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ELECTRICAL SUBSTATION DESIGN AND ENGINEERING 

 

 

ABSTRACT 

 

 

The electrical power substation in power generation plant, transmission or 

distribution also consist apart of very important in electric power engineering. The 

objective of carrying out this research are to provide overview of electrical substation, 

reference and guides to the design information.  

 To provide some useful information from initial concept of design, data 

extraction, calculation, material selection, automation, operation method, protection 

devices and etc. Besides, this research also contain of most recent technology 

development which related to industry practice, requirement and standards. 

 During design of an Electrical Substation, some aspects must be taken into 

consideration: 

 Low capital cost 

 Reliability of the facilities 

 Low operating cost 

 High Efficiency 

 Simplicity of design 

 Reserve capacity for future expansion  
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CHAPTER 1 

 

 

 

1 INTRODUCTION 

 

 

1.1 Background 

 

To design and construct a new electrical substations or expansions of current 

electrical project are very common practice in several industries. However, not many of the 

employees are familiar and understand of the complete process to design and construct to 

successfully complete the projects. This chapter will attempt to provide some basic 

understanding and knowledge for the process.  

 There are few main/ major types of electrical substations: 

a. The electrical substation in switchyard of a power generation plant. The electrical 

facilities are connected from the generator to the grid. This generator switchyards is 

a large installations and normally is by the plant engineer to do the engineering and 

construction.  

b. The substation at customer station. This substation main function as an incoming 

power supply to the particular business. The technical specification and requirement 

will depends to the customer requirements. 

c. Another type of substation is to receive a big capacity of power from transmission 

line and transfer the power to distribution stations. This substation must be reliable 

and integrity. 

d. The forth type of substation is electrical distribution substation, this is very common 

in customer or industry. This normally will located near to the load center. 
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1.2 Problem Statement 

 

To develop, creating or modification of electric substation, some planning process 

is necessary. The considering issue in design of electrical substation are includes of load 

increase, the power system stability, reliability and capacity as well as to determine of the 

future expansion or improvement in the substation facilities.  

The equipment selection, layout, engineering, available site, size and location will 

be evaluate in the budget consideration and justification. In the engineering and 

construction of electric substation must identify the nature and future development 

requirement. The budgeting process will provide an overview of cost and the resources 

requirement. The details design will develop accurate cost and realistic schedule. Besides, 

the consideration of the user requirement, the development and the preference into the 

design criteria.  

 

 

1.3 Aims and Objectives 

 

The aims of undergoing this research are to identify of electrical material and 

equipment selection. The area or location has been selected, the final design can be develop 

with the layout and drawing for construction and commissioning purposes, the flow as 

shown in figure 1.1.  

The objectives of performing this research is to identify and determine the different 

types of electrical equipment and other material to be prepared in order to have the concept 

and requirement for electrical substation and further with bidding process. 
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Figure 1.1: New electrical substation design process flow chart 
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1.4 Structure of the Research Report 

 

This research report consists of five main chapters:  

1) Chapter 1: Introduction 

To brief background of the research, the problem statement as the needs to carry out 

this research, the aims and objectives of this research are stated. 

2) Chapter 2: Literature review 

The information and function of the substation design and electrical equipment. To 

identify the different types of substation design, equipment and discussion.  

3) Chapter 3: Methodology 

In this chapter, the engineering specification, data collection and customer 

requirement, load study and safety factor for the requirement will be identified and 

discussed. 

4) Chapter 4 (Results and Discussions).  

In this chapter, the substation design drawing will generate the concept and 

modelled by using Autocad software. The results and analyzed and discussed. 

5) Chapter 5 (Conclusion and Recommendations).  

In this chapter, the conclusion of engineering design and requirement obtained from 

the research. Some recommendations are also given. 
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CHAPTER 2 

 

 

 

2 LITERATURE REVIEW 

 

 

2.1 Introduction 

 

Start from power generation plan, transmission, and distribution to customer, the 

voltage need to step up and step down several times in several of power substations. 

To ensures the efficiency of power transmission and minimize the power loses, this 

project is to design a 275kV/33kV primary substation as main intake of incoming power 

from transmission line and 33kV/6.6kV secondary substations for the distribution system 

to meet the consumer requirement at the required voltage level. This chapter will be talking 

about the type of substation and the key equipment: 

2.1.1 Gas Insulated Substations 

2.1.1.1 Current Transformer 

2.1.1.2 Voltage Transformer 

2.1.1.3 Disconnect Switches 

2.1.1.4 Ground Switches 

2.1.2 Air Insulated Substations  

2.1.2.1 Single Bus System 

2.1.2.2 Double Bus, Double Breaker System 

2.1.2.3 Main and Transfer Bus System 

2.1.2.4 Double bus,  Single Breaker System 

2.1.2.5 Ring Bus System 

2.1.3 Substation Switching Equipment and Requirement 

2.1.3.1 Ambient Conditions and Requirements 

2.1.3.2 Vacuum Circuit Breaker 

2.1.3.3 Gas Circuit Breakers 
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2.2.1 Gas Insulated Substations 

 

The Gas Insulated Substation is use of Sulphur Hexafluoride (SF6) as the insulation 

and interruption medium for the high voltage conductors, circuit breaker, switches and 

instrument transformers located in the enclosures. The conventional Air Insulated 

Substations requires large area air insulation to do and where the SF6 can make it in a very 

small area. Therefore the GIS can many times smaller size than AIS, GIS mostly use where 

the space is limited or expensive. The parts or components in GIS are more reliable because 

of protected from deterioration which is seal in enclosure and not exposure to ambient 

conditions such as moisture, dust, contamination and etc. compare with AIS. 

 

Figure 2.1.1 Single Phase Type with enclosure of GIS 

  



20 

 

Figure 2.1.2 Three Phase Type with enclosure of GIS 

 

2.2.1.1 Current Transformer 

The normal ring types of CTs will install either inside or outside of GIS enclosure 

and the single turn as primary side of the CT.  The CT is shielded inside the enclosure from 

the high voltage conductor electric field. For the case of the CTs outside of the enclosure, 

the enclosure must provide an insulating joint in order the currents has shunted from the 

CT. 

 

Figure 2.1.3 Gas seal type of GIS enclosure 
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Figure 2.1.4 Current Transformer for GIS 

 

2.2.1.2 Voltage Transformer 

The inductive type of Voltage Transformer, the primary winding will located in 

enclosure with SF6 and supported by insulation materials. The electric field will shielded 

between of the primary and secondary winding to prevent of transient voltage. The VT 

should easily removable type or provide disconnect switch or link to allow GIS high voltage 

testing purposes. 

 

Figure 2.1.5 Voltage Transformer for GIS 
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2.2.1.3 Isolator or Disconnect Switches  

For the Isolator or Disconnect Switches, the insulating operating rod will activate 

the moving contact to open and close a gap between the contacts. The contact shield will 

provide the appropriate electric field distribution or dissipation to reduce the surface 

stress. The movement is much slower compare with circuit breaker, so the disconnect 

switch only applicable and to interrupt at low capacitive or small inductive currents.  

 

Figure 2.1.6 Disconnect switches for GIS 

 

 

2.2.1.4 Ground Switch 

Ground switches to be closed during installation and maintenance, it is operate by 

motorize or manually to open and close between the high voltage conductor with the body 

or enclosure. The ground switch mainly as function to discharge the residual or trapped 

capacitive or inductive current from the connected line. A measuring function also 

applicable for contact resistance test by using two ground switches. 
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Figure 2.1.7 Ground Switches for GIS 

 

 

Figure 2.1.8 Contact resistance measuring by using ground switch 
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2.2.2 Air Insulated Substations 

The Substation or switchyard reliability affected by few factors, which the bus 

arrangement and switching devices. Besides, the switchyard buses and switching devices 

or equipment type, reliability and arrangement also will affected the maintenance, 

performance, protection system, substation investment and operating cost. 

 

2.2.2.1 Single Bus System 

The Single Bus System arrangement is connected directly of the main bus to the bus. 

This type arrangement reliability is very low, when a single failure of the bus or any circuit 

will caused the entire system power outage.  

This arrangement is not recommended to apply in heavy load or high availability 

requirement area. The reliability can be improved by using more bustie breaker to reduce 

the bus failure. 

 

Figure 2.2.1 Single Bus System 

 

Two separate breaker in each circuit will increase and provides higher level of the 

system reliability, with additional of two separate buses arrangement so if one bus having 

failure will not impact to another line. This arrangement allows various option to the 

operation and very useful for any breakdown or maintenance of the bus or breaker without 

interruption to the circuit. 

 

2.2.2.2 Double Bus, Double Breaker System 

This double bus, double breaker system arrangement is a higher cost arrangement, 

since the reliability with adding additional equipment in line and a larger area requires for 

the substation. 
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Figure 2.2.2 Double bus, double breaker System 

 

2.2.2.3 Main and Transfer Bus System 

The Main and Transfer Bus arrangement system is connected a main bus and a 

transfer/reserve bus. This arrangement also can avoid of circuit de-energizing during 

maintenance. When it is necessary, the bustie can be closed and the circuit breaker can off 

for out of service or maintenance purposes.  Each circuit have different type of 

configuration, so the special relay setting required to be used to operating in this 

arrangement.   

This arrangement will be higher investment cost compare with single bus 

arrangement system, but this will increase and provide more flexibility and reliability to the 

system. 

 

Figure 2.2.3 Main and Transfer Bus System 
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2.2.2.4 Double Bus, Single Breaker 

The Double bus, single breaker system arrangement is connected the two busses 

with each line circuit breaker and a bustie. This arrangement the operation in either circuit 

of bus will not affect to the system, however any of the breaker failure will caused the entire 

system outage. This arrangement is consider as low reliability arrangement. 

This arrangement is easy do the maintenance at the bus area, but for breaker and 

switches maintenance required outage of entire system. 

 

Figure 2.2.4 Double bus, Single Breaker System 

 

 

2.2.2.5 Ring Bus System 

In the arrangement of a Ring Bus System, all the arrangement of the breaker will in 

a ring type circuits. On a failure of a circuit, the two adjacent breakers will trip and the rest 

of the system will remained energized.  

When maintenance of circuit breaker, without interruption of the circuit. The 

breaker able to shut down and take out for service and maintenance, the other breaker 

maintained in service to continue the system operation. However, the expansion of the 

circuit is limited.  
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Figure 2.2.5 Ring Bus  

 

An electrical substation or switchyard planning, the main consideration parameter 

as discussed: reliability, cost and the available space. 

As a summary that the highly reliability arrangement are Double bus and Ring Bus, 

however the required available area are greater since more component are needed. 

 

2.2.3 Substation Switching Equipment and Requirement 

For an electrical substation design also required to consider about the safe, reliability 

and performance of the operation and maintenance with meet the user requirement. The 

switching equipment is include and consider to provide of system isolation, on load 

switching, off load switching and occurs of any fault current interruption conditions.  

 

2.2.3.1 Ambient Conditions and Requirements  

  The air insulated electrical equipment normally is rated at -40oC to +40oC, if the 

altitudes above 1000meters will derating due to the air density decrease then the dielectric 

strength also reduced. 

  

 A circuit breaker function is a capable device to carry the current flow and to break 

of the designed current capacity in specified normal and abnormal circuit conditions.  

 The circuit breaker normally can are classified follow by the interruption medium 

to be used. 
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 Air magnetic type circuit breaker 

 Oil type circuit breaker 

 Air Blast type circuit breaker 

 Vacuum type circuit breaker 

 SF6 gas type circuit breaker 

 

2.2.3.2 Vacuum Circuit Breaker 

The common and widely use is Vacuum Circuit Breaker and Gas Circuit Breaker.  

Vacuum circuit breaker moving contact is enclosed in a cylinder with high vacuum. 

Vacuum Breaker is small size and significant space saving compare to air magnetic type.  

 

2.2.3.3 Gas Circuit Breaker 

The gas circuit breaker normally use of SF6 as the interruption medium. The breaker 

operates typically in pressurized of 6-7 atmospheres for the arc interruption. The gas 

dielectric strength reduces significantly at low pressures condition, when the event of low 

gas density monitoring system will block the operation. 
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CHAPTER 3 

 

 

 

3 METHODOLOGY 

 

 

 

3.1 Introduction 

 

In this chapter, based on sample of load given to study the load, requirement for the 

engineering to design the electrical substation types and the electrical equipment to be 

applied. The priority is given to the reliability engineering design for substation and 

electrical equipment in high power system. 

This chapter covers: 

1) Project Pathway 

2) Engineering Specification 

3) Data Collection and Customer Requirement 

4) Load Study and Safety Factor 

5) Evaluate and Analysis the results 

 

 

 

 

 

 

 

 

 

 

 

 

 



30 

3.2 Project Pathway 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Start 

Literature Review 

1) Find out different types of Electrical Substation 

2) Find out the Engineering requirement to design an 

Electrical Substation. 

3) Find out the electrical equipment requirement to 

design an electrical substation. 

Methodology 

1) Engineering Specifications 

2) Data collection and customer requirement. 

3) Electrical equipment selection 

Results and Discussion 

1) Propose of the electrical equipment and capacity. 

2) Justification based on load study and the safety 

factor. 

3) Evaluate and analyze the results 

Conclusion 

1) Conclude the results of the research 

2) Provide recommendations 
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3.3 Engineering Specification 

Engineering specifications shall consideration of the backgrounds and application 

for equipment and systems such as: 

 Power Distribution System 

 Protection Philosophy 

 Variable speed drives 

 Emergency power systems 

 Communication System 

 

These specifications will include all information and requirement to perform the 

design in a consistent way. The specification will at least include: 

 Site conditions specification for electrical 

 General power supply system  

 Distribution system concept, including voltage level, number of load 

centers and the short circuit levels. 

 Substation construction requirement 

 Description of the main equipment and systems 

 Basic replay protection system 

 Functional design consideration in relation the application for as much as 

possible standard components, economical designs and maintenance. 

 Applicable codes ad standards 

 

3.3.1 Statutory Requirements 

 Malaysian Uniform Building By Laws. 

 Malaysian Electricity Supply Act-447. 

 Relevant Malaysia Occupational Safety and Health requirement 

 Requirements of TNB and ST. 
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3.3.2 Electrical System Design Philosophy 

 Personnel and equipment safety of operation and maintenance 

 System Service and Functional Reliability 

 Ease and convenient of maintenance 

 Facilities for limited addition in future loads 

 Convenience of operation 

 Maximum standardization of equipment and materials 

 Maximum interchangeability of equipment 

 Minimum fire risk 

 Effective utilization of electrical energy 

 

3.3.3 Electrical Loads and Electricity Consumption 

All the components of the electrical systems shall be designed and sized to 

the maximum applied load, which under the most severe conditions in operating 

conditions, for example: one transformer out of service on a two incomer & one 

bus coupler system. 

The worse conditions for a distribution system can be calculated as: 

 100% of the normal continuous running load + 

 30% of the intermittent and standby + 

 10% of the spare load. 

 

3.3.4 Voltage and frequency variation AC system 

The following maximum variations in supply shall considered for 

equipment: 

Voltage : ± 10% 

Frequency : ± 5% 

 

3.3.5 System Voltages and Frequency  

Voltage selection is based upon economic considerations, taking the 

following factors into account: 

 Size and location of loads 

 Provision of future extension 
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 Short Circuit level 

 Availability of switchgear with suitable current rating and 

rupturing capacity. 

 Possibility of keeping the number of different voltage levels to a 

minimum. 

3.3.6 Special Power System Design Consideration  

Overall plant safety during main power failure, separate power supply 

system will be designed. These systems will supply critical consumers in 

the plant. The special power supply system will also be used for power 

consumers which are critical for start-up and safety such as:  

 Emergency lighting  

 UPS System / Battery Charger 

 

3.3.7 Power Factor Improvement 

Capacitor banks for overall power system power factor improvement shall 

be provided and it shall ne through automatic KVAR controlled. Power 

factor shall be corrected on the given board shall not be less than 0.95 at 

maximum opening load. 
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3.4 Data Collection and Customer Requirement 
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3.5 Load study and safety factor 

From the data collection and the total load study, assuming the main inductive load 

Power Factor is 0.85 and the load safety factor is 0.77.  To consideration of the power 

system reliability, the load arrangement at upstream will maximize the balance and the total 

load is able cater by each other side. 

 

3.6 Evaluate and analyse the results 

Following is the summary of loading of Power and Distribution transformers of 

different substations. 
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Distribution Transformer 6.6kV / 415V: 

 

 

Power Transformer 275/33kV & 33/6.6kV: 
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CHAPTER 4 

 

 

 

4 RESULTS AND DISCUSSION 

 

 

 

4.1 Introduction 

 

In this chapter, the power system in substations is apply in the drawing with 

Autocad software. The design and protection system is applied into the single line 

diagram drawing. This chapter covers: 

 

1) Power distribution system 

2) 275/34.5kV Power Transformer 

3) 6.6/0.433kV Distribution Transformer 

4) Various types of HV circuit breaker 

5) Various types of protection relay 

6) Protection relay function application 

 

4.2 Main Substation 

 

Two 275kV power supply intake from TNB transmission line, two incomer 

receiver of 275kV at main substation. Two 40/50MVA 275/34.5kV power transformer 

to step down the voltage to 33kV. This design includes of the overall power factor 

correction system located at 33kV busbar as well. 

33kV power distribution to each secondary substation by two feeder faron 

33kV bus A and B each. A bustie apply at between of 33kV bus A and B to enable to 

make load transformer during maintenance, breakdown or shutdown. 
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Figure 4.1: SLD of Main Substation Power Distribution by Autocad 

 

 

4.3 Secondary Substations 

This power system consists of total 5 numbers if secondary substation which 

is located near to the load. All of them also receives two incomer HV 33kV from main 

substation, then step down the voltage to 6.6kV which is suit to the major load 

equipment.  

In the secondary substation consists of individual HV equipment feeder and 

distribution transformer to step down the voltage to 415V for LV application.  

 

4.3.1 Secondary Substation 01 

 

Figure 4.2: SLD of Secondary Substation 01 Power Distribution by Autocad 
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4.3.2 Secondary Substation 02 

 

Figure 4.3: SLD of Secondary Substation 02 Power Distribution by Autocad 
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4.3.3 Secondary Substation 03 

 

Figure 4.4: SLD of Secondary Substation 03 Power Distribution by Autocad 

 

4.3.4 Secondary Substation 301 

 

Figure 4.4: SLD of Secondary Substation 301 Power Distribution by Autocad 

 



46 

 

4.3.5 Secondary Substation 302 

 

Figure 4.5: SLD of Secondary Substation 302 Power Distribution by Autocad 

 

 

4.4 Conclusion 

 

Main substation will be fed by two Power transformers with independent 

operation. In the event of failure of one power transformer, the other is capable of 

feeding the loads of both the transformers. 

 

Each secondary substation will be fed by two distribution transformers with 

independent operation. It was not planned operation of the two transformers in parallel. 

In the event of failure of one distribution transformer, the other is capable of supplying 

the load of both the transformers.   
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CHAPTER 5 

 

 

 

5 CONCLUSION AND RECOMMENDATIONS 

 

 

 

5.1 Introduction 

 

After acquiring all the results and undergo analysis, the conclusion is drawn. This 

chapter covers: 

1) Conclusion 

2) Recommendations 

 

 

 

5.2 Conclusion 

 

As a conclusion, to design of a new electrical substation require to consider the 

main factor that includes the load increase, power system stability and reliability, 

operation designed capacity and determine the future expansion possibilities. 

The material and equipment selection and engineering design are critical which 

will direct impact to the overall substation performance and reliability. Therefore, this 

step is a must and required adequate time and preparation in order to achieve the target. 

 

 

 

 

 

 

 



48 

 

5.3 Recommendations 

 

This research focused on the engineering study and identifying the types, effect, 

prevention and protection method for electrical substation. Engineering requirement 

some standards is used to verify the feasibility of the applicable method. Therefore, in 

real life, need to refer and compare with existing substation to get the actual data for 

the suitable requirement and location to be applied.  

Thus, more advanced software can be utilized to obtain the more accurate 

results to verify the feasibility of the equipment and protection method. This will 

provide the most accurate results, which may prove or counter check on the planning 

to be wrong.  
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