipment in ultra low

head (below 3 Mt.) region
3. High cost of controls and management
4, Low utilization (load) factor for decentralised

system usually in rural areas

Hence to make small hydropower projects economically

viable, it is desirable to reduce :



{a) constructien cost

(p) standaridisation of hydro-mechanical equipment
and civil construction appears necessary f£ar
econonlc viability and reduction in consktruction
period

(c) standardisation of turbine

(d) Elimination of guide vanes, adoption of

induction generaters, or ELECTRONIC LOAD CONTROL

DEVICES

(e) Harmessing low head falls in lrrigation system

by standardised designs as source of enerqy

(£) . Higher lead facter

Tha scope 6f this dissertation is limited to the deve-
lopment of an electronic 16ad control dévice aimed at reducing
the cést of micro hydro clectric Units by elemination of
* conventional governing systems and guide vanes.

Rl

1.1  TYPICAL MICROHYDEL SYSTEM

Typically a micrehydel generating plant of conventional

design includes the following s

1. hydroelectric turbine with flow control mechanism

2. a speed governer



3. a single three -vhase alternator with a voltage
régulator
4., Gearing or a belt drive to match the operating

speads of turbine and alternator

5. Electrical control equipment

Since the storage of electricity is not possible as
vet, the energy generated must be matched to tha energy demand.
This is done by diverting the flow of water through flow
control mechanism and Governor. Thus, allowing the water
energy to gowaste which can never be recovered. The conven=
tional Governor is a very expensive item and may account for

more than 25% of the total"cost of small unit.

A1.2 THE NEW MICRO HYDRCO SYSTE!M

The CentralkB;gctrical Authority of India has
categorised the mlcro-hydro schume as thu Hydro Electrlc
Scheme with a totul 1nstall“d capac1ty of 100 KW haVLng

1nd1V1dual'gLnLrat1ng Unlts w1th capac1tles from a few KW

to 100 Kw.

The new micro-hydro system basically work .on the
constant input-output operation. The turbine works:at -
constant -flow and: « total load on generator is constant;

avoiding unacceptable. sudden- fluctuation: in. speed, frequency



and voltage.

The block diagram of new micro hydel system is shown

in Figure 1.

The system utilized simplified turbine (pump as
turbine also) operating at constant flow conditions without
governors. The Electronic Controller maintains village load
as first priority load and diverts surplus power to a by pass
loading system. The governor action of Electronic controllar
is very fast and can present instability due to very low.
inertia of the microhydel generation system. Thus the system
works as constant output constaﬁt‘speed, constant excitation
unit requiring no regulation., With this controller system the

total cost of system ‘has reduced in view of following,facts 2

1. Speed Governor is eliminated effecting substantial

reduction in cost of equipment

2. .Turbine design is simplified because continuous
automatic variation of flow is no longer
required |

3. Wwithout the need to coordinate the dyhamiCS of
Governor rotating machines, and water column,

matching the turbine to the site is not critical

4., - Surplus electrical power is used to upgrade rural
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renewvables thereby, improving the overall

economic viability

5. Maximum available encrgy is harmessed

1.3 THE CONTROLLER

The controller developed shall perform the following

functions ¢

1. Replace conventional Governors and regulators
2. Act as load divertor to hybrid system
3. Provide stability for low intertia hydro

genzrators in isolated and interconnacted

systems

4., Perform control/production (overload - under/

over voltage)
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j-4y REVIEW OF LITERATURE

- For economic exploitaticn of small hgdro sources certain
design innovations are necessaryi' Its impérténée is further
enhanced because 1t is a renewable source of energy and it
has started receiving the attentlon world over.

One such innovation has been the use of centrifugai pumps as
turbine. [ ‘:}, Pumps being_locally manufactured using local
techndlogy and labour meet out the requirements of water

turbines for small hydro power projects i:l]

Extenslve studles made by worthington pumps Il Jhave

revealed the following features for use of pumps. as turbines :
(a) The mechanical Operatioh is smooth and quiet. .

(b) The peak efficiency as a turbine is essentially
the same as its peak efficiency as a pump at the

best efficiency point (BEP).

(c) The head and flow at BEP as a turbine are higher
than the corresovonding head and flow at BEP
as a pumpo
: as ) .

(a) The power output A- a turbine, is slightly

higher than the pump inpuﬁ;power'at BEP, and

(e) The turbine speed and pump speed at BEP are

essentially the same.



U.3. Department of Energy has published a report
titled, 'Small hydro plant development prOgram'fjl'Iin 1930
which has @xamined the two factors in details as given

boelow @
(a) Use of pumps as turbine,

(b)  Use of Induction generator in place of

synchronous generators

The report includes designs of small hydro plants from
50 KW to 5000 KW for heads ranging. from 3 wmt. to 100 mts;
A total of ninz such designs havé‘bean conmpared; onhe set:
usas standard turbines coupled to synchronous generators,
while the other set uses pumps as turbines coupled to
induction gencrators. The above study establishes that
pumps can e picked off the shelf to work as turbines for

small hydro plants.

It has been found that pump~genarator packages
ara approximately half the cost'of'the standard turbo-
generator sets, which excludes the civil cost, transmission
cost and installation cost. The standard turbogenarator
have é plant life of 30 years, while pump sets may genzrally
have plant life of 15 years;v Absolute cost benefit ratio
bave not been worked out, bccause the civil cost can not
pe standardisecd. Somz genaral comments on the use of

pump—~induction generator set up are as given below :



1) In the pump-~gcnerator case elementéry types of valves
have been used at the inlet side; when tbere is a fault

on the generator, the valve 1s supposed to cloge to aveild
over speeding on loss of load. However,; the gencerator
should be designed to cater £or maximum. overspeed; which may
b2 as high as 170%. Standard induction generators are
designed for 25% overspead. Hence the manufactureres may
have to be approached to‘suitably modify standard induction

generators.,

2)  The pumps tested in the laboratory for the standard
packagas showed efficiencies of the order of 80% in the
turbine mode, as against the efficiencies of 90% for
standard turbo units. However, the pumps may have to bz
-modified extensively:; such as modificaticns in diffusers,

propeller blades; hub-nose cones, draft tube etc.

3) As mentioned earlier the pump-generator packages will
gznerally have a plant life of 15 years as compared to 30
yvears for the standard turbogeneratcr sets. Hence, the cost
ad&antage of a factor of 2 enjoyed by the pump generator sct
may reduce considerably in a life~cycle cost analysis.

squirrel cage induction motors are ideally suited to
work as induction generators, as these are very rugged
and simple units. In the report only grid operation of

small hydro units has been considered, as isolated operation
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of induction generators was not considered feasible,
The synchroncus gensrators with electronic load
controller ar: best suilted for isclated operation, The

electronic load eontroller has to keep constant load wm the
generatcor,; for constant head and constant £lowe. Since the
main lcad or ﬁhe most priority rural load changes instnatanzouse
ly, the electronic load ¢ontroller has to divert surplus
power in an auxillary lcad. The auxilary load has to bea
" at least equal to the generator capacity for continuous
operaticn of the plant. In this dissertation work load
controller using triacs has baeen developed,_which further
divides the auxillary loads in step load and phasc load.
The phase loads ars for fine cuntrbl, as the loadé can be
ontinususly varied. The ~#.C. supply to the phase loads

varies from 0 to 230 volts, Hence, only heating type of

loads can be connected as phase loads. The step loads are
switched loads and receive normal mains supplys The

step loads can be considered as low priority loads which
receives power, whenever excess power ils available.
A number of control schemes have been suggested
13- g }5;6 .  The block diagram of a control scheme
= o p q‘} 3 oy 1 ) e } l h s
L ) »ywhich has been implemented on a single phase
g p -

. » %
generator has been shown in Fig. L .

The frequency control of the generator has been



achieved by'frequency fead back, which is compared with a
frequency reference. The error signal modifies fhe firing
angle 0% thyris=stors, connected in a bridge formastion. Tha
thyristor bridga rating is cqual to the rating »f the main
load, The voltage control has been achieved by excitation
controls ( Ref g«; Ut )

In an another cor_xtrri:»l scheme[fsjl?ig. ’J{) : the
frequency feedback control svitching of 4 nos. 0f auxillary
loads, whose capacities are in the ratic cf 1, 2, 4 and 8..
In thisway, the auxillary load becomes a 15-step load. For
a 3=phase system, three identical load controllers may be
used, each cmprising of 3 loads in the ratio of 1:2:4. The
above thres controllers are co-ordinated to obtain 21 step
load switching. The above controller keeps the freqguency
cf the generétor constant‘and at thoe same ﬁim@ maintains

phase balance.

The present thesis, in‘Chapter 2 describes the dz2sign
of an electronic controller which uses fraquoency feed back
to control a d-step load, where the loads need not be of
definite capacities. . The only restriction is that the
max imum capaéity of any steﬁ lcad be less than the capacity
of a continuously variable ‘'ohase load', which is also
the part of the auxillarly lond. The 'phase load' is

controlled by the sum of the frequency error signal and
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current errcr signal. It can be seen that lew prierity
useful loads can be connected as 'step loads'y provided the
maximum current drawh is less than the capacity of !'phise load!.

Care

The above contreller also take%&of imbalanae on gaenerator

which is equal to the ‘phase load'! capaditys

Chapter 3 includes the fabrication details and the
test results; when the controller was tried on a 6 XKW micro
hydel test rig. The controller was tested on resistive
loads, for frequency regulation and correction ef unbalance
in the ﬁain load. The controller was also tested for
dynamic behaviour for load throw off and sudden application

of main lead.

Finally, Chapter 4 includes conclusion of the work done

and the suggestion for future work.



CHAPTER 2

ELECTRONIC CONTROLLER

An electronic output controller has been developed
for diverting the surplus energy, which is the difference
between the input energy and the load requirement at any

instant to a buffer Yoad systeme

The microhydro system design has been made such that
the energy out put of the turbine shall not exceed the rated
output, which has been achieved by holding the head constant

on the turbine by suitable design of the intake system.

- The electronic controller thus keeps the electrical
load on the gehérator constant thereby eliminating the neced
of mechanical or'electro-hydgéﬁlicgovernor. The performance
of the eléctronic‘output c0nt£oller has been tested on a
synchronous generator. The electronic controller thus
keeps the electrical locad on the generater constant thereby
eliminating'the need of mechanical or electro-hydraulic
governor.  The performance of the electronic output

controller has been tested on a synchronous generator,

2.1 DESIGN CRITERIA

The magnitude of main load (most priority load) on

the generator is variable from zero load to full load. The



difference in power output available at generater terminals
and the main load is diverted to an auxiliary load system
(less priority load). This auxillary load should be a
variable load so that the surplus power not being utilised
in the main load may be traansferred to it accerding to the
instantaneous demand. It is necessary, therefore, that
aﬁxillary load has a pewer rating equal to that of the

© The way to
generator power rating. _/ control the magnitude of power
flow into the auxillary loading system}is by Varying the
biasing of the grid of a thyristor (by control of firing

angle) .

The use of tyristors to obtain 0 to 100% wvariation
in auxiliary loads leads to distortion in supply voltage and
current wave forms, and harmonic¢ generation for all firing
angles being most acute at 90°, At 0° and 180° firing
angle, the above mentioned problems are not present.
Therefore, practically for all time the above problem will
exist if the total variation in auxiliarv load is to be
taken care through the thyristor firing. These problems
may be overcome to a great extent if the capacity of the
auxiliary load to be varied by the variation in firing angle
is reduced. This can be achieved by providing discrete
switched loads together with continuously variable load,

SO

that when the variable load is. exhausted or has reached full



capacity power can be diverted to the discrete auxiliary load
through thyristors firing at 0° crossing. Hence, there shquld

be two types of auxiliary loads :
1o variable load which may be used as f£ine control

2. Discrete switch.:d load which may be used as.

coarge control

The discrete load can be further divided into smaller
steps, which can also be assigned a priority for unamb iguous
operation of the system. For simplicity here the wvariable
auxiliary load has been named as 'phase load!' and duscrete

~ switched auxiliary loads has been named as 'step loads'.

2.1.1 selection of Phase Load and step Load 3

For selecting the capacity of the phase and step load

the fbllowing two points have been considered :

1. The phase load should always be more than the
permissible unbalance loading which may occur

in the system.

2. The individual step loads should always be
less than the phase load.  Otherwise, if the

step load is more than the phase load the

system may Oscillate.



2.1.2 Advantages 0f Phase and Step Load Scheme @

(i) Reduced distortion in voltage and current
wave forms, harmonics and radio frequency
interference is obtaimed with the use of phase

¢ and step loads.

(ii) Auxilafy loads may be used at number of

distinct useful destinations.

242 CONTROL SCHEME

The control scheme can be divid:d into three parts

broadly

(1)  Frequency Control Scheme
(2)  current control Scheme

(3) Voltage Control Scheme

2.2.1 Frequency control Scheme :

In the scheme shown in Fig. 2.1, the frequency is
Sénsed through a step down potential transformer T4+ This
system frequency is converted into proportionate voltage by £A/
converter and compared with a reference frequency signal
in the comparator, If the system'frequency is more than

50 ¢/s the signal ~f will cause increase in auxilary load on

the generator, where as if the system frequency is less than
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the reference 50 C/s, signal &4 will cause reduction in
auxilary load on the generators Thus the system is maintained
at constant referencé frequency. The increase or decrease

of auxillary load can be arranged through the Firing circuits
and step control circuits for phase load and step loads

respectively.

24242 current control Scheme s

Tt has already been mentioned that the main load on
the system is unpredictable. At the same time, it is quite
likely that the load in all the three phaées may not be
balanced. Tt means that the current in each phase due to
unbalanced loading will not be equal. Therefore, to maintain
game current iﬁ ail the three phases i.e. to keep the
balanced loaa cn the system it is essential to sense the
‘current in each phase. In this scheme, the current in each
phase has beén sensed through current transformers CTR, CTy,
CTB. This signal is amplified, rectified and filtered.
Then it is compared in a comparator seperately for each
phase with a common reference for total load on generator.
In this way, the error signals /x Ip, £>IY and A I for

each of the three phases is obtained. The error signals

of a phase act upon the Firing circuit: only to keep the

current in the respective phase equal to I ref,



Thus the current scheme takes care of the unbalance
in the main load by reducing or increasing the phase load

individually for each phase.

For the control of Firing circuits of phase load the
frequency‘error signal 2 f has been combincd with current error
signals 2 R'“ IY and .ﬁsIB in amplifiers Al’ A, and Al
respectively. The combined error signal controls individual
Firing circuits for phase load. The ratios of resistors at the
input of amplifiers have been chosen so that fraquency error
signal is more predominant as compared tc current error
signals. Therefore, phaée locads are driven essentially by £.
The current error sigﬁals merely take care of the unbalance

only when N £ is small.

242,3 Voltage Contrcl SYsteh :'

The voltage.control scheme may be used to maintain
the terminal voltage of the generator. In this scheme the
terminal voltage is sensed through a step down potential

transformer T, which is rectified, filtered and then compared
with a reference voltage in the comparator., The error signal
g;\/ is amplified and used to control the conduptlon of
transistor Q. The d.c. voltage for the field winding may
be obtained from the main bus through a 3 phase bridge

rectifier circuit as shown in Fige 2.1,



The voltage contral scheme essentially takes.care of
reactive loading on the generator. When the generator is
loaded by inductive load, the output boltagevfalls more than
normal, because of field weakening. ‘Hence, the error signail
AV will increase conduction of ¢, to increase the field
current. Similarly, when the loading is capacitive on the
generator, the generator voltage increases on loading, which

is brought down to normal by reducing the field current.

However, the voltage control scheme has not been

used in the controller developed.

243 CIRCUIT DETAILS

i

Essentially the circuits of the Controller developed

may be catcgorised as

(1) Power circuit o

(2) Control circuit

2.3,.1 Power Circuit Description

The powervcircuit is shown in Fig. 2;2, The Qutput
Oof the generator is connected directly to R, Y, B and N

terminals as shown. Capacitor Cl’ C2 and C3 and inductance

Ll’ L2 and L3 havebeen used to suppress the rf noisé. ' CTl,

CTy . CT4 have been wused to sense thg current in each phase.

I ST

Seperate Bus bar foreach phase and;néutral‘has"been used

—
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to provide the connections to main loads and auxilarybloads.
Four step down transfbrmers have been uscd. Transformer T1
has been used for power supply for the entire elcctronic
circuits. Ths Ty and T, have been used for synchronizing
circuit and to fecd the agxilary supply for traic isolation

4

circuit. T, haé been provided with one extra'secundary
winding for sensing the frequency of the system. The firing
pulses generated in the phase controi cards and step control
cards are fed to the triacs £hrough optocouplers used for iso-
lation. 15 triacs have been used out of which 3 have been
used for phase loads 3 oné for each phase. The other 12

triacs have been used for four 3-phase step loads.

One of the main problem with triac control is the
sudden-application of reverse voltage across the triac
vimmedi££ely after it has stopped conduction. This problem is
gquite serious with highly inductive loads where the current
flows for a longer duration in each half cycle for the same
firing angle. The high reapplied dv/dt can turn 'ON' the
device and so the phase control will be lost. To avoid
this maloperation, RC snubber-gircuit is connected in parallel
with traic. This will slow down the rate of change of

voltage applied to the triac The snubber circuit recommended

as per manufacturers data sheet for the triags have been used.



2.3.1.1 Design of power circuit :

The Controller is.suitable for any size of capacity
of synchronous generator under ﬁhe range of Micro hydel scts.
But as the facility available for testing in the lab. is
limited to 7;5 KVA, the controller power circuithas been
designed for 7.5 KVA sets. Using the‘same approach, the powar
circuit for any other capacity can be designed. Th; control

circuit more or less will remain the same.

»

Selecticn of current transformer :

Since the controller has been developzd for 7.5 KVA
sets, the normal full load current will be about 10.5 Ambp.
Therefore, the current transformers have been selectad with
the ratio 25:5 having BA burden of 5 VA whichlwere localiy
available. The secondary of the CTs is shorted by a
resistance and the voltage across this resistance will
représent the main current. The output of all the three
CT's were equalised for the same current by suitably seiecting
the resistances across each ¢f the CT terminals. while

seclectingthe resistances connecﬁed across CT secondary terminals
it was énsured that the VA burden of the CT's does not
increase . Sc as to give the linear output for the required
range.

The resistance value can be calculated as under s

°



CT Ratio = b

where Ip is the primary current,
I is the secendary short circuited current

VA burden of ¢ . 5'VA
Hence, the maximum value of Resiétanée may b« given by,

(IS) |
This limits the value of. resistance to 0.2 Ohms..
Resistance of valus less than O.2 ohnms has been used. The

output voltage readings are given in Table 1 and curve shewn

in Fig. 2.3.giVQs the linear operation for required range.

TABLE 1 ¢
. 8l. Generater lead current CT output across resis-
Ne. _V(ﬁB):H1Amp. tance in m Volts
1. 0.7 22.7
2. 1.5 45,1
3. 2.0 69.3
4, 2.8 85,2
5. 3.5 114.0
6. 4.2 132.0
7. 5.0 161 .0
8. 5.6 185.0
9. 6.4 208,.0
10, 7.1 232.0
1l. 7.8 255.0
12. 845 278.0
13. 9.3 300.0
14. 10,0 322.0
15. 10.6 344 .0
16. 11.4 367.0
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5.3.1.2 Rating of phase and step load :

The auxilary load has a phase load and four step
loads. Phasé 1sad has been selected as 758 watt each phase

I
where as the step load has been,as 500 watt each phase. The

total auxilary loads thus are given as 3

(Phase load) + (Stan loads)

il

Auxilary Lead
| = (750 x 3) + (500 x 3 x 4)

2250 + 6000

i

= 8250 watts
‘which is more than the capacity of the generator, Hence it

can adeguately handle the zere main load conditien.

2.3.1.3 Selection ef traic ¥

'Praics.have been used to supply power to the phasec

and step loads. Phase loads are 730 watts each phasé°
Therefere, taking the normal phase te neutral voltage as
230 V the lcad current I may be calculated as :

s

- 230 V

= _ 3.26 Ampers

The traic selacted has the following specificatiens :

3

1. Ne. and Maka SC 140 M GE make body
isolated
2. Repeatitive Peak of- Sstate 600 v

volt%ge at cage temperature
- 407C to 1007C '



3. Max RMS on State current 6.5 ANp.

o
4, Max case temparature at 80¢C

rated RMS current

5. dv/dt at rated peak off 100 V<pseca
state voltage and case
temparature 100°C

6o Max required d.c. gate current 50 m amps
to rrigger at Trigger
voltage 12 V

7. Maximum ON state voltage 1.7 volts
at 6.5 amps.

Max. Peak inverse voltage across triac at
300 Vv main = 300~/2'

420 v

It

‘Taking a safety factor ef 1,5, PIV rating of traic
should be about 600 Volﬁs. Triac has fo deliver 3.26 amps;
Taking a safety facter of 1.5, the triac rms current rating
should be 4.8 amps . Hence SC 140 M with a current rating ef

6.5 amps. at thevcase temperature of 80®% is adequate.

2+3.1.4 Heat sink design

Prwer dissipation in triace at 4.8 amps

= 4.8 x (Max. on state voltage)

4,8 x 1.7
= 8-16 watts
Considering maximum ambient temperature 40°¢

Case temperature »f Traic 80°%¢



Thermal resistance of triam heat sink sheuld be

less than,

8C - 40 - s o°
81 = 4.9 C/W

;;'AfQOSET make type 60 NI ~ series 50 mm length will

be edaque for the purposc,
. l

2.3.2 control Circuit Description and Design

Functionally the contreél circuit has been divided inte

the fellowing individual circuits s

* Pewer supply ‘
* Phase control

* Frequency control

* - Step control

Bach of these circuits are discussed in the following

sectiens ' ‘

2.3+2.1 Power supply :

A regulated power supply has beén designed f£or the
entire contrel circuit as shown in FPig. 2.4. A centre tap
transformer T, is used to step down the:input voltage to a
suitable level, The output a.c. voltage from the secondary
of the transformer is rectified through a bridge circuit
(diodes D, to D4)o Capacitor‘c1 énd C, have been used fer

filtering the rectified output. Thus unregulated d.c. pesitive
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and negative with respect te a common ground has been

obtained. Three pin regulators REG-1 and REG~2 have been

used to get the regulated output of +15 volts and ~15 volts
respectively. RBG~3 has been used to get +5 volts supplye.

The input to the REG*B has been taken from the regulated‘
pbsitive d.co. output of REGélo As recommended by the
manuficturers data Sheet tha capaciters at the inpuc and output

of the regulators have been used.

2.3.2.2 Design of power supply :

The power supply designed has the follewing ratings :

Input voltage 180 -~ 300 volts
Qutoput voltage + 15 volts/400 mA
~ 15 volts/500 mA

+ 5 wvolts/100 mA

In the design ?f a d.c. power supply one has to start
from the rating at the input 9f the regulator and work back
the d.c. and a.c. quantities at various points to determine
thé ratings and design of transformer, rectifier, filcer and
regulator. The regulators used are 7815 and 7915 fer + 15V
and - 15Volts respectively. The wmaximum input limit to the

regulators as per manufacturer's data sheet is 35 V.’

2.2.2.3 Transfermer design ;. .

Te find out the normal secondary output voltage of the



o

15

oln

transfermer, let us assume

VN Output voltage of transfermer secondary at 230V

V% Output voltage of transformer seCOﬁdary at 300v
230 ’

VN = V!“l X "“m"““\]@lts (A\VIS) s e 0 . (l)

Capacitor filter has been used. Therefere, neglacting
the drop in rectifier circuit we can £ind out the filter output Y

fer the worst cendition i.es at 300 volts.

\

F /2 VM volts <o (2)

As the regulator inpuc}br the filter ocutput should

not exceed 35 volts, therefore, we can work eut VM frem EQ.2.

. E ' — ’ [y
YFP = 35 v
- VE.
Vm = K
. —//2
- =35 = 24.7 volts
. /2
From Eq. 1, 7 - -
230
= 18.9 volts

Hence, the transfermer secondary output ot normal
system voltage ef 230 volts should not exceed 18.9 volks.
Therefere, the secondary output ef the transformer has been

selected as 18 - 0 - 18 volts at 230 volts.



The minimum generated voltage for which the power
supply ensures reliable operation has been taken as 180 .v.
Calculating again the transformer secondary output at 180 volts
mains,

18 x 1860
230

i

14.08 volts (RMS)

Filter output or the regulator input
= 14.08 x _/2
= 19,92 volts
which leaves a drop of 1.9 volts across the regﬁlator. Hence,
the power suppiy will functien reliably for mains variation from

180 to 300 volts.

Current rating of the pe«wer suprly is 500 ma for

pesitive and negative outputs.
Pewer cutput of transfcrmer secondary Ps is gkven by

Pg = 500 x 1072 x 18 x 2

= 18 watts

;-

Censidering 80% efficiency of transfermer, input pewer

Pi Of the transformer réquired is given by,

. _ 18
s 0.8

= 22.5 watts

The maximum current in the primary of the transfermer



to meet out the power required as calculated above,vwill be

at minimum voltage, i.e. at 180 V.

. 22.5
Primary current = 180"

i

0,125 Amps.

Hence the transformer selected shouldhave the follow—‘

ing ratings.

Input- 180 - 300 volts/0.125 Amps.

Output 18 = 0 =« 18 Volts/500 mAmps.

2.3.2.4 Rectifier design :

Bridge configuration”has been used for rectifier
circuit, and the power supply has been designed for 500 mA,.

" The maximum diode current, therefore, will be half the load

current i.e. 250 mA.

Vp Maximum peak voltage at tramsformer secondary

output at 300 vVolts input is given by,

Vg o= " /2 . 18 x 300
- A 230
= 33.2 Volts

'Maximum peak inverse voltage for diode is given by,

»

= 2 ’
Vp

2 X 33.2

it

66 .4 Volts



Hence the diode selected should be-:. able to withstand

peak inverse voltage of 66.2 V and can deliver current 250 mA.
ot
Diode IN4002 seleccted has peak inverse voltaqe/loo

volts and current rating 1l amp. and hence can serve adequately.

2.3.2.5 Filter design :

ror full wave circuits driven by a line frequency of

50 Hz. The time period T is given by

I
T = e = 20 mSec.
Peried of half cycle = ~%— = 10 mSec.

4 . )
If the discharge time of the capaciter through load
is kept more than 10 times "' - 7/2, following approximation'q

may be used for full wave peak rectifieres.

T . - O c24 ) .
! = CR e e '
L ool L4 vy reiivdisly T TR
where, LA AJLN it

r is the percentage ripple factor

1, is load resistance in Ohms

C is capacitance used for filtering in ufd.

Considering the maximum load current 100 mA.
_ 15
RL = — 3
1100 x 10

150 Ohms.

\



Now, if 1000 ufd capacitor is used,

0.24 -6
r = 1000 x 150 x 10

1.6 %

The rippile of the order of 1.6% is gsufficiently low
and it will be further reduced by the regulator. Hence

capaciter of 1000ufd/50V LS adequate.

2.3.2.6,Regulator selection

Three pin regulators 78 and 79 series for positive and
negative voltage.respectively'haVG been used and are redily

available with the following specifications as per manufacturers

datavsheet.

Sl.No. cede Max.Input Max, Output Outpuc Operat-~

Volgage current vVoltage ing Memp..
\4 Amps., i Range
1. 7805 35 0,5 + 5v 0 to 70 C
24 7815 35 0.5 +15V 0 to 70 C
3. 7915 =35V 0.5 -15v 0 to 70 C

2.342.7 Phase control -

It has been stated earlier, that the phase load is a
variable auxillary load which provides fine (smoothly variable)
control by using the firing angle o to keep the total load

on the generator constant, when the main load changes. The
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circuit diagram for phase control is shown in Fig. 2.5. The
entire phase control is obtained by the sum of frequency

srror signal and current error signals.

The load current in each phase is sensed through
current transformers (CT). The a.c. output of CT is fed at
terminal 4. This AC signal is rectified and amplified by
1c-1 and its associated circuitry. For the positive half
cycle of the input signal Dy is forward biased and D, is |
vreverse biased vhere as for negative half cycle,D2 is forward
biased and D, is reverse biased. Now as D1 is- connected to
inverting and D, to non-inverting terminal of IC-1,
the amplified output will be negative for both the half‘
cycles. Diode Dy ensures that the output of IC-1 wili not
g0 positive; averaginc of this output signal is obtained by
connécting Réand C!as shown. The wave shapes are shown in
Fig. 2.6. Thus a negative d.c. voltage signal proportional

to the load current is obtained.

This negative d.c. signal is compared with a positive

reference in a comparator (IC-2). Error signal AV, is the

difference between the reference current and actual current

signals.

The error signal AV 1is amplified by a non-inverting

amplifier (IC=-3). If the load current is less than the
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reference current the -amplified error signal is negative and
if load current becomes more than the reference the amplified

error signal goes positive..

Voy = Kl(IPH - IRef) (1)

where V., is the voltage which controls the firing circuit

due to current feed back.

IpH is the phase current of generator

I is the reference current
Ref

Ki is the net gain of IC-1 and IC-3.
The frequency error signal from the frequency control
card is added to the output of-IC=-3 and the sum of both

the error signals (current error signal and frequency error

signal) is fed to the firing circuit.

Ve = Ky (£ e = £9) cee (2)
where, Vc2 istm(wmmMAﬂmmlfmmfm@mmwbud
(éxplained in the next section)
fref is the frequency reference
fg  is generato® frequency
K, is the gain of frequency card
Signals VCl and Véz have been summed in the ratio given

as below



reference current the amplified error signal is negative and
if load current becomes more than the reference the amplified

error signal goes positive.

Ve, = Kl(IpH - IRef) (1)

where vcl is the voltage which controls the firing circuit

due to current feed back.

IpH is the phase current of generator

IRef i1s the reference current
Kl is the net gain of IC=1 and IC=3.

The frequency error signal from the frequency control

card is added to the output of IC-3 and the sum of both
the error signals (current error signal and freguency error

signal) is fed to the firing circuit.

Ve = K, (fref - £qg) cee (2)
where, Vo is the control signal from frequency card
(éxplained in the next section)
fref is the frequency reference
fg  is generatod frequency

K, is the gain of frequency card

Signals VC1 and Voo have been summed in the ratio given

as below :



Yer _.Eiy_ [ Ry Rs 5 RudRy Raf £92:5]
c2 X
= X ( o{¢1 in the present case)
= eow 3
Va = oK Vgq t Vo ( )

Here Vc is the total control voltage for the firing

circuit substituting for VCl and ch from Eqe 1 and 2.

= - - £
v, = ol Kl(IPH %vf) + K2(fref g)
Ks
= o Kl (IPH - IRef) + -Izz(fref - fg)

In the present circuit frequency error signal is
predominent as the frequency 1is the main parameter which iz

<

intended to be controlled, while current feed back is essentially

for balanéing the load on generacor,

The firing circuit shown in Fig. 2.7 consists of a
current source Q,, a synchronizing transistor Q, and UJT (QZ)
being used as relexation oscillator. When the sum of the

error signal is less than 15 V, Q1 conducts and capacitor
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0
N
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1

Cl is charged through R18

reaches VD at which the UJT turns 'ON' and discharges C

untill the emitter voltage of Q2

1

through R wWhen the emitter voltage reaches a value of

20°
2 volts, the emitter ceases to conduct and UJT turns 'OFFp’

This cyclé is repeated and the output pulse of JJT are used

for firing the triac. An optocoupler MCT, has bcen used to

2
isolate the electronic control circuit from supply nains in

the firing circuit.

Transistor Q3 used for synchronizing enables the

changing of ¢, to start from zero crossing in each half

1
cycle. Thus the duty cycle of the friac is maintained same

in both half cycles of the supply frequency.

IC~-4, IC=5 and the associated circuitry generates the
synchronizing pulses for Qs (Ref. Fig. 28), IC-4 and IC-5
have been wired as high gain inverting amplifiers with
sufficient hysterises to take care of aistortion at zero
crossing points in the a.c. supply from generator. #:Ce
supply from the synchronising transformer is fed to the
inverting inputs of IC-4 and IC-5. The output of béth the
comparators are square pulses with a 180O phase diffefEnce.

These outputs are differenti d g
ated by C2, R35 and C3, R36

Thus, for every zero crossing spikes are generated. Diode

D, and Dg Pass' . the positive spikés and blocké neqgative

spikes, Now the positive spikes of both are summed and
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thus positive spikes for zero crossings are obtained which

is'used'as synchronising pulses for transistor Q,. Fig. 2.9
The, Lab

'shows the wave forms at different stages. La - represents .

different stages of IC-4 where as b - represents different

stages of IC-5,

2.3.2.8 Design of amplifier and rectifier circuit
for current (IC-1) : (Red. F162.5)

Let the reference signal value in comparator (Ic~2)
be Vieege After amplification and averaging the signal output

Y

de should be equal to %ﬁf at full load cu;xent.

‘ AlSO)

V. = 2_/2 AVin o ee (1>
dc . A .

where,
Vin is rms input signal from CT
A is gain of IC-1 circuit

From equation 1,

Vie X A

2/2 vig

A

Vde

_Vin

= 1.1

A o oe . (2)

. " - |
From Fig. .5 , the CT secondary VOo.tage across R for full

load current of 10,5 amps. is 0.340 volts.

\4 5 volts

ref = Vac
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the

25

*0
00
1

From Edne. 2,

. 5
A = 1.1 -3

16.17

]

Hence, the gain of IC-1 has been taken as 15.

Further,

amplifier and rectifier circuit should have equal gain

for the positive and negative half of the cycles.

The effective circuit for positive half and negative

half is shown in Fige.2.9:A.

- FPor positive half cycle :

R
Gain = —Eg_ 5 e 0
1
For negative half cycle :
R3
Gain = F— + 1 osso
0

(15 is the selected gdin value)

R3 = 15 Rl

14 R

]

0

If the value of Rl selected is 10 K.

(3)

(4)

(5)
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R3 = 150 K
R, e 10.7 K nearest available value 10K.
The value of R, selected is Ry |} RO

= 9.375 K-/ nearest available value 10K

The value Of R, is to be choosen sufficiently lower
than R, sO that signal attenuation is minimum across R,.

Hence the value of R2 chosen is 1 K.

. For averaging the out put of IC-1, R6' C1 has been

used. The averaging time constant has been chosen to be greater
lot.m es .

'thanAthe input signal frequency. 1In our case, the input

fre@uency for averaging signal (nput is 100 C¢/s i.e. have a

time period of 10 mS. Therefore, the value of Rg C, has been

taken as given below :

iy

Cy 100 u Frd/28vV

2.3.2.9 Design of comparator circuit (IC=2 and
error amplifier (IC-3) :[Ref.F16.2.5]

The comparator circuit (IC-2) is a inverting amplifier

having unity gain. Averaged output of IC~1 and the reference

signal has been given to the inverting terminal of IC=~2 through
resistances R, and Rg respectively. Resistance Rlo is

connected in feed back loop.



High value of R, has been chosen to draw very nominal

current from the IC=1 being unity gain amplifier,

R7 = R8 = R10 = 470 K

Ry, is the parallel combination of R, and Rype

= 235 X Ohms (used value 220 K)

The error amplifier is a simple non=-inverting amplifier

having gain of 23. R = 10 KOhm, R

12 1 KOhm and

13 .7

R,, is 22 KOhms.

14

24342410 Design of firing circuit :

As per manufacturers data sheet the intrinsif stand
Yy .
off ratio)for 2N2646 lies between 0.51 to 0,86.

Taking n = 0.6 emitter peak point voltage Vp

can be calculated given below :

Vs = n Vg, cee (6)
= 9 volts:
o Hence the current required for charging the
capacitorj:D (0.1 ufd) may be found out by,

i. =
‘ ot Cp. OV o (7)

where, 4
i is the changing current

t is the timerequired for changing Cpto 9V



C . is capacitor to be chargzd.

D
Taking charging time T sufficiently low say as
0.5 m Sec.

From Eq. 7,

3 6

i x 0.5 x 10° 0.1 x 107" x 9

i = 1.8 m Amps.,

This current will be drawn through R18' Allowing

VCE = 2 Volts, the voltage drop in R18 is required to be,
VCC - 2 = Vp = 4 vVolts
4
Ris T T m
= 2.2 KOhm.

As per manufacturers data sheet normal forward current
for optocoupler diode is 10 -#MAMP. max. forward voltage is

about 1.2 V. The value of R23 “+ R26‘can be calculated as
under

VCC

Raz + Ry =, =5

1.5 K (vCC = 15 V)

Hence, the value seleacted are R,3(560 Ohms), Rye (1K)
The value of decoupling capacitor will depend upon the time

constant of the UJT pulse out put which is given by RZd:D'

For selecting the value of Cy



« C ’::"‘ 100 RZO‘ C

Ryge Ca 1

c. selected 22 utd.

4

(time constant of decoupling capacitor should be |
greater than 10 times the time of UJT pulse output)

2.3.2.11 Design of synchronising circuit
(Ic-4 and IC=5) s [Re® £16.2.5)

IC=-4 and IC=5 have been used as‘inverting amplifier

with high gain (47) with hysterisis as calculated below :

15 x 4.7
- 470

. 15 Volts

i

which means the comparators will take care the input noise
of 0.3 volts amplitude. The value for comparator circuit

are Ry, and Ryg (10K ), Ryys Ryys Rygs Ryy (470 K), R

Rog (47 ®¥) and Rogs Ryg (4.7 K)
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For differentiating the time constant has been taken
less one tenth of the input frequency time constant. It has
been kept as 40 usec taking the value of Ryss Rag (10K) and
Cysr C4 (0.04 ufd).

2.3+2.12 Freguency control :

Circuit diagram for frequency contrcl is shown in
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Fig. 2.10. First the frequency of the syétem is sensed.

The output of the transformer is fed to triggering circuit,

so as to obtain pulses for IC-555 at each zero crossing of

AC supply. The triggering circuit is shown in Fig. 2.11 with
wave forms. The rectified d.c. when fed?%he base of transisﬁor
Ql' the positive pulses at its collector is obtained. These
ﬁulses are given to the base of Q2 which conducts only for

the duration for which Qi does not conduct. Thus at the
collectoxr of Q2 inverted, pulses are obtainad, which are

used for triggering IC-555, which works as frequency to voltage

converter.

2.3.2.12 Fregquency to voltage conversion :

Timer 555 has been used to convert the frequency into
voltage. It has been used in monostable multivihrator mode .
>The circuit diagfam is shown in Fig.'2.12(a) when a negative
going pulse is applied to pin No. 2, output ét pin No. 3 goes
high and terminal 7 removes the short ciréuit fpom'éapacitor
c. The voltage across ¢ rises at a rate determinged by-kA
and c. When the capacitor voltage reaches 2/3’VCC comparator 1
in Fig. 2.12(b) (functional diagram of timer 555}.§witches
from high to low_. The input and outvput wéve'forms are shown.
The output is high for a time given by,
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The value of resistance (RA), and capacitance (C)
is selected in such a way that the time period for the outpuﬁ
to be high should be less than the time period of the input
pulse. The average d.c. value of the output is obtained by
simple R. C circuit and may be given as,

Voo T

v _ high
av - /2
//wﬁére\vo is the amplitude of IC 555 output, and Thigh is the

'ON{§;éte period and T is the time period of the input pulse,

Substitutlng fo; Thigh from Ed. 1 in Ed. 2,

VooX 1lel R, C x 2
— L A
VaV » - T e v e (2)

2.2 RA C VO £

Vav 7= K f L 2R 2N 4 (3)

where K is a constant and is given as below,
K = 2.2 R, C Vo

The above result shows that the average output
voltage of IC 555 is directly proportional to the input

frequency.

The output voltage of frequency to voltage converter

is first given to voltage follower having IC., and then

1
compared in the comparator with a reference voltage. The

~reason for using voltage follower circuit is that it draws
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negligible current from the source as it has high input
impédance. since the signal-is positive, thercfere, the
negative reference has been used. The algebraic sum of the
reference and input signal i.e. the errer signal is

amplified. Now it can be concluded that if the system
frequency is higher than the reference frequency the algebraic
sum will be positive and the cutput of the comparator will be
negative and vice versa., The amplitied error signal ch

is fed to phase control as well as to step control as shall

be discussed in latter sections. Here Vo is given as below :

\Y = K, (£

a2 - fg)

2 ref

2+3.2.14 Over voltage protection :

The frequency control card also has an over voltage
protection circuit. The ae.c. voltage from the step down
transformer is rectified and compared with a reference
voltage. = The output of comparator drives a relay circuits
éonéisting of,Q3 and associated circuitry. when a.c. voltage
exceaeds the reference the comparator output goes negative.
The zener z, goes into conducticn which also causes the
conduction of transistor Q, which may drive the relay to

close the water input to the turbine or may be connected to

an alarm system.
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