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ABSTRACT 

The safety of the electrical energy supply is one of the most critical issues for companies engaged 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-circuit 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. 

 

Keywords: Different Short-Circuit Voltage; Parallel Operation in Transformers; Distribution Transformers; 

Vector Groups; Safety Margin 

 

INTRODUCTION 

Transformers are operated in parallel in power plants and transformer centers. When the power of an existing 

transformer substation cannot meet the load in the face of ever-increasing consumption, it is more economical to 

operate the transformers in parallel, which will be added in line with the load increase, instead of replacing the 

transformers [9]. When operating the system with two or more transformers instead of using a single transformer, in 

case of a failure in one transformer, the system can be continued by being loaded at the rate of the other transformer's 

power. Since the backup transformer power needed by the transformers 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-efficiency operation at small loads. 

Suppose an existing transformer in the system does not meet the demanded load. In that case, another 

transformer 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 

integrated 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 parallel. Spare transformer specifications can be different from the 

main transformer. In this situation, the parallel operation conditions must be checked [2]. 

Various conditions are required for the parallel connection of transformers with different specifications. 

Therefore, this study analyzed the parallel operation of two transformers 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-operated transformers with different short circuit 
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voltage values. According to literature research, the parallel operation of the different relative short circuit voltage 

transformers was checked theoretically. In this study, the simulation calculates the parallel operation, and after the 

simulation, the operational results are analyzed by SCADA. 

 

PARALLEL OPERATING CONDITIONS IN TRANSFORMERS 

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 transformers 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 operation 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]. 
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In equation 1; 

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

∆u = In no-load operation, the difference between the secondary voltages of both transformers is expressed as a 

percentage of the secondary voltage of the 1st transformer; 

Uk1, Uk2 = Short circuit voltages of 1st and 2nd transformers 

SN1, SN2 = Rated powers of 1st and 2nd transformer 
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If the powers are different, the tiny power transformer is used as the basis and with the index "1" [1 – 15]. 

The transformer with the higher idle voltage feeds the other. If conditions b and c 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 “SN”. 

NnNNN SSSS ....'21 ++=
     (3) 

 

The equivalent short-circuits voltage of “n” transformers with the same conversion ratios but different rated powers 

and short-circuit voltages is given in equation 4. 
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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: 

1 1 2 2, ,N N n Nn

N N N

S S S
S S S S S S

S S S
=  =  =       (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: 
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c) The case where both short-circuit voltages and rated powers are different is given in equation 7: 
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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: 
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Given in Equations 7, 8, and 9;  

U01, U02, …….., U0n is defined as the no-load secondary voltages of the transformers. 

 

S1, S2, Sn 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 SD balancing power is (-) 

polarity in a transformer with high secondary voltage [16]. 
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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 distribution, the current drawn by each transformer, or the 

apparent 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; 

 

1 2I I I= +
        (11) 

1 2S S S= +
        (12) 

 

Given in Equation 10 and Equation 11, “I” represents the current drawn by the system (A), “S” the power of 

the system (kVA), “I1” the current of the first transformer (A), “I2” the current of the second transformer (A), “S1” the 

current of the first transformer, the power of the transformer (kVA), “S2” 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; 
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It defines the new short-circuit voltage (%) that will occur during the parallel operation of transformers that 

will operate in parallel with the Uk (new). Sn(load) (kVA) defines the load to be loaded by the transformers that will operate 

in parallel during parallel operation. Smax (kVA) defines the maximum load. We can load the transformers that will 

operate in parallel [11]. S1,S2,and S3 (kVA) define the nominal power of transformers. Uk1, Uk2, Uk3 (%) It defines the 

short circuit voltage of transformers. Stop (kVA) defines the sum of the rated power of transformers. 

 

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 
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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. 

 

Table 1. Main Transformers Technical Information 

Transformers Technical Informationx 

TR1  

Technical 

Informations 

TR2  

Technical 

Informations 

Transformer Power Rate (kVA): 6000 6000 

Serial Number: TN:239 TN: 240 

Short-Circuit Impedance (%): 6,41 6,41 

Vector Group: Dyn11 Dyn11 

Primary Voltage (kV): 13,8 13,8 

Secondary Voltage (kV): 2,4 2,4 

Frequency (Hz): 50 50 

 

 

 
Figure 1. TR1-TR2 Transformer Technical Specification in Simulation Program 

 

In Figure 2, the SCADA image of the system is shared below, and the data is entered into the Simulation Program. 
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Figure 2. TCM Transformer center in Siemens Scada  

 

The cable information in the current system has been processed into the Simulation Program. Cable information is 

given in Table 2 and Figure 3. 

 

Table 2. Cable Information 

Cable Technical Information Values 

Cable Type: 4/0-3C-15K 

Cable Material: Copper 

Cable Length (meter): 30 

Cable per Phase: 1 

Cable Frequency (Hz): 50 
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Figure 3. Cable information in Simulation Program 

 

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. 

 

Table 3. Circuit Breaker Technical Information 

Circuit Breaker Information Values 

Circuit Breaker Type: VD4-17-3150A  

Circuit Breaker Interrupt Rating at Max Voltage: 50kA 

Circuit Breaker Amp Rating (Amps): 1250 

Circuit Breaker Maximum Voltage (V): 17500 

Circuit Breaker Frequency (Hz): 50 

 



Sigma Journal of Engineering and Natural Sciences, Technical Note, Vol. 42, No. 4, pp. XX-XX, August, 
2024 

8 

 

 
Figure 4. Circuit breaker information in Simulation Program 

 

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. 

 

Table 4. The System Load Information Example 

The System Load Information Load 

Type: Induction Motor 

Voltage: (V) 2400 

Power: (kW) 750 

Efficiency: (%) 90 

Frequency (Hz): 50 
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Figure 5. Motor (Load) information in Simulation Program 

 

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 been determined that the loads of the two equivalent transformers 

are 2.1 MW. 

 

 
Figure 6. TR1-TR2 Parallel operation analysis with equivalent features 
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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 specifications. Technical specifications of transformers with 

different short-circuit voltages to be operated in parallel are given in Table 5. 

One of the transformers operating in parallel failed. Since there was no other transformer with equivalent 

technical specifications, the transformer with the closest technical specifications that met the parallelism conditions 

was selected among the spare transformers and integrated into the system. Technical information about the transformer, 

which will be integrated into the system instead of TR1, has been entered into the Simulation Program, and the 

technical specification information is shown in Figure 7. 

 

Table 5. New TR1 and TR2 Transformers Technical Information 

Transformers Technical Information 

New TR1  

Technical 

Information 

TR2  

Technical 

Information 

Transformer Power Rate (kVA): 6000 6000 

Serial Number: TN: 234 TN: 240 

Short-Circuit Impedance (%): 5,54 6,41 

Vector Group: Dyn11 Dyn11 

Primary Voltage (kV): 13,8 13,8 

Secondary Voltage (kV): 2,4 2,4 

Frequency (Hz): 50 50 

 

 

 
Figure 7. TR1 New Transformer Technical Information in Simulation Program 

 

It has been determined from the factory test reports and technical information that the transformer newly 

integrated into the system has a %Uk value of 5,54. During the controls, it was observed that the parallel working 

conditions were met. Checkpoints are shown in Table 6. 
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Table 6. Parallel Operation Conditions Checkpoints 

Checkpoints Confirmation 

Conversion Ratio and Voltage Conformity Confirmed 

Short Circuit Impedance Value Conformity Confirmed 

Power Rating Conformity Confirmed 

Vector Group Compliance Conformity Confirmed 

Frequency Conformity Conformity Confirmed 

Polarity Compliance Conformity Confirmed 

Phase Sequence Conformity Conformity Confirmed 

 

 

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 relative short-circuit voltage during parallel operation of 

the transformers %Uk(new): 
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The total of the current loads in the system is 3959 MW, and the newly calculated relative percent short-

circuit voltage is 5,943. The loads that will occur on the transformers are given in equations 18 and 19. 
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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 Smax that two transformers can load together in parallel operation is given in 

equation 20. 

max 1 2

1 2

5,54 5,54
( ) ( ) ( 6000) ( 6000) 11185,64

5,54 6,41

kküçük kküçük

k k

U U
S S S

U U
=  +  =  +  =

 (20) 

 

Transformers were entered in the Simulation Program, as shown in Figure 8, and the ratio of loads loaded in 

parallel operation was calculated. For example, where the total load is 4.2 MW, it has been determined that the 

transformers share the load percentages as TR1: 54% and TR2: 46%, respectively. 
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Figure 8. TR1-TR2 Parallel operation analysis with different %Ukvalues 

 

 

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

After examining that there is no problem in the parallel 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. 

 

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

Date Time 

New TR 1 

Current 

(A) 

TR 2 

Current 

(A) 

New TR1 

Power 

(KW) 

TR2 

Power 

(KW) 

New TR1 

Power 

(%) 

TR2 

Power 

(%) 

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% 

 

 

 

 

 

 



Sigma Journal of Engineering and Natural Sciences, Technical Note, Vol. 42, No. 4, pp. XX-XX, August, 
2024 

13 

 

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

The transformer manufacturing is based on international technical specifications and customer needs [8]. The 

specifications related to transformer manufacturing are shown in Table 8. Table 9 presents the tolerances according to 

IEC 60076-1 to be applied to transformer losses and impedance (short-circuit voltage) when they are the subjects 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 

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 

 

 

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 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% 

 

 

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 

tolerance between 5,4, and 6,6. The Short-Circuit Voltage Power Load Curve is shown in Table 10 and Figure 9. 
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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 

Uk1 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 

S1load 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 

 

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

 

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 

manufacturer 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.   
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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 

Uk1 5,4 5,4 5,4 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 5,"684 5,772 5,858 5,94 

TR1 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% 

S1load 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 

 

 

 

Figure 10. Short-Circuit Voltage Power Load Curve of 5,4 vs 5,4-6,6 
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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 subjects of the manufacturer's guarantees. In section 3.4, The case 

study has observed that the power percentages, which should be 54%-46%, according to the theoretical values 

calculated for parallel operation of transformers with different %Uk's, 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 calculated 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] manufacturer 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 

calculations 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 =       (21) 

 

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 the maximum load of the transformers, which were 

commissioned with a safety margin of 10 percent after commissioning. 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. 

 

10168,76 1,047 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 

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. 
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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, 

preventing 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 

system 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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