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INTRODUCTION

Transformers are operated in parallel in power plants

ABSTRACT

The safety of the electrical energy supply is one of the most critical issues for companies en-
gaged in production. The internal distribution network, which will provide the energy for
the production elements, is essential. Power Transformers, which energize the loads fed from
the electricity distribution network, are backed up in a way suitable for parallel operation for
energy supply security. As a result of this situation, in case of a predictive failure in one of the
transformers, energy supply safety is ensured since the other transformer is designed to carry
the load alone. When one of these identical transformers is damaged, the relative short-cir-
cuit voltage of the new transformer to be integrated into the system may be different. The
transformers with different short-circuit voltages are not shared their load equally. For this
reason, the total amount of load that they can be loaded, the relative short-circuit voltage that
will occur, and the load rates they are loaded change. In this study, a detailed analysis of two
transformers with different relative short-circuit voltages and operating in parallel was made,
both theoretically and as a result of the application, with the information obtained through the
SCADA program. The theoretical values were calculated as a result of the analysis, the SCADA
values were compared, and the margin of safety between them was established. It has been
shown that the safety margin will protect against overload on a low short-circuit transformer.
After the commissioning, the load rating needs to check and it can be regulated in line with
the load rates that will occur after commissioning.

Cite this article as: Kucukkaya BB, Pamuk N. Theoretical and practical analysis of parallel
operating conditions of two transformers with different relative short circuit voltages. Sigma ]
Eng Nat Sci 2024;42(3):701-713.

operate the transformers in parallel, which will be added in

line with the load increase, instead of replacing the trans-

and transformer centers. When the power of an existing formers [9]. When operating the system with two or more
transformer substation cannot meet the load in the face transformers instead of using a single transformer, in case

of ever-increasing consumption, it is more economical to  of a failure in one transformer, the system can be continued
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by being loaded at the rate of the other transformer’s power.
Since the backup transformer power needed by the trans-
formers operated in parallel will be reduced by half, the cost
will decrease. When the load in the system decreases, one
of the two transformers is deactivated, preventing low-effi-
ciency operation at small loads.

Suppose an existing transformer in the system does
not meet the demanded load. In that case, another trans-
former with the same technical specifications can operate
parallel with the existing transformer to meet the demand.
Transformers can take 5-6 months to produce, and 2-3
months to repair [1-19]. A transformer operating inte-
grated into the system may be subject to a major failure. In
this case, it is necessary to examine which of the existing
spare transformers can work by connecting them in paral-
lel. Spare transformer specifications can be different from
the main transformer. In this situation, the parallel opera-
tion conditions must be checked [2].

Various conditions are required for the parallel connec-
tion of transformers with different specifications. Therefore,
this study analyzed the parallel operation of two transform-
ers with different short-circuit voltages, and the differences
that occurred during the application were examined. In
addition, this study includes the theoretical calculation and
the safety margin before the load maximum to parallel-op-
erated transformers with different short circuit voltage val-
ues. According to literature research, the parallel operation
of the different relative short circuit voltage transformers
was checked theoretically. In this study, the simulation cal-
culates the parallel operation, and after the simulation, the
operational results are analyzed by SCADA.

PARALLEL OPERATING CONDITIONS IN TRANS-
FORMERS

The following conditions must be met to divide the total
load between transformers operating in parallel to their
rated power and prevent balancing currents between trans-
formers in no-load operation [4-10-18]. Parallel operation
conditions are listed as follows:

a) Vector groups must be the same.

b) No-load Voltage ratio must be equal.

c) Relative short circuit voltages must be equal.

d) Frequency must be equal.

e) Nominal power ratio should not be less than 1/3

[3-11-14]

No-Load Parallel Operation

Suppose two transformers operating in parallel opera-
tion have the same no-load voltage ratios. In that case, their
no-load secondary voltages are equal, and no circulating
current occurs between them. However, if the idling ratios
differ, a circulating current calculated in Equation 1 will
occur between the two transformers [23].

[o— B 100

U, +(S*—‘“)><Uk2 (1)

N2

In equation 1;

I = 1. The circulating current as a percentage of the
rated current of the transformer,

Au = In no-load operation, the difference between the
secondary voltages of both transformers is expressed as a
percentage of the secondary voltage of the 1% transformer;

U Uy, = Short circuit voltages of 1% and 2™
transformers

Sxi> Sy = Rated powers of 1% and 2™ transformer

YAy = (U, =U,,)x100 o)

01

If the powers are different, the tiny power transformer is
used as the basis and with the index “1” [1 - 15]. The trans-
former with the higher idle voltage feeds the other. If con-
ditions b and ¢ are not met, the internal circulation currents
cannot be prevented, and this internal circulation current
causes the transformer windings to heat up and fail [13].

Parallel Operation on Load
The sum of rated powers of “n” transformers operating
in parallel is shown with “Sy”

Sy =Sy +Sy, +..5y, (3)

The equivalent short-circuits voltage of “n” transform-
ers with the same conversion ratios but different rated pow-
ers and short-circuit voltages is given in equation 4.

SN

Swi Swa,  Sw (4)
Ukl UkZ UKn

U, =

Assuming that the connection groups and frequencies
are the same, the parallel operating conditions consist of 3
parts[6]. These arethe no-load voltage ratio, short-circuit
voltage, and rated power. If one, two, or all three of the
three conditions are different, how the total “S” load will
be divided among the transformers in parallel operation is
examined below [5 - 22].

a) The case where only the rated powers are different is
given in equation 5:

n =§ Nn (5)

The transformer with the enormous rated power is
loaded with a bigger load.
b) If only the short-circuit voltages are different, it is
given in equation 6:
S = Exﬂa S n
n U, n U, n U, (6)



Sigma J Eng Nat Sci, Vol. 42, No. 3, pp. 701-713, June, 2024

703

¢) The case where both short-circuit voltages and rated
powers are different is given in equation 7:

Sl=thxi,Sl=thxﬂ, .......... S,1=S><h><ﬂ (7)
N k2 SN k2 SN Ukn

d) The case where both the no-load voltage ratios,
short-circuit voltages, and rated powers are different is
given in equations 8,9, and 10:

5oy S, UaUs Sy Vo -Un, S U=V

><100><SN,><UA (8)
00, U, U, U, U, U,

) Sy xUy

on

s, =(i+thnZ -Uy +thnz -Uss +,.4,+&><U”2 —UH,Z)XIOOXSNZXUA, (9)
i Ui U, SyxU,,

on

i VuUn,  Svon YU
U Ua(nfl)

xlOOxSM,xUk

Sy xU,, (10)

k1)

Given in Equations 7, 8, and 9;

Upp Uggs wvevene , Upy, 1s defined as the no-load secondary
voltages of the transformers.

Si» Sy S, the first terms define the power drawn from
the network, and the other terms define the circulation or
balancing powers between the transformers.

They can be in (+) or (-) polarity. But ultimately, their
sum is zero. The sign of S, balancing power is (-) polarity in
a transformer with high secondary voltage [16].

If conditions d and e are not met, the transformer with a
low percent short-circuits voltage as a result of unbalanced
loading of the transformers will create a danger after the
transformer is loaded more than the rated power of the
transformer [17].

PARALLEL OPERATION

Power Distribution

For transformers connected in parallel, the load distri-
bution, the current drawn by each transformer, or the appar-
ent power it receives must be known. These data enable us
to take measures to prevent overloads and to examine the
power distributions that will occur on transformers.

a) In case all the features of the transformer connected
in parallel are equal, the calculations to be made are defined
in Equation10 and Equation11;

Table 1. Main Transformers Technical Information

[=Il+[2 (11)

§=5+5, (12)

Given in Equation 10 and Equation 11, “I” represents
the current drawn by the system (A), “S” the power of the
system (kVA), “I,” the current of the first transformer (A),
“L,” the current of the second transformer (A), “S,” the cur-
rent of the first transformer, the power of the transformer
(kVA), “S,” defines the power of the second transformer
(kVA). The power of the system is shared equally by the
two transformers.

b) In case the short circuit voltages of the transformers
connected in parallel are not equal, the calculations to be
made are defined in Equation12, Equation13, Equation 14,
and Equation15;

S =51 +5, +5; (13)
_ Stotal
k(new) i R i R i (14)
Ukl UkZ Uk3
U’ new. Sn
Sn(/rmd) =S/0ad X(%XS_) (15)
kn total

U min U min U ‘min
Smax=(["]( >><S1)+(L"; )xS2)+(%xS3) (16)

k1 k2 k3

It defines the new short-circuit voltage (%) that will
occur during the parallel operation of transformers that will
operate in parallel with the Uy (e, Sy0aa) (KVA) defines
the load to be loaded by the transformers that will oper-
ate in parallel during parallel operation. S_,, (kVA) defines
the maximum load. We can load the transformers that will
operate in parallel [11]. S,,S,,and S; (kVA) define the nom-
inal power of transformers. Uy, Uy,, Uy; (%) It defines the
short circuit voltage of transformers. Stop (kVA) defines the
sum of the rated power of transformers.

Transformers Technical Informationx

TR1 Technical Informations

TR2 Technical Informations

Transformer Power Rate (kVA): 6000
Serial Number: TN:239
Short-Circuit Impedance (%): 6,41
Vector Group: Dynl1
Primary Voltage (kV): 13,8
Secondary Voltage (kV): 2,4

Frequency (Hz): 50

6000
TN: 240
6,41
Dynl1
13,8

2,4

50
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2 DesignBase JobFile [BUGRA BURA KUCUKKAYA] - Device [BMVA TR2] - 1D [107729]

Bramch Name [BMVA TR2

Library {56000 13.8/2. 4K v

Transformer

Connection Information

[iata Entry Format

' From [1015410 To [1015334 * ActualValues
kMA Rating BO00.00 kWA System Voltages Mameplate ™ Per Unit
= Frequency 50 Hertz From Yoltage 13800 I Distribute 13800 n et
= perating Status
r1 To'altage 2400 [ Distribute 2400 On |2—

Deseription  Shert Citeuit | Laad Flow | PDC | Reliabilty | Installation | wie Diag |

Transformer Resistance and Reactance

Rex [ DemE sex[ saow || S'Z":gmunded
A% ’m 2 ’m - Solidly Grounded
- % Impedance Grounded
_Dpen, SC Tests - ZigZag
Secondary [To) Winding Grounding
Zez| 543651 %R+ | 1032388 - Deka
z0%| 643851 ®mo[ 1098388 - ¥ Ungrounded
= - Solidly Grounded
+4T% ’W - ' Impedance Grounded

- ZigZag

Tranzformer taps on Load Flow tab are alzo used by
Short Circuit programs and are common to both,

Figure 1. TR1-TR2 Transformer Technical Specification in

6,296 o

269 1 a01

}

BARA A

a10 i 105 1w

s 8 n

1600 KVA
13.800.4KV
2

TASLAMA
ATELYES|

B11

517 10w 97 v 169 1w

26 4 0 ar p 1ap a1 515

4000KVA N BODOKVA Y
TENSIONREEL :’v WA STAND :‘t

Figure 2. TCM Transformer center in Siemens Scada.

6000 kvA
13.8R24KV
TR2

30 kVA
13.800.4KV
GATING

2000 KVA
13.8/0.22kV
Ps

1000 KVA
13.800.22kV
PS

S

Investigation of Parallel Operation of Two Transformers
with Equivalent Technical Specifications

The technical specifications of the two transformers
with equivalent technical specifications operating at the
ERDEMIR TCM Transformer Center are indicated in Table
1. The First and Second transformers are the transformers
operating in the current system. Label information has been
entered in the EDSA PALADIN Designbase program, and
the technical specification information is given in Figure 1.

Primary [From] *inding Grounding

Zada

Simulation Program.

LU
301

A7

1741w

nos

4,005 L 1,148

S

6000 KVA
13.8R2.4KV
TR

9. 95 1034

1600 KVA
13.800.4kV
R

1600 kWA
o S ()
TR3

602 1o 437 384

a1a 384

8000 kVA ‘ 2000 kvA ‘
No'3 STAND :‘v WO STAND :’v

In Figure 2, the SCADA image of the system is shared
below, and the data is entered into the Simulation Program.

121 4

6300 kvA
13.8/0.64KV
NO:1 STAND

4

2
; 5 MVAr
KAPASITOR 2

5 MVAr
KAPASITOR-1

The cable information in the current system has been
processed into the Simulation Program. Cable information
is given in Table 2 and Figure 3.

The breaker information in the current system has been
processed into the Simulation Program. Therefore, circuit
breaker information is given in Table 3 and Figure 4.
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Table 2. Cable Information

Table 3. Circuit Breaker Technical Information

Cable Technical Information Values Circuit Breaker Information Values

Cable Type: 4/0-3C-15K Circuit Breaker Type VD4-17-3150A
Cable Material: Copper Circuit Breaker Interrupt Rating at Max Voltage 50kA

Cable Length (meter): 30 Circuit Breaker Amp Rating (Amps) 1250

Cable per Phase: 1 Circuit Breaker Maximum Voltage (V) 17500

Cable Frequency (Hz): 50 Circuit Breaker Frequency (Hz) 50

Branch Name i.mg?gg 0F3RTIP2 Feeder
= = Connection Infomation -

Size l—_\_] - Open |
Cable Frequency 50 Y2 IEada— 2

™ User Defined

Descripion  Cable/Line Data ]PDE | Risliabilty | Installation | e Diag |

Cable Resistance and Reactance at 40.0 C

R 0 Ohrres/1000 m 011118 =0 OhmsA 1000 m 006167

+-T% J 18.0
~ Material ~Temperatures - —
=—I - Copper 5C ] 200 C
_':_l 2 W Temperature Ingensitive

- Aluminurn PF 200 C

- Mutual Coupling Information —

Feeder ¥ | Coupling Length 0 Meters
Fram J Zero Sen Resistance B0 | 0.00000 OhmsA 000
To Zero Seq Reactance #mi 0.00000 Ohme1000

Figure 3. Cable information in Simulation Program.

9 DesignBase JobFile [BUGRA BURA KUCUKKAYA] - Device [(73) ->073KAP14] - ID [112417]

Branch Mame |[& High Voltage Breaker

- Connection Information

Librar_l,q\u‘Dll 17-31504 50k& | | From iT[:MA Ta ]10892?

Relay banf. [— | = - Closed

142 L-G Charging Capacitance

R+Obme/1000m|  0.09691  <+Ohme/1000m| 003242 || 7=° m’;"a':gé Positive Seq | 0.00000 rbhos1000 m
0.00000 rohthos1000 m

- pFarad ZeroSeq

Rated Temperature 75 (C) 167 [F) -
Cable Ampacity Rating 136.50 J

Drata Entry Farmat —
* Actual Values

Library |4/0305 «| || From [108854 To [108852

" PerUnit
Cable Length i) 1m - 1 Existing Connection Status Mormnal Connection Status
Cables per Phase 1 - Clozed = - Mammnally Clased

- Mormally Dpen

- Power System Optimization

~M-1 Security -

o ||,

— X

Data Enty Format -
™ Actual Values

Hela_u] e 1 Existing Connection Status Narmal Connection Status: = Per Unit

= - Marmally Closed

Frequency 50 Hertz I - Dpen - Nomally Open
Max Valtage 17800 W Ifgtia— [5—
Amp Rating | 125000 Amps L
Description  Breaker Data ] FDC ] Reliability ] Installation ] ‘wire Diag ] Interlacked Pratection Devices ]
1 Switch Impedance - ANSI-
R Dhms1 000001 # Ohms 1 0.00007 Test Standard T-Tatal Vi

Intermupt Time Cycle 1] vi

Felay Trip Delay r—UU‘ Erbles Interupt Rating at Max V' 50,000 J k&,
Mas Inter Rating 125000 .| ki

Test %A 15000 [ Fused - 100000 | ke

ATS

r Power Spstem Optimization -
T N-1 Security -

RS | 0 Peak | 0
oif
| Rise Rate 0 KV /usec

- Transient Recovery Yolage delay [u-sec) -

Figure 4. Circuit breaker information in Simulation Program.
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Table 4. The System Load Information Example

Engine (Load) information in the current system has

been processed into the simulation program. Therefore,
motor (Load) information is given in Table 4 and Figure 5.

The System Load Information Load

Type: Induction Motor
Voltage: (V) 2400

Power: (kW) 750

Efficiency: (%) 90

Frequency (Hz): 50

The power balance that occurs during the operation
of these two equivalent transformers has been calculated
theoretically with the analyses made in the Simulation
Program. As a result of the analyses made in the system

where the total load shown in Figure 6 is 4.2 MW, it has

[~] DesignBase JobFile [BUGRA BURA KUCUKKAYA] - Device [07202MD1] - 1D [107663] bl X
-Connection Information——————————————————————— Induction Matar ~Yoltag
Narne
Systern Yalt 2400.0
Lib IZDD -
o Fated Vol 24000
~ Operating Status — 1 Frequency Temperature —
= [P |
1~ Optional Location Information————————————— W————-
Znne! d

Areai

=l

Description  Short Circuit l Load FlUWI MUIUIStartI FOC I F\eliabililyl Installaliunl Dplimizaliunl “wire Diagl A F\ashl

——— hiotor Rating - Motor Impedanc:
- KVA

I Motor is fed from ¥FD

_HP | 75000 || mm - Enter %X %X %X2
= - Shaft KW Tatal Shaft ki | - Calculated by Start Factor LRAFLA
- Amps
- PerUnitR&X ‘ i 28.00000 #R 2501140
- Load Schedule
| ! 28.00000 5
E stimate /R ratio |
#¢2| 2800000
= Compozition Aating 750.00 Shaft ki
Efficiency % 50.00 mehs
. - Leading
Pawer Factar 2 wo L Laggng Lok Fotor fmps [1475.07 Amps

Starting power factor % I 25.00

MNEM, multiplying factor I E.00 LRAFLA

# Poles I 4 MCC/Schedule| # Mators I 1

Figure 5. Motor (Load) information in Simulation Program.

roum

R
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Figure 6. TR1-TR2 Parallel operation analysis with equivalent features.
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been determined that the loads of the two equivalent trans-
formers are 2.1 MW.

Parallel Operation of Two Transformers with Different
Relative Percent Short-Circuit Voltages

One of the two transformers operating at the ERDEMIR
TCM Substation has malfunctioned, and there is no spare
transformer with the exact technical specifications. For this
reason, a backup transformer was chosen, which differs
only in short-circuit voltage from its technical specifica-
tions. Technical specifications of transformers with dif-

been entered into the Simulation Program, and the techni-
cal specification information is shown in Figure 7.

It has been determined from the factory test reports
and technical information that the transformer newly inte-
grated into the system has a %Uk value of 5,54. During the
controls, it was observed that the parallel working condi-
tions were met. Checkpoints are shown in Table 6.

Table 6. Parallel Operation Conditions Checkpoints

ferent short-circuit voltages to be operated in parallel are ~Checkpoints Confirmation
given in Table 5. Conversion Ratio and Voltage Conformity Confirmed

One of the transformers operating in parallel failed.  Short Circuit Impedance Value Conformity ~ Confirmed
Since there was no other transformer with equivalent tech-  power Rating Conformity Confirmed
nical specifications, the transformer with the closest tech- v, (o, Group Compliance Conformity Confirmed
nical specifications that met the parallelism conditions was Frequency Conformity Conformity Confirmed
selected among the spare transformers and integrated into ) ) )
the system. Technical information about the transformer, Polarity Compliance Coni:‘ormlty _ Conﬁrmed
which will be integrated into the system instead of TR1, has Phase Sequence Conformity Conformity Confirmed
Table 5. New TR1 and TR2 Transformers Technical Information
Transformers Technical Information New TR1 TR2

Technical Information Technical Information

Transformer Power Rate (kVA): 6000 6000
Serial Number: TN: 234 TN: 240
Short-Circuit Impedance (%): 5,54 6,41
Vector Group: Dynll Dynll
Primary Voltage (kV): 13,8 13,8
Secondary Voltage (kV): 2,4 2,4
Frequency (Hz): 50 50

2 DesignBase JobFile [BUGRA BURA KUCUKKAYA] - Device [6MVA TR1] - ID [112415]

Branch Mame | Tranzformer

- Connection [nformation-

- Data Entry Farmnat -

+ Library [SEO0012.8/2 461 vi

Description  Short Circuit ] Load Flow | PDC | Refiabiliy | Installation | 'ire Diag |
- Tranzfomer R esistance and Reactance -

From [112428 To (112430 & dctual Values
kM, Fating B000.00 kM  System Yoltages — 1~ Mameplate | ™ Per Unit
Frequency 50 Hertz | From “oltage 13800 [ Distibute 13800 = 4 tSl ;

i~ Operating Status
Toaltage 2400 [ Distiibute 2400

- Primary [Fram) */inding Grounding -

o T wex[ semm || S'Z":gmded
iz J‘m il iTDDD‘ - Solidly Grounded
- % Impedance Grounded
Open, SC Testz - ZigZag
= -Secondary [To] Winding Grounding-:
z%[ GBS )me[ 94930 | - Deka
zox[ 557068 %R0 943308 - ¥ Ungrounded
= -y Sofidy Grounded
+-T% W - ' Impedance Grounded

- ZigZag

Tranzformer tapz on Load Flow tab are alzo uzed by
Shoit Circuit programs and are common to bath.

Figure 7. TR1 New Transformer Technical Information in Simulation Program.
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The theoretical calculation of the new transformer with
a different short-circuit voltage (%) value has been made,
and the distribution of the current load on the transformers
are shown in equations 17,18, and 19.

Calculation of the percentage of the newly formed rel-
ative short-circuit voltage during parallel operation of the
transformers %Uy

new)
S, 6000+6000
S5, S, 6000 6000
—t—— —+
Ukl Uk2

U

kyeni

=5,943

6000 (17)
554 6,41

The total of the current loads in the system is 3959 MW,
and the newly calculated relative percent short-circuit volt-
age is 5,943. The loads that will occur on the transformers
are given in equations 18 and 19.

Upeni S 5,943 6000
Sly,,,(=Sy[‘.,(x(U’ x—‘)=3959x(mxm)=2123,61 (18)

k1 top

Upi S 5,943 6000
S, =8 x (=2 x 22 = 3959 (22— x ——) =1835,39 (1
2 yiik itk ( U X ) x( 6.41 leOOO) ( 9)

k2 top

The TR1 transformer loads 54% of the total load, and the
TR2 transformer loads 46% of the total load. The maximum
load value that two transformers can be loaded together in
parallel operation is given. It has been determined that the
current load of 3959 MW is suitable for parallel operation.

The maximum load calculation S_,, that two trans-
formers can load together in parallel operation is given in
equation 20.

oty

o) o

Figure 8. TR1-TR2 Parallel operation analysis with different %U,values.

Table 7. TR1-TR2 Current Values and Power Percentage Distributions with Different % U, Values

Date Time New TR 1 TR 2 New TR1 TR2 New TR1 TR2
Current Current Power Power Power Power
(A) (A) (KW) (KW) (%) (%)
12.01.2021 12:00:00 0,000 166,790 0,000 3.384,1 0% 100%
12.01.2021 12:00:25 96,484 68,359 1.989,000 1.376,8 59% 41%
12.01.2021 12:01:19 96,484 67,969 1.972,200 1.362,3 59% 41%
12.01.2021 12:02:01 96,484 67,969 1.982,800 1.372,9 59% 41%
12.01.2021 12:03:02 95,703 67,578 1.976,500 1.363,0 59% 41%
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Ui Ui 5,54 5,54
= (S )+ (5 S, ) = (2% 6000) + (2= x 6000) = 11185, 64
(Uu ) (U“ ) (5’54 ) (6,41 ) (20)

Transformers were entered in the Simulation Program,
as shown in Figure 8, and the ratio of loads loaded in par-
allel operation was calculated. For example, where the total
load is 4.2 MW, it has been determined that the transform-
ers share the load percentages as TR1: 54% and TR2: 46%,
respectively.

Values Caused by Parallel Operation of Two Transformers
with Different Short-Circuit Voltages

After examining that there is no problem in the paral-
lel operation of the transformers, the new TR1 transformer
integrated into the system was connected to the busbar,
where it will operate in parallel, and the preparations were
completed before energizing. Transformers are energized.
During parallel operation, SCADA data is taken from the
system, and the load conditions of two transformers are
given in Table 7.

IEC 60076-1 Power Transformers - Part 1: General
Analysis

The transformer manufacturing is based on interna-
tional technical specifications and customer needs [8]. The
specifications related to transformer manufacturing are
shown in Table 8. Table 9 presents the tolerances accord-
ing to IEC 60076-1 to be applied to transformer losses and
impedance (short-circuit voltage) when they are the sub-
jects of the manufacturer’s guarantees [20]. This paper uses
NLL, LL, and %Uk symbols for no-load losses, load losses,
and impedance.

Table 8. Transformer Specifications

The Tolerance for Losses and Impedance is essential
for maximum loading of the parallel operation of the two
different short-circuit impedance transformers. Because
the low %Uk value transformer will take more load than
the high %Uk value transformer, the maximum load will be
changed, and the transformer power capacities are affected
by the situation.

Table 6 presents the tolerances according to IEC 60076-1
2011 [8] to be applied to transformer losses and impedance
(short-circuit voltage) when they are the subjects of the
manufacturer’s guarantees, which shows us the %Uk can
change +10% if the Uk less than %10.

According to IEC 60076-1 2011 [8], the Transformer
%Uk value is 6, meaning the manufacturer can use toler-
ance between 5,4, and 6,6. The Short-Circuit Voltage Power
Load Curve is shown in Table 10 and Figure 9.

Figure 9 shows that the transformer %Uk value can
affect the maximum power load. If the % Uk values are the
same, the capacity of the transformer can be used fully. For
example, if the % Uk Values tolerance used by the manufac-
turer is £10%, the maximum power capacity can be changed
by %5. The worst-case scenario is shown in Table 11 and
figure 10. If transformer 1 manufacturer used - %10 and
transformer 2 manufacturer used +%10; maximum power
capacity in parallel operation is affected between %9-%10.

The Define the Method of Parallel Operation According
to the Results of the Theoretical and Operational Values

Table 9 presents the tolerances according to IEC
60076-1 2011 [8] to be applied to transformer losses and
impedance (short-circuit voltage) when they are the sub-
jects of the manufacturer’s guarantees. In section 3.4, The
case study has observed that the power percentages, which

Specification Description

IEC 60076-1 Power transformers—general

IEC 60076-2 Power transformers—temperature rise

IEC 60076-3 Power transformers—insulation levels and dielectric tests
IEC 60076-5 Power transformers—ability to withstand short-circuit
IEC 60137 Bushings for alternating voltages above 1000 V

IEC 60354 Loading guide for oil-immersed power transformers

Table 9. Tolerances for Losses and Impedance

Quantity Tolerance

(a) Losses -

(a) Total losses (NLL + LL) +10% of the guaranteed total losses (NLL + LL)

(a) NLL (LL) +15% of the guaranteed NLL (LL), provided that the tolerance for total losses is not exceeded

(b) Uk on principal tapping

(a) £7.5% of the guaranteed Uk, when Uk > 10%

(b) £10% of the guaranteed Uk, when Uk < 10%
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Table 10. Short-Circuit Voltage Power Load Curve of 6 vs 5,4-6,6

Short-Circuit Voltage Power Load Curve of 5,4 vs 5,4-6,6

Tr1 Power 6000 6000 6000 6000 6000 6000 6000
Tr2 Power 6000 6000 6000 6000 6000 6000 6000
Ukl 6 6 6 6 6 6 6
Uk2 5,4 5,6 5,8 6 6,2 6,4 6,6
Uk Yeni 5,684211 5,793103 5,898305 6 6,098361 6,193548 6,285714
TR1 Load 0,473684 0,482759 0,491525 0,5 0,508197 0,516129 0,52381
TR2 Load 0,526316 0,517241 0,508475 0,5 0,491803 0,483871 0,47619
Slload 5400 5600 5800 6000 6000 6000 6000
S2load 6000 6000 6000 6000 5806,452 5625 5454,545
Smax 11400 11600 11800 12000 11806,45 11625 11454,55
Max Load 0,95 0,966667 0,983333 1 0,983871 0,96875 0,954545
100,00% —95,0% 95,8% 96,7% 97,5% 98,3% °92% 10 99.2% 98,4% 97,6% 96,9% 06,2% 05,5%
90,00%
80,00%
70,00%
60,00%
52,63% 52,17% 51,72% 51,28% 50,85% 50,42% 50,00% 50,41% 50,82% 51,22% 51,61% 52,00% 52,38%
50,00% —
a737%  angav  828%  4BT2%  49,15%  4958%  5000%  4959%  49.18%  agza%  4839% 4500k 4700y
40,00%
30,00%
20,00%
10,00%
0,00%
54 55 56 57 58 59 6,1 62 63 64 65 66

=mm==TR1 L0ad =====TR2 Load

Max Load

Figure 9. Short-Circuit Voltage Power Load Curve of 6 vs 5,4-6,6.

should be 54%-46%, according to the theoretical values cal-
culated for parallel operation of transformers with different
%UKs, occur as 59%-41%. In SCADA, current and voltage
values are provided with voltage and current transformers
with a margin of error.

Considering the difference in SCADA, the error
between the calculated value and the actual value would be
5 percent if the transformers were commissioned at the cal-
culated maximum power. The new TR1 transformer would
be loaded with more than 10 percent of its rated power, and
malfunction would occur because it was overloaded. Also,
the tolerance of the % Uk in IEC 60076-1 2011 [8] manufac-
turer can be used £10%. The worst case scenario is shown in
figure 10 if the transformer 1 manufacturer used - %10 and
transformer 2 manufacturer used +%10; maximum power

capacity in parallel operation effected between %9-%10. It
has been concluded that making parallel operation calcu-
lations of transformers using a safety margin of 10 percent
less than the calculated value will provide safer operation.
The maximum amount of power these two transformers
with different short-circuit voltages can load is recalculated,
and the load value calculation is shown in equation 21.

Smax: Taking into the 10% safety margin on 11185,64
kW, it is as in equation 21.

11185,64 =1,1=10168, 76kW 1)

It has been determined that no adverse events will occur
if the transformers are operated in parallel at a value below
this load. The power increase can be made by regulating
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Table 11. Short-Circuit Voltage Power Load Curve of 5,4 vs 5,4-6,6

Short-Circuit Voltage Power Load Curve of 5,4 vs 5,4-6,6

Tr1 Power 6000 6000 6000 6000 6000 6000 6000
Tr2 Power 6000 6000 6000 6000 6000 6000 6000
Ukl 5,4 5,4 54 5,4 5,4 5,4 5,4
Uk2 5,4 5,6 5,8 6 6,2 6,4 6,6
Uk Yeni 5,4 5,498 5,593 57684 5,772 5,858 5,94
TRI1 Load 50,00% 50,90% 51,80% 52,60% 53,40% 54,20% 55,00%
TR2 Load 50,00% 49,10% 48,20% 47,40% 46,60% 45,80% 45,00%
Slload 6000 6000 6000 6000 6000 6000 6000
S2load 6000 5785,7 5586,2 5400 5225,8 5062,5 4909,1
Smax 12000 11785,7 11586,2 11400 11225,8 11062,5 10909,1
100,0% 99,1% o% .
100,0% 52% _974%  s66%  o5,9% 95,0%  94,3%  935%
, ,5% 92,9% 92,2% 91,5% 90,9%
90,0%
80,0%
70,0%
60,0% X 55,0%
so0%  S05%  S0@%  SLA%  SLEw  522%  526%  530%  534% s3EK  SAzh SO
50,0% —
50,0%  49,5%  49,1%  48,6%
. 48,2%  A7.8%  47,4%  47,0%  46,6%  462%  45.8% 458%  45,0%
30,0%
20,0%
10,0%
0,0%
54 55 56 5,7 58 59 3 6,1 6,2 63 6,4 6,5 6,6
e TR1 L0ad s TR2 Load Max Load

Figure 10. Short-Circuit Voltage Power Load Curve of 5,4 vs 5,4-6,6.

the maximum load of the transformers, which were com-
missioned with a safety margin of 10 percent after commis-
sioning. The maximum power shown in Equation 21 was
calculated as 10168.76 kW by adding the safety margin.
It has been concluded that the load will be distributed as
59% - 41% after the transformers are commissioned with
this load. After the realized values, the maximum load is
regulated and recalculated. It has been determined that
the difference between the theory and actually formed in
this direction is 4.7%, and the maximum load that can be
loaded is regulated in this direction as in equation 22.

10168,76x1,047 =10652,99kW (22)

According to the actual data, it has been determined
that the maximum load that they can be loaded is 10652.99
kW. The system has been regulated by 4.7%, with the data
realized after the commissioning using the safety margin of
10%. By determining the maximum load, the system can be
loaded, the system continued to operate safely.

CONCLUSION

In Power Generation Plants and transformer centers,
transformers are operated in parallel. When the power of
an existing transformer substation cannot meet the load
in the face of ever-increasing consumption, it is more
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economical to operate the transformers in parallel, which
will be added in line with the load increase instead of
replacing the transformers. The power of the transformer
to be added to increase the power of the transformers to
be used in the transformer center directly affects the cost.
By feeding 100 MVA with two transformers instead of
100 MVA power with one transformer, the power of the
additional transformers to be added to the system will
decrease from 100 MVA to 50 MVA, thus affecting the
cost considerably.

Since the backup transformer power needed by the
transformers operated in parallel will be reduced by half,
the cost is reduced. In addition, when the load in the system
decreases, one of the two transformers is deactivated, pre-
venting low-efficiency operation at small loads.

If the number of transformers operating in the system
is high, in case of a malfunction in a transformer, the sys-
tem becomes sustainable by being loaded at the rate of the
power of the other operating transformer.

According to this study’s theoretical and operational
case of parallel operating two transformers with different
relative short-circuit voltages, It is essential for the system’s
safety to create a minimum 10% safety margin for Smax
over the theoretically calculated values and to regulate
Smax according to the loading percentage that occurs after
loading. Overloads that may occur are prevented.
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