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1. INTRODUCTION

Electrical power is vital for the increase in protivity, development, prosperity and strength of an
nation. Thus its requirement has increased maifdfbwever, the power generation capacity has eehb
able to cope up with the demand, which is mainlg thuslow rate of increase in power generationygne
pilferages, transmission and distribution (T&D)des, scarcity of the conventional sources of engrggr
utilization of non conventional (renewable) enesgyrces, rise in the population and their livingnstards,
wastage of power due to the lack of awareness mergy conservation etcThis combined with the
degradation of power quality has further widened trower shortage which needs to be bridged and
controlled urgently.

The power shortage could be tackled by adoptirigiahg techniques [1], [2]:-
a. Increasing the power generation capacities.

b. Maintaining a qualitative power supply.

c. Adopting techniques for energy conservation andawpd efficiency.

Attempts to increase generation capacities thrautgtzation of more and more fossil fuels have
proved counterproductive and have lead to environmentablpms. However, continuous research and
studies on the use of the non conventional sowtegsergy with better and efficient technology wbaklp
in controlling pollution as well as improving theyper generation capacity.

Quality power supply is ensured with good initi¢édnt design, effective correction of equipments,
co-operation between the suppliers and consumedsfraquent monitoring and maintenance. Amongst the
techniques suggested, the last one is simplerctafée environmental friendly and most economical.
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However, it needs judicious use and planning of tperations by adopting an effective scientific
methodology and a tool, like Energy Audit [3]. Imtiete benefits of this would be:
1) Reduced energy bills and imports of fuels
2) Emission control and environment conservation
3) Increased productivity, competitiveness, qualitgl @rofits for industries and businesses
4) Improved energy security and its sustainable dgreémnt
In this regard a study of performance and operatioptimization was carried out for a 400/220 kV
substation installed in one of the state in India.
The brief technical details of the sub-stationasdollows:
* No. of transmission lines: a) 400 kV — 2 nos.,Z2B) kV - 4 nos.
» Power transformers: 2 nos, 315 MVA each, No loathge ratio HV/IV/LV-400/220/33 kV, No load loss
-101.4 kW, Load loss -274.1 kW,
* Bus-reactor (shunt):1 no, Rated power - 50MVAR,d&3a3, Frequency-50 Hz, , Rated voltage — 420 kV.
This 400/220 kV substation is fed through two 400lines. The power carrying capacity of each
line is about 650 MVA. Thus in case of emergencyd asquirement even one line can take care of the
loading of the two installed transformers eachagacity 315 MVA. Both the incoming lines are corteec
to two 400 kV buses which are normally coupled tigto a bus coupler. Also provision is already maute f
bringing an extra (third) line whenever need ariseis would increase the total station power infajtacity
to 1950 MVA. Also there is a provision for instdlta of a third transformer of 315 MVA, so as t@liease
the station output capacity to 945 MVA. Preserttigre are four 220 kV outgoing lines and there @vjsion
for installation of more 220 kV lines as per thadaequirement.

2. PERFORMANCE ANALYSIS

The substation operational data logged in an aufordata logger as well as recorded manually on
hourly and four hourly intervals and spanning ocagreriod of 18 months was collected and studiedHer
analysis purpose. The sample data logging is asrshin Table 1 and 2. The calculated performance
parameters are presented in Table 3. The sammlelatdbns of the parameters are as shown below:-

1) Power factor = Output MW/Output MVA = 171/177.00:9657 (lag)
2) % station loading= (Station Output MVA/630 MVA) 0= (177.07/630) x 100 = 28.1063 %
3) Transformer Load loss = (% loading /108)F.L loss = (28.10/108x 274.1 = 21.643 kW
4) % station efficiency (considering power in MVA)=té8on output MVVA/Station input MVA) x100
= (177.07/207.88) x £985.17 %.
5) % efficiency of each transformer (considering la3sgOutput KW/ output KW+ losses) x100
= (315x10x PF x % loading/100) / [(315x$8@ PF x % loading/100) + copper loss + No load loss]
= [(315x1G x 0.965 x 28.1063/100) / (315x100.965 x 28.1063/100) + 21.643+ 101.4] x 100= 99/8
6) % loading at which transformer efficiency is maximue. Copper loss = No load loss
(% loading /100%274.1 = 101.4 kW
(% loading/100) = (101.4/274.1) = 60.82 %

The station performance analysis data (given inlef8p is represented graphically in Figure 1. It
shows that there is a large difference in the \slofestation efficiency and actual transformer céfincy,
which in the ideal condition should have been et same. For calculating station efficiencyistatnput
and output (in MVA) was considered. However, folcaating the transformer efficiency the actual
transformer loading (in MW), no load and full lolmg$ses have been considered.

Transformer Efficiency
{consideéring losses)

&0 | —l— Station Efficiency
{considering O/p & i/p)
Load loss

MNo load loss

—t— power factor

Figure 1. Graph of variations in substation perfangce parameters
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3. RESULTSAND ANALYSIS
Based on the present operational pattern follovietis station, the collected field data and result
obtained from the performance analysis, the folfmrdbservations have been made:-

1 The station input voltage varies widely between 4%5to 390 kV. But when 50 MVAR bus shunt
reactor is in ON condition, the voltage variatimnes down to between 420 kV to 390 kV. The shoot
up in the voltage is mainly due to the light loagliof the lines and the Ferranti effect, which is
dangerous to the life and operation of the tramsérrand other station equipments.

2 The station output voltage varies between 232 k220 kV.

3 Frequency variation is between 49 to 50.5 Hz.

4 In addition to 50 MVAR shunt bus reactor instalktcthis substation, one more line reactor of cdpaci
80 MVAR is installed at the sending station enddontrolling the voltage levels. However, in spitie
this additional reactor the voltage level durirghti loading periods reaches up to 420 kV whichils s
on the higher side compared to the rated incomuwitpge level of 400kV. Hence, almost every day
during light loads (particularly in the night hoyrene of the 400 kV incoming lines is forced to be
tripped, as a last resort to control the incominliage rise.

5 Both the transformers are kept in ON condition cardusly and are being operated in parallel. Hence

they share the load equally.

Loading of each transformer normally varies in begw 19 to 60 %.

The maximum loading of each transformer does <60 % even during the peak periods of loading,

(which are generally of small duration). Hence, inlgirmajor period of any given day both the

transformers are under loaded.

8 Each transformer operates at a power factor ofe® @nd above.

9 The outgoing voltage on the transformer secondaly €20 kV side) is normally not regulated using
the OLTC and the tap position is kept fixed at nemb0. Thus the high incoming voltage is passed on
as it is to the various distribution substationthia state that are fed by this substation.

10 The average of the transformer efficiency caladdtom its output and losses is above 99.5 % aed d
not vary with the transformer loading. But the alkstation efficiency considering the station powe
output and input in MVA varies directly with theatrsformer loading and is in the range of 60 % to 93
%. Ideally the transformer efficiency and the statefficiency calculated by methods as explainem/ab
should have been matching. However the same differ.

11 The tertiary winding of the 315 MVA transformer, ieh has been converted into 800 KVA tertiary
transformer, is used to feed the station auxillagds only in cases of emergency. Because th@stati
auxiliary load normally draws the supply from seytartransformer of 630 KVA capacity fed by
Government owned utility and this auxiliary loadviery small compared to the main transformer
loadings. Hence, the power consumption by theatgrtransformer, if any, is negligible and is reteén
into account for the calculation purposes.

12 Presently there is no metering in place for reawdiransformer power factor, tertiary transformer
performance and bus reactor performance. The peseh these metering would have certainly
enhanced the analysis.

~N O

4. CONCLUSIONSAND RECCOMENDATIONS

Based on the observations and detailed analydiseo$tation performance, the following conclusians
drawn and accordingly suitable recommendations tmeen made for energy conservation as well as for
optimization and improvement in the station operadi efficiency:-
1. The condition derived for these transformers taiatits maximum efficiency is to operate each @fth

at 60.82 % loading. Presently these transformersoaded between 19 to 60 %. The loading is ne@@to

% for very small duration and it is generally wiellow this value for the major duration on any give

day. It is a usual practice to design transfornergive higher efficiencies at higher percentagaling.

Hence following modifications in the station/tramsher operations may be adopted [4], [5] :-

i) When station loading is in the range of 30 to 45dly one transformer should be operated, since
under this condition it would get loaded to betwd&#hto 90 % where it would yield maximum
efficiency.

i) When station loading is below 30 %, only one transkr should be operated. This operation would
improve the efficiency of the operating transforraexd additionally save the iron losses that would
have occurred in the second transformer.

iii) When station loading is above 45 % (i.e. orensformer would get loaded above 90 %), the second
transformer must be brought into operation in pakralith the first transformer. This is to prevéhe
overloading of the single transformer.

Study of Performance of a Power Station for Operadl Optimization (Sunil M. Jaralikar)
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2. With the implementation of the above measures (@sngat serial no. 1), there may be chances of
decrease in the Insulation Resistance (IR) valubefransformer which is kept in OFF conditionisTils
mainly due to the high humidity and heavy rainfallthis area. This limitation can be overcome by
switching OFF one of the two transformers in a pdamanner and alternatively.

3. An alternative to the above suggestion (as sugdestserial no. 2) would be to open the outgoing 22
kV side circuit breaker of one transformer whileeging its primary side connected to the 400 kV supp
(instead of switching it OFF). By doing this, orthe load on this transformer could be transfernedoo
the second transformer, which is also in operatiime no load losses of 101.4 kW suffered due to
adoption of this measure could very well be comptsts by the power that would be saved even if the
efficiency of the loaded transformer improves tgnaall percentage.

4. Due to the adoption of the suggestion ( as menti@teserial no. 3 above) the changeover time reduir
for shifting the load from the loaded transformarto the idle transformer, in case of emergencytdue
the tripping of the loaded transformer, would B&a@mely small, thus not affecting the system teliy
to a larger extent.

5. The loading ability of the incoming lines norma#ixpressed in terms of Surge Impedance Loading {SIL)
can be used as a convenient “yardstick” for meagurelative loading ability of lines operating at
different nominal voltages. Also a line loaded t® $IL is characterized by a uniform voltage peofil
along its length and reactive self-sufficiency. Benthe loading of these 400 kV lines may be resese
and planned according to the SIL [6].

6. For the purpose of controlling rise in the incomirajtage on account of the lightly loaded supphe§
(which is due to less power drawn by the Stateutjnothis substation), switching ON of bus and line
reactors along with tripping of one 400 kV incomilive is adoptedat present. However, this makes the
station operation tedious and causes an additloealof power in the reactors, thus affecting tystesm
efficiency, economics and reliability. To overcothés drawback, it is suggested to request the $toate
drawing its total power requirements (which is abéb0 to 500 MW during peak hours) through this
substation, so that it is loaded near to its fapacity.

7. It is difficult to ascertain the reasons of misnmatetween the transformer and station efficiency tu
no metering in place for recording performancehsf bus reactor. Hence it is assumed that the statio
efficiency is getting hampered due to loss of poinesome of the station equipments other than fife 3
MVA transformers and more so in the 50 MVAR shuus bector (which is the only equipment where
such large amount of power may be absorbed). Tiisuse of the bus reactor should be curtailed as
much as possible by adopting means as suggesteitidisove.

8. The power loss and the corresponding reductiotiadios efficiency due to continuous switching ONaof
conventional shunt reactor (as mentioned at sedall above), may be minimized by replacing it véth
suitably designed Thyristor Controlled Reactor (JCFhe TCR may be connected in conjunction with
harmonic filters through a Static VAR Compensat{®&y/C) step down transformer as shown in the
Figure 2 below[7], [8].

400 IV

SC Transformer N
IR
********Eél‘ﬂé;

TCR IT TCR I TCR IV Filter T Filter IT

/=

b
b

H
A
=
-

Figure 2. Connection of TCRs, SVC and Filters

9. ltis learnt that the overcapacity of this statinrthe present scenario is due to the reason thheaime
of assessing the projected station capacity inyder 1998, the power requirement of the State was
projected to grow to 750 MW + 20 % by the end of Elve Year Plan. Unfortunately the projection of
station capacity could not be realized till date farious reasons. This has forced the statiorparaie
well below 60 % of its capacity for most of the ipelt Hence, it is suggested to once again immdgliate
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study and reassess the future power requiremetiteoState and to decide as well as plan foresighted
the operational strategy for this station.

10.0ne more option for optimizing this station capacitould be to trim and tailor its capacity as pee t
present power requirements of the State [9]. Hetmeexisting two numbers of 315 MVA transformers
may be replaced by two 250 MVA transformers, sa 8% MVA capacity can take care of the present
total power requirement of the State which is maxim450 MW during peak hours. During off peak
hours, only one transformer can take care of thal t8tate power requirement. The cost of the new
transformers may be recovered from the sale of V& transformers and by the subsequent energy
savings by 250 MVA transformers. This would consididy reduce the payback period. Else these 315
MVA transformers may be used by this power compatrtheir other/new substations whenever required.

11. Also the State may be requested to increasedtgrialal power allocation from the central governine
and promote industrialization in the state by re¢epermissions to the projects that are held uptalue
power shortage problems in the state. This wouldesthe purpose of the state and also help irzatitbn
of full station capacity [10], [11]. This may in@se the load on this station and absorb the reaptwer
from the incoming lines, hence curtailing the uB@MVAR bus reactor.

12. Presently this station is supplying power to oahe State. An alternative suggestion to increase th
optimum utilization of the station capacity could to consider the feasibility of diverting its remag
and additional capacity to fulfill power requirentenf the neighboring states and consumers.

13. It is further suggested that the metering for rdow transformer power factor, tertiary transforme
performance and bus reactor performance may bexmiace immediately for improved data recording
and analysis purpose.

The recommendations proposed in this paper are megh feasible, attractive and are technically
as well as commercially viable for their adoptioeeging in view the wider perspective of energy
conservation.
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Table 1. Sample data sheet of the substation apesatat hourly intervals)

TIME 40°K2|//'F',)'NE ! 4°°|'f\(/| /';,')NE 00 2y 220'%/';')“'5' 220K HINE 220 INE N AL STATION INPUT | TOTAL STATION OUTPUT
©IP) (OIP) (IP)
HRS | Mw | MVAR | Mw | MVAR | kv | HZ | kv | HZ | Mw | MVAR | Mw | Mvar | Mw | Mvar | Mw | Mvar | Mw | Mvar | mva | mw | Mvar | mva
1 | 180 | -104 | 0 0 | 41 497p 224 4915 48 19 47 18 pBs 5 8 3 6 180 | -104 | 20788 171 46 177.0f
> | 178 | 104 | o 0 | 41d 408k 28 4945 48 1 47 18 Bs 8 [3 4 178 | -104 | 20618 171 44 176 57
3 | 18| 102 | o 0 | 411 4998 205 4994 s 21 d0 19 B 5 [3 3 178 | -102 | 20518 171 43 176.3p
4 | 160| 94 | o 0 | 413 4060 225 4962 4 19 43 1 33 L 2 3 1 160 | -94 | 18556 152 37 156.4p
5 | 170| 97 | o 0 | 417 4960 224 4960 46 19 45 1 35 q 35 2 170 | 97 | 19572] 161 39 165.6b
6 | 173| 99 | o 0 | a0d 4962 205 4962 4B 20 47 1 37 q 38 2 173 | 99 | 10032 170 40 174.64
7 | 183] 99 | o 0 | 41d 498> 225 4945 sp 19 4o 1 29 1 41 3 183 | -99 | 20806 179 41 183.68
8 | 176 | 99 | o 0o | aod 4990 22 4990 4B 2d 47 19 28 d 38 1 176 | 99 | 20193 171 40 175.61
9 | 185 | -107| o 0o | 4od 498h 200 4984 sp 2 4o 24 1 5 185 | -107 | 21371 181 51 188.04
10 | 200| 127 | o 0 | 308 4956 218 4985 sy 31 87 20  h1 51 7 200 | -127 | 23691 196 73 200.16
11 | 205 | 133 | o 0 | 300 494b 200 4946 558 33 s9 30 k3 5 3 8 205 | 133 | 24438 204 76 217.6p
12 | 107]| -75 | 105| 73 | 416 496k 247 49b5 61 39 R 42 | 10 | 212| 148 | 25854 204 87 22147
13 | 100 -72 | 107| 70 | 413 497p 2d8 49f0 H9 31 50 2 s 8 45 | 10 | 216| -142 | 25849 207 78 22140
14 | 105| -68 | 105| -68 | 409 493b 2d5 40h0 H9 33 59 3 2 6 40 7 210 | -136 | 25019 200 77 21441
15 | 12| 73 | 112| 73| 411 4978 244 493 g8 3 58 3 4912 | 50| 12 | 224| -146 | 26737 219 88 23231
16 | 00| 70 | 109] 70 | 414 499 245 49b0 g7 3 57 3L 47 9 47 | 11 | 218| -140 | 25008 20d 82 22347
17 | 105 | -68 | 105| -68 | 410 497p 2d6 49f0 58 31 58 31 43 9 43 210 | -136 | 25019 202 80 21746
18 | 100 | -70 | 100| 70 | 414 4988 247 49B8 58 31 e 40 200 | -140 | 24413 196 78 21095
19 | 00| -68 | 100| 68 | 414 496b 247 4968 g6 56 3D |40 8 40 9 200 | -136 | 24188 192 77 206.46
20 | 104 | 70 | 104] 70 | 414 4958 247 4963 d2 2 52 2b  Bo10 | 37 | 12 | 208| -140| 25072 191 80 207.47
21 | 94 | 65 | 92| -63 | 41 4940 228 4942 58 24 47 28 p1 ) 31 | 10 | 186| -128 | 22578 177 66 188.90
2 | 94 | 58 | 92| 58 | 419 496y 228 4967 56 24 86 21 B3 6 33 7 186 | -116 | 2192 178 56 186.60
23 | 97 | -53 | 95| 53 | 424 4966 229 4968 55 19 34 18 B8 4 38 192 | -106 | 2193] 185 47 190.87
2 | o0 0 | 175| 97 | 411 5011 23 5041 sp 21 82 2 4 B 4 3 175 | 97 | 20008 172 38 176.1p
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Table 2. Sample data sheet of Transformers & BuaRe (at 4 hourly intervals)

TRANSFORMER | TRANSFORMER I
HV CURRENT
TIME HV POWER TAP POS, HV CURRENT (IN AMPS) HV POWER TAP POS, BUS
REACTO
R (MVAR)
HRS R(A) Y(A) B(A) MW MVAR R(A) Y(A) B(A) MW MVAR
04:00 165 165 165 82 28 10 165 165 165 82 28 10 48
08:00 170 170 170 90 29 10 170 170 170 90 29 10 49
12:00 180 180 180 108 54 10 180 180 180 108 54 10 9 4
16:00 160 160 160 110 50 10 160 160 160 110 50 10 8 4
20:00 160 160 160 104 50 10 160 160 160 104 50 10 0 5
24:00 145 145 145 90 29 10 145 145 145 90 29 10 50
Table. 3. Data sheet of Performance Analysis ofSttagion under varying conditions (over the pebdtudy)
PF(LAG) | % LOADING % STATION NO %
. TRANSFORMER | LOAD LOAD LOSS DIFF. OF %
(OUTPUT (OUTPUT EFFICIENCY KVA RATING L 0SS KW) TRANSFORMER | cof/d 2 oy
MW/ MVA) MVA/630) (OP MVA/IP MVA) (KW) EFFICIENCY
0.899323 19.23846194 60.86343298 315000 1014 494583 99.9981326 39.13469961
0.958875 20.69222811 67.44055339 315000 1014 609822 99.99836959 32.5578162
0.959247 21.34610823 69.67900614 315000 1014 924049 99.99841911 30.31941291
0.96645892 23.486164 75.4509891 315000 101.4 135809 99.99857017 24.54758101
0.926258 24.84824183 80.35928177 315000 1014 38987 99.99858699 19.63930522
0.91884 26.94909023 81.30113227 315000 101.4 160006 99.99868148 18.69754921
0.94045331 28.01755919 81.90682024 315000 101}4  51@40111 99.99875798 18.09193774
0.94288605 28.11361609 82.82499287 315000 101}4 66218997 99.99876514 17.1737722F
0.97618706 29.2683951 83.12645377 315000 1014 8087867 99.998851 16.87239723

IJECE Vol. 2, No. 1,
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0.93698 29.98487903 83.66483039 315000 101.4 283582 99.99882921 16.33399887
0.9449233 30.06878819 84.37614236 315000 1014 8225876 99.99884202 15.62269966
0.97735788 31.50703689 85.99357473 315000 1014 20972537 99.9989268 14.00535207
0.96808527 32.30070979 86.16074935 315000 1014 59283573 99.99894028 13.83819098
0.93763837 34.7038727 86.98943101 315000 1014 138317 99.99897195 13.00954094
0.93157762 34.92965252 87.36816767 315000 101/4 442380993 99.99897094 12.6308032f
0.92412505 35.72662926 87.96127639 315000 101/4 98340577 99.99898207 12.03770568
0.94323534 35.84420813 87.37376716 315000 101/4 21856689 99.99900541 12.62523825
0.93117796 36.137876 88.02440492 315000 101.4 388291 99.9989993 11.97459434
0.95326054 37.29888541 88.07039769 315000 1014 13287984 99.99904729 11.9286496
0.91892786 37.82876378 88.52004431 315000 1014 22893127 99.99902272 11.47897841
0.96637248 38.27108884 88.67316364 315000 1014 14807576 99.99907915 11.32591551
0.95726389 38.96688001 89.94106945 315000 101/4 61983018 99.99908325 10.0580138§
0.95334223 39.95966724 89.56037121 315000 101/4 76480292 99.99909677 10.43872555
0.95364172 40.61290326 89.60011777 315000 101/4 21@37085 99.99910774 10.3989899Y
0.94752145 41.21027447 89.24763484 315000 101/4 55@83905 99.99911135 10.7514765
0.94752145 42.51865152 89.64045025 315000 1014 55297727 99.99913039 10.35868015
0.9367778 43.54677361 89.97083727 315000 1014 7817208 99.9991342 10.0282969
0.96377223 44.63282074 89.82181908 315000 1014 60525092 99.99917139 10.17735231
0.93647324 45.25591406 88.94786787 315000 1014 13885954 99.99915433 11.05128646
0.94998996 48.28789534 89.66681251 315000 1014 91886813 99.99919514 10.33238268
0.9671548 51.20567019 92.19278694 315000 1014 6998629 99.99922921 7.806442267
0.93177739 52.46842144 90.74500391 315000 101.4 75.4579551] 99.9992066 254202769
0.9486833 55.21437184 91.89381024 315000 1014 6836218 99.99923107 8.105420827
0.94811911 56.41913836 91.07635497 315000 1014 24879655 99.9992334 8.922878434
0.95033737 57.12257136 92.66566144 315000 1014 43850542 99.99923636 7.333574914
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