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Abstract - The electric power system consists of various components, ranging from the 

components of generation, transmission, and distribution. The systems are quite 

expensive, so that excellent, reliable, and economic protection is needed to avoid internal 

and external faults.  The faults can trigger damage to components, especially on the main 

transformers in the Power Plant Geothermal Unit 4 of the Kamojang area managed by 

PT Pertamina Geothermal Energy. Disturbances that occur in the main transformers of 

various types so that the primary protection needed in the transformer is a differential 

relay to protect to avoid interference that occurs. This study discusses the comparison of 

theoretical differential relay calculation calculations with actual differential relay setting 

data in the Kamojang Unit 4 Geothermal Power Plant and simulates with ETAP 12.6 

software. The problem that occurs in the main transformer of the Geothermal Power Unit 

Unit 4 Kamojang area is the difference in the slope 1 of the actual setting data with a 

mathematical calculation that is the actual setting data of 40% and the numerical 

calculation data worth 8.5%. Please note that the minimum slope one limit is 5%. PT 

Pertamina Geothermal Energy made slope one changes, so that differential relays are not 

too sensitive to the interference current that occurs within the protection zone of 

differential relays. 
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I. Introduction 

The need for electrical energy is a primary need 

for the people of Indonesia. This fact requires PLN 

to increase the supply of electricity. For this reason, 

the quality and continuity of the distribution of 

electricity become very important, especially in the 

distribution of electricity in operating electricity 

must be reliable, uninterrupted [1]. They can 

continuously deliver electricity to PLN customers. 

An alternative to the use of electricity is that 

renewable energy has been developed. Renewable 

energy is geothermal. Geothermal is more 

accurately called sustainable energy, because if it is 

explored continuously and not appropriately 

managed, then geothermal energy will also be 

depleted. Its development in Indonesia is not large-

scale due to the presence of geothermal resources in 

protected forest areas, substantial initial investment 

costs, and low electricity purchase tariffs by PLN, 

making the initial capital investment return very 

long. One of the developments of geothermal 

energy is in Kamojang, which is managed by PT 

Pertamina Geothermal Energy [2]. 

A power transformer is the central and most 

important part of the distribution and distribution of 

electrical energy. Along with the increasing demand 

for electrical energy, the need for transformers by 

itself increases following the increasing amount of 

electric power generated. Because of the above 

background, the writer identifies, analyzes, and 
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evaluates the protection system on the main 

transformer that is in Unit 4 Geothermal Power 

Plant at PT Pertamina Geothermal Energy 

Kamojang area. The author does this by comparing 

the calculation of differential relay settings based on 

a theory with differential relay settings on the main 

transformer at PLTP Kamojang unit 4 to determine 

the reliability of the protection system and simulate 

differential relay on the main transformer with 

ETAP 12.6 software. 

II. Literature Study 

II.1 Power Transformer 

A power transformer is a static electrical device 

that is used to move power from one circuit to 

another by changing the voltage without changing 

the frequency [3]. A transformer can also be 

interpreted as a device that converts alternating 

current voltage from one level to another through 

magnetic coupling and is based on the principles of 

induction-electromagnet. The transformer consists 

of a core, made of layered iron and two coils, the 

primary coil and the secondary coil. Transformers 

are widely used, both in the electric and electronic 

fields [4]. The use of transformers in electric power 

systems allows the selection of appropriate and 

economical voltage for each purpose, for example, 

the need for high voltage in the transmission of 

electric power over long distances [5]. 

In its purest form, the transformer consists of two 

coils and one mutual inductance. The primary coil 

is the one receiving power, and the secondary coil is 

connected to the load. The two coils are wrapped 

around a core consisting of laminated magnetic 

material. The physical foundation of the transformer 

is mutual inductance between the two circuits 

connected by a shared magnetic flux that passes 

through the path of low reluctance. Both coils have 

high mutual inductance [6]. If the primary coil is 

connected to the voltage, an alternating current will 

flow in the coil. Because the coil has a core, the 

current causes a magnetic flux that also changes at 

its core. Due to the changing magnets in the primary 

coil induction, GGL will arise. Figure 1 shows the 

typical power transformer in an outdoor substation.

 

 
Fig. 1. Typical power transformer in an outdoor substation 

 

Disturbances that affect transformer damage are 

not only due to interference inside the transformer 

or inside the transformer safety area, but also 

outside the safety area [7]. 

1. Interference outside the safety area 

Disturbances outside the security area of this 

power transformer often occur and can be an 

overload, short circuit single phase to the ground, or 

interphase interruption. This disturbance in this area 

has an influence on this transformer, so the 

transformer must be released or separated if the 

disturbance occurs after a specific time to provide 

an opportunity to safeguard the disturbed area from 

working. Continuous overload conditions can be 

detected by a thermal relay or thermometer that 

provides a signal so that it can regulate or 

manipulate the network so that the load is reduced, 

but if necessary, it is decided to supply. For fault 

conditions outside the area such as short circuit 

interference on the rail or short circuit interference 
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in the outlet, the overcurrent relays with slowing 

time or fuses are used as a safety. Good 

coordination for the safety of this backup 

transformer needs to be created for the next relevant 

area's safety. The main safety of this transformer is 

made in such a way that it is not allowed to work 

against the interference mentioned above [8]. 

2. Disturbances in the safety area 

The primary safety of the power transformer is 

shown as a safety in the safety area. The internal 

disturbances are severe, and there is always a risk of 

fire, internal disturbances can be classified into two 

groups, namely: 

Group (a) 

•  Electrical interruptions will immediately cause 

severe damage but can generally be detected 

by an unbalanced current or voltage, including: 

•  Single-phase or inter-phase interference on the 

side of the high voltage or low voltage on the 

outer terminal. 

•  Single-phase or interphase interference on high 

voltage or low voltage side windings. Short 

circuit between windings on the side of high or 

low voltage. 

•  Land disturbance in tertiary windings, or short 

circuit between windings in tertiary windings. 

 

Group (b) 

What is called a disturbance is a disturbance that 

starts a small or insignificant disturbance, but will 

slowly cause damage. This disturbance cannot 

detect a voltage or increase the amount of current at 

the end of the coil. Included in this convolution 

disorder are: 

•  Electrical connections of poor conductors and 

core disturbances such as breakage of the core 

insulation layer and less tight bolts or clamp 

rings, which will cause arcs to be limited to 

oil. 

•  Cooling system disruption, which will cause 

overheating even though the load has not yet 

reached the nominal. In connection with point 

2 is the possibility of lack of oil or blockage of 

oil flow causing local heating of the windings. 

•  Disturbances from voltage regulators and poor 

load sharing between transformers that work in 

parallel, which will cause overheating due to 

circulating currents. 

 

In general, for group interference (a) the 

disturbed equipment must be separated as soon as 

possible after the fault occurs, not only to limit the 

damage of the power transformer but also to limit 

the amount of time the system voltage drops. If the 

voltage drops too long, it can cause a loss of 

synchronization between machines. If this happens, 

a large overcurrent will occur due to the 

synchronous loss of the generating unit so that there 

will be a relay that is working incorrectly, causing a 

continuous disturbance. Disturbances in the group 

(b) are not severe during incipient disorders but can 

become severe disorders depending on time, so they 

must be eliminated as soon as possible. If safety for 

the group (a) is not able to secure the disturbance in 

the group (b), then for security for the group (b), it 

is not necessary to detect interference in the 

terminal and to eliminate unnecessary disturbance 

as quickly as interference in the group (a). This is 

the underlying philosophy of securing power 

transformers, and this means that group safety (a). 

The current transformer is used to measure the 

load current of a circuit. By using a current 

transformer, a large load current can be measured 

only by using a measuring instrument (ampere-

meter) that is not too large. Current transformer 

circuit was shown in Figure 2. 

 

 
 

Fig. 2. Current transformer circuit 

 

By knowing the N1/N2 transformation ratio and 

the reading of the ammeter (I2), the load current I1 

can be calculated. If the transformer is considered 

ideal, then the load current: 

 

I1 = N2/N1 x I2     (1) 

 

To keep the flux unchanged, it should be noted 

that the secondary circuit is always closed. In an 

open secondary circuit, the N2I2 mmf will be zero 

(because of h = 0) while the N1/I1 mmf remains so 

that the normal flux will be disrupted. 

The voltage transformer is used to measure 

voltage. By knowing N1 and N2, reading voltage V2 

and assuming an ideal transformer, voltage V1 is: 

 

V1 = N1/N2 V2     (2) 
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Secondary circuit grounding is required to 

prevent; there is a large potential difference 

between the primary and secondary coils (between 

points a and b) when the primary coil insulation is 

broken. Figure 3 shows the typical of voltage 

transformer in an outdoor substation. 

 

 
Fig. 3. Typical of voltage transformer in an outdoor 

substation 

 

A circuit breaker (CB) is needed to cut off 

working currents or short-circuit currents. The 

power cut can be operated, i.e., closed or opened in 

place or remotely using a protection system [9]. 

Thus a CB can automatically open a circuit when, 

for example, a line current, line voltage, or system 

frequency exceeds certain limits. The most 

important types of CB are: 

a. Oil circuit breakers 

b. Airblast circuit breakers 

c. SF6 power breakers 

d. Vacuum circuit breakers 

The nameplate of a CB generally indicates: 

a. The maximum constant current used 

b. Maximum interrupt current size 

c. Maximum channel voltage 

d. The interruption time stated in the cycle 

 

The interruption time can range up to 3 or 8 

cycles on a 50Hz system. To interrupt large electric 

currents in such a short time, it is necessary to 

regulate the rapid de-ionization of the arc, along 

with rapid cooling. High-speed interruptions limit 

the damage that can occur in transmission 

installations and other equipment, as well as 

maintain system stability in the event of an 

emergency. A power breaker will work because, for 

example, driven by a safety device in the form of 

overcurrent relays. The ability of a power switch is 

expressed in a current that can be decided, or in the 

short circuit MVA. 

 

II.2 Differential Relay 

The differential relay is one of the primary safety 

relays of the electric power system that works 

instantly without coordinating the surrounding 

relays so that working time can be made as quickly 

as possible [10]. 

Differential relay type is consists of a current 

differential relay and percentage differential relay. 

1. Current differential relay 

Differential current relays use quantities of 

incoming and outgoing currents from equipment 

that is secured for comparison in differential 

circuits. Every current difference is used to move 

the relay. Thus the currents of each phase are 

compared 

2. Percentage differential relay  

It has been described how the differential current 

relay works, so for the differential percentage relay 

has almost the same working characteristics as the 

differential current relay, it is just a differential 

circuit through a restraining coil. The differential 

current required to perform a relay has a varying 

magnitude; in other words, it is possible to have a 

relay setting. The differential current flowing into 

the relay is proportional to (I1 – I2), and the current 

flowing in the restrain coil is proportional to (I1 + 

I2)/2 because the working coil is connected in the 

middle of the restraining coil. 

The differential relay security area is limited by 

the current transformer pair where the differential 

relay is mounted so that the differential relay cannot 

be used as backup security for the next area. 

Differential relay protection works on the principle 

of the current balance. This principle is based on 

Kirchhoff's law, which is to compare the amount of 

incoming current to the primary (Ip) equals the 

amount of current coming out of the secondary (Is). 

 

Idifferential = Id = Ip + Is     (3) 

 

where, 

Id = Differential Current (A) 

Ip = Inrush Current (A) 

Is = Outflow Current (A) 

Figure 4 shows the differential relay under 

normal current state, where Ip and Is are equal and 

opposite direction, Id = Ip + Is = 0 amperes, Idif = Ip + 

Is = 0 amperes. Then there is no voltage across the 

relay coil and no current flows in the relay, so the 

differential relay does not work properly. 
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Fig. 4. Differential in normal condition 

 

1. Interference outside the protected area 

In interference outside (external) differential 

relay protection area (outside the two current 

transformers), differential relays will not work, 

because Ip and Is are equal and opposite direction 

(Id = Ip + Is = 0 ampere, Idif = Ip + Is = 0 Ampere), as 

shown in Figure 5. 

 

Fig. 5. Differential in external fault condition 

 

2. Disturbances in protected areas 

For interference in (internal) differential relay 

protection areas (between the two current 

transformers), Ip and Is unidirectional. Id = Ip + Is > 

0 ampere, Idif = Ip + Is > 0 ampere. Because the 

current will go to the point of interference, the 

differential relay will work, as shown in Figure 6. 

 

Fig. 6. Differential in internal fault condition 

 

Differential characteristics are made in line with 

unbalances current (Iμ), to avoid work errors. Work 

error caused by CT ratio mismatch, phase shift due 

to the winding of the connected power transformer 

(Y) - (Δ). 

Changes in voltage tap (changes in the position 

of the tap changer) on the power transformer by the 

on-load tap changer (OLTC), which causes CT 

mismatch, also changes. CT accuracy errors, 

differences in CT errors in saturated regions 

(Saturation CT), and Inrush current when the 

transformer energizes raises transient unbalances 

current (Iμ). Area of Iμ. This coil is called the 

Restraining Coil, while the coil that works on the 

relay is called the Operating Coil. Differential 

current is obtained by adding up the secondary 

current component of the winding 1 (|I1|) and 

winding 2 (|I2|) in the perfection vector. If the 

currents are opposite in the sense that one goes to 

the relay and the other leaves the relay, they will 

reduce each other and vice versa if the direct current 

means both of them to go to or leave the relay, then 

they will add together. 

The retrain current is obtained from the 

maximum current component of the per phase 

secondary current at winding 1 (|I1|), and winding 2 

(|I2|) Slope is obtained by dividing between the 

differential current components and the holding 

current. Slope 1 will determine the differential 

current and the holding current during normal 
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conditions and ensure the sensitivity of the relay in 

the case of internal interference with a small fault 

current. While Slope 2 is useful so that the relay 

does not work by external interference that has a 

considerable current so that one CT has saturation 

(set with a slope of more than 50%). 

III. Methodology  

This research methodology includes a literature 

study, field surveys, expert discussions, and 

simulations using ETAP software. A literature study 

can be done by looking for references related to the 

protection system theory on the main transformer 

and the theory of differential relays, which are used 

as the main protection relay in the main transformer 

at Unit 4 Geothermal Power Plant in Kamojang 

area. 

The field survey method was carried out by 

conducting a visit to PT Pertamina Geothermal 

Energy in Kamojang area, followed by a discussion 

with the field supervisor. 

Discussion activities with experts and also to 

employees, supervisors, and electrical maintenance 

managers at PT. Pertamina Geothermal Energy, 

regarding the problem to be analyzed. The dialysis 

issue is related to the operation of differential relays 

in handling power transformer interference. The 

authors discuss the differential relay settings so far 

in the field; then the authors carry out simulations 

using ETAP software for validation. 

The authors simulated interference with power 

transformers that experienced internal and external 

disturbances; then differential relays did their job of 

deciding interference. The simulation is done using 

ETAP 12.6 software. 

IV. Results and Discussion 

The following are transformer data used by unit 4 

of the Geothermal Power Plant in the PT Pertamina 

Geothermal Energy Kamojang area. Specification 

of power transformer under study was shown in 

Table 1. As can be seen in the Table, the capacity of 

the power transformer is 80 MVA. 

 
TABLE I 

SPECIFICATION OF POWER TRANSFORMER UNDER STUDY 

Parameter of power 

transformer 
Quantities and Units 

Power capacity 80 MVA 

Primary voltage 13.8 kV 

Secondary voltage 150 kV 

Power frequency 50 Hz 

Impedance 13.8% 

The allowable current setting limit on the low 

voltage side power transformer is 0.3 A according 

to the mathematical and actual calculations in PGE; 

if it exceeds the allowed setting current value, the 

differential relay will detect interference and 

instruct the PMT to trip the network. 

 
TABLE II 

SETTING OF ACTUAL DIFFERENTIAL RELAY 

Setting of differential relay Range 

Electrical current setting 0.3 A 

Percentage of slope #1 40% 

Percentage of slope #1 80% 

 
TABLE III 

SETTING USING MANUAL CALCULATION OF DIFFERENTIAL 

RELAY 

Setting of differential relay Range 

Electrical current setting 0.3 A 

Percentage of slope #1 8.5% 

Percentage of slope #1 17% 

 

Table 2 shows the setting of actual differential 

relay while setting using manual calculation of 

differential relay was shown in Table 3.  

Percent slope 1 and 2, there is a difference 

between the actual setting data and manual 

calculation data with an error of each slope of 

370%. This setting was done by PT Pertamina 

geothermal energy with the aim that the differential 

relay is not too sensitive to the current passing 

through the protection zone so that the setting of 

each slope is changed to 40% for slope 1 and 80% 

for slope 2. 

When given a short circuit simulation outside the 

differential relay protection zone, the current setting 

will be equal to the operating current of 0.926 on 

bus 4. However, the circuit breaker still works 

because the circuit breaker works in coordination 

with overcurrent relays and overvoltage relays to 

line the network. 

Figure 7 shows the simulation of short-circuit 

fault in external fault condition using ETAP 

software while simulation of short-circuit fault in 

internal fault condition using ETAP software was 

shown in Figure 8. When given a short circuit 

simulation in the differential relay protection zone, 

the setting current will be different from the 

operating current, which is the setting current 9.15 

A while the operating current will be 17.17 A. 

Then, the relay will instruct CB to write the 

network. 
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Fig. 7. Simulation of short-circuit fault in external fault condition using ETAP software 

 

 
Fig. 8. Simulation of short-circuit fault in internal fault condition using ETAP software 
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V. Conclusion 

Based on the results of the study, it can be 

concluded as follows. The allowable current setting 

limit on the low voltage side power transformer is 

0.3 A according to the mathematical and actual 

calculations in PGE; if it exceeds the allowed 

setting current value, the differential relay will 

detect interference and instruct the PMT to trip the 

network. Percent slope 1 and 2, there is a difference 

between the actual setting data and manual 

calculation data with an error of each slope of 

370%. This setting was done by PT Pertamina 

Geothermal Energy with the aim that the 

differential relay is not too sensitive to the current 

that passes through the protection zone so that the 

setting of each slope is changed to 40% for slope 1 

and 80% for slope 2. The short circuit which is done 

outside the differential relay current setting 

protection zone will be worth the same as the 

operating current is 0.926 on bus 4. But in the 

simulation that has been done that the circuit 

breaker still works because the circuit breaker 

works in coordination with overcurrent relays and 

overvoltage relays to write the network. While the 

short circuit in the differential relay protection zone, 

the setting current will be different from the 

operating current, which is the setting current 9.15 

A. In contrast, the operating current will be worth 

17.17 A. Then, the relay will instruct CB to write 

the network. 
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