
LOUJAMAR APPLIED SCIENCES (PTY) LTD 

 

Integrated Value Engineering Services Provider 

Driving a sustainable future. Today. 

  

  

LAS 

    

- Understanding Power Factor Correction Basics - 
-Vol. -I of II- 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

- Understanding Power Factor Correction Basics - 
 - Vol. -I of II - 

 

 

  



Date of first  publication: 

LJM-MPD-2020-001 
White Paper  
Understanding power factor correction basics 
Vol.- I of ll 

Document Reference Number: 
Document Type: 
Document Title: 

Page count including  the cover: 72 
2016-08-07 

Power Factor Correction Basics I of II © 2020 

Document Control Sheet 

Document Details 

Revision Register 

Revision 	Date 	Author 	 Description  
1.0 	1  2016-08-07  T  L.J Marais    Original Publication  
2.0 	1 2020-08-06 1 L.J Marais 1 Template Revision and General Cosmetic Changes 

Acknowledgements 

The following people are thanked for their editorial inputs before the publishing of this paper: 

D. Marais 
N. Heyneke 
G. Slacke 
K. Donaldson 

A full bibliography is listed at the end of this paper acknowledging all sources consulted during the compilation if this 
paper. 

0 L A s 	 i 

Power Factor Correction Basics I of II © 2020 

 

 

 i 

Document Control Sheet 
Document Details 

Document Reference Number: LJM-MPD-2020-001 

Document Type: White Paper 

Document Title: Understanding power factor correction basics 
Vol.- I of II 

Page count including the cover: 72 

Date of first publication: 2016-08-07 

Revision Register 
Revision Date Author Description 

1.0 2016-08-07 L.J Marais Original Publication 

2.0 2020-08-06 L.J Marais Template Revision and General Cosmetic Changes 

Acknowledgements 
The following people are thanked for their editorial inputs before the publishing of this paper: 

D. Marais 
N. Heyneke 
G. Slacke 
K. Donaldson 
 
A full bibliography is listed at the end of this paper acknowledging all sources consulted during the compilation if this 
paper.  
  



Power Factor Correction Basics I of II © 2020 

TANA of Contents 

Document Control Sheet 	 i 
Document Details 	  i 
Revision Register 	 i 

Acknowledgements 	 i 
Table of Contents 	 ii 
Table of Figures 	 iii 
Table of Tables 	 iii 
Table of Equations 	 iv 
Nomenclature List 	 1 
Normative References 	 2 
Abstract 	 3 
What is power factor correction? 	 4 
Equipment used to correct power factor 	 6 
Types of power factor correction 	 7 
Implementation of power factor correction on-site 	 8 

Distributed Power Factor Correction 	 8 
Group Power Factor Correction 	 9 
Centralized Power Factor Correction 	 11 
Combined Power Factor Correction 	 12 
Automatic Power Factor Correction 	  12 

Identifying client requirements and the best solution to be offered 	 13 
Specifying a power factor correction solution 	  15 
Current limiting reactors 	 24 
Surge arrester specifications 	 28 
Power factor correction system block diagram 	 29 
Protection and control of power factor correction systems 	 30 
Switchgear specifications for power factor correction 	 43 

Energization Inrush 	 44 
Back-to-Back Switching 	 44 
Outrush Transients 	 45 
Voltage Magnification 	 45 
Transient Recovery Voltage (TRV) 	 45 

Isolation and protection of power factor correction systems 	 48 
Grounding of power factor correction systems 	 52 
Testing required for power factor correction systems 	 55 
Commissioning power factor correction systems 	 56 

Overload 	 56 
Short Circuits 	 58 
Frame Faults 	 58 
Capacitor Component Short-Circuit 	 59 
Reclose Timer 	 60 
Local/Remote Lockout 	 61 

Critical mathematical formulae required for the design of power factor correction systems 	 62 
Additional system design considerations 	 65 

Auxiliary Control Voltage 	 65 
Thermal Management 	 65 
General Mechanical Features 	 66 
System reticulation Busbar vs. Cable 	 66 

Conclusion 	 66 
Bibliography 	 A 

. A 5 
	

ii 

Power Factor Correction Basics I of II © 2020 

 

 

 ii 

Table of Contents 
Document Control Sheet .............................................................................................................................................. i 

Document Details...................................................................................................................................................... i 
Revision Register ...................................................................................................................................................... i 

Acknowledgements ....................................................................................................................................................... i 
Table of Contents.......................................................................................................................................................... ii 
Table of Figures ........................................................................................................................................................... iii 
Table of Tables ............................................................................................................................................................ iii 
Table of Equations ....................................................................................................................................................... iv 
Nomenclature List ........................................................................................................................................................ 1 
Normative References ................................................................................................................................................. 2 
Abstract ........................................................................................................................................................................ 3 
What is power factor correction? ................................................................................................................................. 4 
Equipment used to correct power factor ...................................................................................................................... 6 
Types of power factor correction ................................................................................................................................. 7 
Implementation of power factor correction on-site ....................................................................................................... 8 

Distributed Power Factor Correction ........................................................................................................................ 8 
Group Power Factor Correction ............................................................................................................................... 9 
Centralized Power Factor Correction ..................................................................................................................... 11 
Combined Power Factor Correction ...................................................................................................................... 12 
Automatic Power Factor Correction ....................................................................................................................... 12 

Identifying client requirements and the best solution to be offered ........................................................................... 13 
Specifying a power factor correction solution ............................................................................................................ 15 
Current limiting reactors ............................................................................................................................................. 24 
Surge arrester specifications ..................................................................................................................................... 28 
Power factor correction system block diagram .......................................................................................................... 29 
Protection and control of power factor correction systems ........................................................................................ 30 
Switchgear specifications for power factor correction ............................................................................................... 43 

Energization Inrush ................................................................................................................................................ 44 
Back-to-Back Switching ......................................................................................................................................... 44 
Outrush Transients ................................................................................................................................................ 45 
Voltage Magnification ............................................................................................................................................ 45 
Transient Recovery Voltage (TRV) ........................................................................................................................ 45 

Isolation and protection of power factor correction systems ..................................................................................... 48 
Grounding of power factor correction systems .......................................................................................................... 52 
Testing required for power factor correction systems ................................................................................................ 55 
Commissioning power factor correction systems ...................................................................................................... 56 

Overload ................................................................................................................................................................ 56 
Short Circuits ......................................................................................................................................................... 58 
Frame Faults .......................................................................................................................................................... 58 
Capacitor Component Short-Circuit ....................................................................................................................... 59 
Reclose Timer ........................................................................................................................................................ 60 
Local/Remote Lockout ........................................................................................................................................... 61 

Critical mathematical formulae required for the design of power factor correction systems ..................................... 62 
Additional system design considerations ................................................................................................................... 65 

Auxiliary Control Voltage ....................................................................................................................................... 65 
Thermal Management ............................................................................................................................................ 65 
General Mechanical Features ................................................................................................................................ 66 
System reticulation Busbar vs. Cable .................................................................................................................... 66 

Conclusion ................................................................................................................................................................. 66 
Bibliography ................................................................................................................................................................. A 
 

  



Power Factor Correction Basics I of II © 2020 

ramp of Figurer 

Figure 1: Parts of Electrical Power 	 4 
Figure 2: Graphical Representation of Definitions 	 5 
Figure 3: Typical MV Capacitors by Shreem Electric, India 	 6 
Figure 4: A synchronous condenser installation at Templestowe Substation, Melbourne Victoria, Australia 	6 
Figure 5: Distributed Power Factor Correction Illustration 	 9 
Figure 6: Group Power Factor Connection Illustration 	 10 
Figure 7: Centralized PFC System Illustration 	  11 
Figure 8: The relationship between Reactance, Frequency and Inductive Reactance 	 19 
Figure 9: Star / Delta Connection Configurations 	 21 
Figure 10: PFC System Block Diagram 	 29 
Figure 11: GE Multilin C70 Capacitor Protection and Control Relay 	 30 
Figure 12: STRIKE RLC-04 Capacitor Feeder Protection Relay 	 33 
Figure 13: SIEMENS 7SR191 Capa Protection Relay 	 34 
Figure 14: PLC Based PFC Control Philosophy 	 35 
Figure 15: Lovato Automatic PFC Controller 	 37 
Figure 16: Siemens Sicam 61/0 Controller 	 37 
Figure 17: MEI Systems Standard Dead-Bolt Mechanical Interlock 	 41 
Figure 18: Typical MV Capacitor Enclosure Door with Mechanical Interlock 	 41 
Figure 19: Omron DIN Rail Mount Electronic Based Timer Module 	 41 
Figure 20: Typical PFC Control Panel 	 42 
Figure 21: Tamco VH1H Switchgear Panels 	 46 
Figure 22: Larsen Toubro MV Air Insulated Switchgear 	 46 
Figure 23: Larsen&Toubro/Tamco Vaccum Contactor Unit 	 47 
Figure 24: ABB VersaRupter Load-Break Switch 	 49 
Figure 25: Tamco TM-8 11kV Fused Isolator Panel 	 50 
Figure 26: MV-Rated Fuse Cut-Out 	 52 
Figure 27: Single Line Example of Capacitor Bank Protection 	 61 

Table of Tables 

Table 1: Mock Load Profile for PFC Understanding 	 14 
Table 2: Summary of Mock Load Analysis 	 15 
Table 3: Power Factor Correction Kilowatt Multipliers 	  16 
Table 4: Comparisons between Star and Delta System Architecture 	 22 
Table 5: Summary of Key Capacitor Specification Characteristics as Calculated 	 23 
Table 6: Additional Capacitor Specification Additions 	 24 
Table 7: Summary of calculated specifications for Current Limiting Reactors to be Ordered 	 27 
Table 8: Summary of Specifications for Surge Arresters for System 	 28 
Table 9: Typical Overload Protection Settings for Commissioning 	 58 
Table 10: Typical Short-Circuit Protection Settings for Commissioning 	 58 
Table 11: Typical Earth-Fault Settings for Commissioning 	 59 
Table 12: Typical Reclose Timer Settings for Commissioning 	 60 

Power Factor Correction Basics I of II © 2020 

 

 

 iii 

Table of Figures 
Figure 1: Parts of Electrical Power .............................................................................................................................. 4 
Figure 2: Graphical Representation of Definitions ....................................................................................................... 5 
Figure 3: Typical MV Capacitors by Shreem Electric, India ........................................................................................ 6 
Figure 4: A synchronous condenser installation at Templestowe Substation, Melbourne Victoria, Australia ............. 6 
Figure 5: Distributed Power Factor Correction Illustration ........................................................................................... 9 
Figure 6: Group Power Factor Connection Illustration .............................................................................................. 10 
Figure 7: Centralized PFC System Illustration ........................................................................................................... 11 
Figure 8: The relationship between Reactance, Frequency and Inductive Reactance ............................................. 19 
Figure 9: Star / Delta Connection Configurations ...................................................................................................... 21 
Figure 10: PFC System Block Diagram ..................................................................................................................... 29 
Figure 11: GE Multilin C70 Capacitor Protection and Control Relay ......................................................................... 30 
Figure 12: STRIKE RLC-04 Capacitor Feeder Protection Relay ............................................................................... 33 
Figure 13: SIEMENS 7SR191 Capa Protection Relay .............................................................................................. 34 
Figure 14: PLC Based PFC Control Philosophy ........................................................................................................ 35 
Figure 15: Lovato Automatic PFC Controller ............................................................................................................. 37 
Figure 16: Siemens Sicam 6I/O Controller ................................................................................................................ 37 
Figure 17: MEI Systems Standard Dead-Bolt Mechanical Interlock .......................................................................... 41 
Figure 18: Typical MV Capacitor Enclosure Door with Mechanical Interlock ............................................................ 41 
Figure 19: Omron DIN Rail Mount Electronic Based Timer Module .......................................................................... 41 
Figure 20: Typical PFC Control Panel ....................................................................................................................... 42 
Figure 21: Tamco VH1H Switchgear Panels ............................................................................................................. 46 
Figure 22: Larsen Toubro MV Air Insulated Switchgear ............................................................................................ 46 
Figure 23: Larsen&Toubro/Tamco Vaccum Contactor Unit ...................................................................................... 47 
Figure 24: ABB VersaRupter Load-Break Switch ...................................................................................................... 49 
Figure 25: Tamco TM-8 11kV Fused Isolator Panel .................................................................................................. 50 
Figure 26: MV-Rated Fuse Cut-Out ........................................................................................................................... 52 
Figure 27: Single Line Example of Capacitor Bank Protection .................................................................................. 61 
 

Table of Tables 
Table 1: Mock Load Profile for PFC Understanding .................................................................................................. 14 
Table 2: Summary of Mock Load Analysis ................................................................................................................ 15 
Table 3: Power Factor Correction Kilowatt Multipliers ............................................................................................... 16 
Table 4: Comparisons between Star and Delta System Architecture ....................................................................... 22 
Table 5: Summary of Key Capacitor Specification Characteristics as Calculated .................................................... 23 
Table 6: Additional Capacitor Specification Additions ............................................................................................... 24 
Table 7: Summary of calculated specifications for Current Limiting Reactors to be Ordered ................................... 27 
Table 8: Summary of Specifications for Surge Arresters for System ........................................................................ 28 
Table 9: Typical Overload Protection Settings for Commissioning ........................................................................... 58 
Table 10: Typical Short-Circuit Protection Settings for Commissioning .................................................................... 58 
Table 11: Typical Earth-Fault Settings for Commissioning........................................................................................ 59 
Table 12: Typical Reclose Timer Settings for Commissioning .................................................................................. 60 
 
  



Power Factor Correction Basics I of II © 2020 

Table of Equations 

Equation 1: Calculating the kVARs required for a PFC capacitor bank 	 17 
Equation 2: Rule of Thumb Formula to Calculate Voltage Rise 	 17 
Equation 3: Formula to calculate Short-Circuit kVA at Capacitor Installation 	  18 
Equation 4:Formula to determine Line-Line/Neutral Voltages in a Three-Phase Circuit 	  18 
Equation 5: Calculating Equivalent Capacitance for Capacitors in Parallel 	 20 
Equation 6: Calculating Equivalent Capacitance for Capacitors connected in Series 	 20 
Equation 7: kVA calculation of a Three-Phase Circuit 	 25 
Equation 8: Formula to determine the Short Circuit Impedance of a Circuit 	 26 
Equation 9: Formula to calculate Inductance 	 26 
Equation 10: Impedance Approximation of the Supply Transformer 	 26 
Equation 11: Percent Impedance for CLR Rating 	 26 
Equation 12: CLR formula to determine approximate I Rating 	 27 
Equation 13: Calculating the RMS voltage as a % of the Primary System Voltage 	 56 
Equation 14: Computation of three-phase capacitors comprised of three single-phase capacitance measurements 
	 62 
Equation 15: Formula to calculate Natural Frequency 	 62 
Equation 16: Conversion Factors between VAr/kVAr/mVAr Ratings 	 62 
Equation 17: Determining the harmonic level for which a capacitor may be in Resonance with a Harmonic 	63 
Equation 18: kA-MVA Fault-Level Conversion Formula for a Three-Phase System 	 63 
Equation 19: Approximating the voltage increase on a system when Capacitor Banks are Connected 	63 
Equation 20: Formula to calculate the inrush current effect of switching a single capacitor Bank 	 64 
Equation 21: Formula to calculate in the inrush current effect of switching in a capacitor bank in parallel with 
already energized Capacitor Banks 	 64 
Equation 22: Calculating the discharge resistance required per single-phase capacitor Unit 	 64 
Equation 23: Formula to calculate the discharge time of a single-phase capacitor to 10% of its rated Voltage 	65 

iv 

Power Factor Correction Basics I of II © 2020 

 

 

 iv 

 

Table of Equations 
Equation 1: Calculating the kVARs required for a PFC capacitor bank .................................................................... 17 
Equation 2: Rule of Thumb Formula to Calculate Voltage Rise ................................................................................ 17 
Equation 3: Formula to calculate Short-Circuit kVA at Capacitor Installation............................................................ 18 
Equation 4:Formula to determine Line-Line/Neutral Voltages in a Three-Phase Circuit ........................................... 18 
Equation 5: Calculating Equivalent Capacitance for Capacitors in Parallel .............................................................. 20 
Equation 6: Calculating Equivalent Capacitance for Capacitors connected in Series .............................................. 20 
Equation 7: kVA calculation of a Three-Phase Circuit ............................................................................................... 25 
Equation 8: Formula to determine the Short Circuit Impedance of a Circuit ............................................................. 26 
Equation 9: Formula to calculate Inductance ............................................................................................................ 26 
Equation 10: Impedance Approximation of the Supply Transformer ......................................................................... 26 
Equation 11: Percent Impedance for CLR Rating ..................................................................................................... 26 
Equation 12: CLR formula to determine approximate I Rating .................................................................................. 27 
Equation 13: Calculating the RMS voltage as a % of the Primary System Voltage .................................................. 56 
Equation 14: Computation of three-phase capacitors comprised of three single-phase capacitance measurements
 ................................................................................................................................................................................... 62 
Equation 15: Formula to calculate Natural Frequency .............................................................................................. 62 
Equation 16: Conversion Factors between VAr/kVAr/mVAr Ratings ........................................................................ 62 
Equation 17: Determining the harmonic level for which a capacitor may be in Resonance with a Harmonic........... 63 
Equation 18: kA-MVA Fault-Level Conversion Formula for a Three-Phase System ................................................. 63 
Equation 19: Approximating the voltage increase on a system when Capacitor Banks are Connected ................... 63 
Equation 20: Formula to calculate the inrush current effect of switching a single capacitor Bank ............................ 64 
Equation 21: Formula to calculate in the inrush current effect of switching in a capacitor bank in parallel with 
already energized Capacitor Banks ........................................................................................................................... 64 
Equation 22: Calculating the discharge resistance required per single-phase capacitor Unit .................................. 64 
Equation 23: Formula to calculate the discharge time of a single-phase capacitor to 10% of its rated Voltage ....... 65 
 



Power Factor Correction Basics I of II © 2020 

Nomenclature List 

The following typical symbols have been used within this paper. Any adaptations or additional symbols are defined 
within the contents of this paper. 

Symbol 	Definition 
± 	Approximation 
A 	 Delta 
© Copyright 
p 	Micro 
A 	Amps 
C 	Capacitance 
CLR 	Current Limiting Reactor 
CT 	Current Transformer 
EMF 	Electromotive Force 
GE 	General Electric 
HV 	High Voltage 
I 	 Current 
I DMT 	Inverse Definite Minimum Timeover 
In 	Primary System Current 
kA 	Kiloamps 
kV 	Kilovolts 
kVA 	Kilo-Volt-Ampere 
kVAr 	Kilo-Volt-Ampere-Reactive 
kW 	Kilowatt 
LL 	Line-to-Line 
LN 	Line-to-Neutral 
LV 	Low Voltage 
m 	Minutes 
MV 	Medium Voltage 
MVA 	Mega-Volt-Ampere 
mVAr 	Mega-Volt-Ampere Reactive 
0 	Phase 
P Power 
PF 	Power Factor 
PFC 	Power Factor Correction 
pu 	Pick-up (protection setting unit) 
RMS 	Root Mean Square 
s 	Seconds 
SCB 	Shunt Capacitor Bank 
t 	 Time 
Un 	Primary System Voltage 
✓ Volts 
VT 	Voltage Transformer 
W 	Watts 
O Theta 
O Ohm 
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The following typical symbols have been used within this paper. Any adaptations or additional symbols are defined 

within the contents of this paper. 

Symbol Definition 
± Approximation 
∆ Delta 
© Copyright 
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CT Current Transformer 
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Ø Phase 
P Power 
PF Power Factor 
PFC Power Factor Correction 
pu Pick-up (protection setting unit) 
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SCB Shunt Capacitor Bank 
t  Time 
Un Primary System Voltage 
V Volts 
VT Voltage Transformer 
W Watts 
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Ω Ohm 

 

  



Power Factor Correction Basics I of II © 2020 

Normative References 

The following terms may have been utilized in this paper, and may not have been defined within the context where 
used: 

Definition 
A process or set of rules to be followed in calculations or other problem-solving 
operations, especially by a computer/processor. 
The maximum extent of a vibration or oscillation, measured relative to the point of 
equilibrium. 
The term that refers to a collective grouping of individual capacitors to form a 
system. 
A capacitor. 
An event which causes a succession of similar/exact events. 
A medium or substance (typically used in capacitors) that has the property of 
transmitting an electric force without conduction; insulating. 
The ratio of the sum of the individual maximum demands of the subdivisions of a 
system relative to the maximum demand of the whole system under consideration. 
A high-voltage short circuit made through the air between exposed conductors. 
Capacitor di-electric absorption. When a capacitor is discharged relatively quickly 
and disconnected from the its power supply source, it can under certain conditions 
re-generate its last state of charge, despite being disconnected from the supply. 
The phenomenon whereby a vibrating system or external force drives another 
system to oscillate with greater amplitude at a specific preferential frequency. 
To provide an electrical current with a conductor joining two parts of a circuit, 
through which more or less of the current may be diverted. 
The magnitude or intensity that must be exceeded in order for a certain reaction to 
take place. 

Term 
Algorithm 

Amplitude 

Bank 

Can 
Cascading 
Dielectric 

Diversity 
Factor 
Flashover 
Memory Effect 

Resonance 

Shunted 

Threshold 
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Normative References 
The following terms may have been utilized in this paper, and may not have been defined within the context where 

used: 

Term Definition 
Algorithm A process or set of rules to be followed in calculations or other problem-solving 

operations, especially by a computer/processor. 
Amplitude The maximum extent of a vibration or oscillation, measured relative to the point of 

equilibrium. 
Bank The term that refers to a collective grouping of individual capacitors to form a 

system. 
Can A capacitor. 
Cascading An event which causes a succession of similar/exact events. 
Dielectric A medium or substance (typically used in capacitors) that has the property of 

transmitting an electric force without conduction; insulating. 
Diversity 
Factor 

The ratio of the sum of the individual maximum demands of the subdivisions of a 
system relative to the maximum demand of the whole system under consideration. 

Flashover A high-voltage short circuit made through the air between exposed conductors. 
Memory Effect Capacitor di-electric absorption. When a capacitor is discharged relatively quickly 

and disconnected from the its power supply source, it can under certain conditions 
re-generate its last state of charge, despite being disconnected from the supply. 

Resonance The phenomenon whereby a vibrating system or external force drives another 
system to oscillate with greater amplitude at a specific preferential frequency. 

Shunted To provide an electrical current with a conductor joining two parts of a circuit, 
through which more or less of the current may be diverted. 

Threshold The magnitude or intensity that must be exceeded in order for a certain reaction to 
take place. 
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Abstract 

The African market requires power factor solutions as electricity costs rise. This rise in cost, while commodity prices 
decrease, has resulted in commercial and industrial sectors looking to optimize power output within their facilities. 
This optimization will reduce monthly facility overheads expenditure, allowing industry to present with better margins. 

In Africa, it is not only the economic impacts that cause concern, but the state of distribution and reticulation 
infrastructure that raises an additional worry to industry. Poor power factor and severe harmonic distortion places 
strain on the distribution grid, as more power is required to "balance" out the poor system performance on the end-
users' side of the distribution grid. The reactive power that would have been injected (and strained the distribution 
grid) into the end users' system, can be managed by means of implementing power factor correction. Power factor 
correction in laymen terms can allow the end user to "generate their own" reactive power needed by their operation. 

This paper aims at providing the estimators through to engineers within the company with the basics to tackle power 
factor correction problems, to allow for the company to offer cost-effective and technically correct solutions in a market 
where lack of expertise and technically correct solutions is faced by end users and consultants alike. 

This presentation on power factor correction is split between two research papers: 

Vol I, is aimed at providing the key theory and general knowledge required to logically work through any power factor 
problem with a decent understanding on what power factor correction is and how to calculate and design a suitable 
system to meet client requirements. 

Vol II, is intended on understanding power factor correction in more depth, with a specific focus on harmonic 
distortion, its causes and how to remedy it. 
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What is power factor correction? 

To accurately define power factor correction, some basic theory needs to be revisited. The best way I have found for 
people to remember, as well as explain to end-users, power factor correction, is a beer: 

      

  

Reactive  
Pomr, (VAr) 

  

  

Active or Real 
Pov.er, ('N) 

Appaf a nt 
PoAer, (VA) 

      

      

Figure 1: Parts of Electrical Power 
htto://rnkceiemmeximaszorn/informations/basic-fundamentals/Dower-fackinhtml 

Before we dig into the beer, it is important to revise the terms annotated alongside the beer: 

TERM 	 SYMBOL 	 DEFINITION 
Reactive Power 	VAr (Volt Ampere Reactive) The power present in an electrical system, 

caused by the current and voltage of the system 
being out of phase. 

Active Power 	W (Watt) 	 Active power represents current and voltage that 
are in phase within a system where power is 
actually doing work, for example, a "working 
resistive load." 

Apparent Power 	VA (Volt Ampere) 	Apparent Power is the directly proportional 
mathematical relationship combing both Active 
and Reactive Power, and to the client, this is the 
load they think they are using. 

Reactive power can further be defined during analyses as follows: 

TERM 	DEFINITION 
Leading 	When reactive power occurs and the current reaches its maximum value up to 90° ahead 
Current 	of the voltage that produces it in a sinusoidal waveform, it is said to be a leading current. 
Lagging 	When reactive power occurs and the current reaches its maximum value up to 90° behind 
Current 	the voltage that produces it in a sinusoidal waveform, it is said to be a lagging current. 

LAS 
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caused by the current and voltage of the system 
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Active Power W    (Watt) Active power represents current and voltage that 
are in phase within a system where power is 
actually doing work, for example, a “working 
resistive load.” 

Apparent Power VA   (Volt Ampere) Apparent Power is the directly proportional 
mathematical relationship combing both Active 
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Reactive power can further be defined during analyses as follows: 

 

TERM DEFINITION 
Leading 
Current 

When reactive power occurs and the current reaches its maximum value up to 90° ahead 
of the voltage that produces it in a sinusoidal waveform, it is said to be a leading current.  

Lagging 
Current 

When reactive power occurs and the current reaches its maximum value up to 90° behind 
the voltage that produces it in a sinusoidal waveform, it is said to be a lagging current. 

http://mkceieee.meximas.com/informations/basic-fundamentals/power-factor.html
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Lagging Power factor 
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Figure 2: Graphical Representation of Definitions 
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Now it is possible to relate the above to a beer. 

The head of the beer represents reactive power. It is there, but it is not the golden nectar that will actually quench 
your thirst. The beer itself will quench your thirst, and is what you look forward too (active power). 

Whenever you pour a beer, a head will always be produced. And this "complete beer" represents the apparent power. 
Therefore, you can almost think of power factor correction as taking a spoon and removing the head, to leave you 
with the golden nectar you actually desire. 

To work with these factors that form an electrical supply, you will use vectors. Basically; Pythagoras. For this, you 
should use the following "Power Triangle": 

The Power Triangle 

KW 

P.F. = KW = COS G 
KVA 

KVAR = SIN El 
KVA 

KVA = \./ 	+ KVAR2 	= KV * I * Vc 
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Figure 2: Graphical Representation of Definitions 

http://www.electronicshub.org/wp-content/uploads/2015/11/What-is-Power-Factor.jpg 

 

Now it is possible to relate the above to a beer.  

The head of the beer represents reactive power. It is there, but it is not the golden nectar that will actually quench 

your thirst. The beer itself will quench your thirst, and is what you look forward too (active power).  

Whenever you pour a beer, a head will always be produced. And this “complete beer” represents the apparent power. 

Therefore, you can almost think of power factor correction as taking a spoon and removing the head, to leave you 

with the golden nectar you actually desire.  

To work with these factors that form an electrical supply, you will use vectors. Basically; Pythagoras. For this, you 

should use the following “Power Triangle”: 
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When using the power triangle, do not confuse Theta (0) with phase angle. 0 in the power triangle, simply references 
the trigonometric relationship to calculate the different parts comprising the power system being analyzed. 

Equipment used to correct power factor 

This really depends on the scale and type of load implemented by the end-user. 

The most affordable way to correct power factor is through the use of capacitors, as can be seen in Figure 3. 

FlomLTypical  MV Capacitors by Shreem Electric, India 

Two types of capacitors arrangements are available, single phase, as can be seen in Figure 3, and three phase 
capacitors. 

Further to capacitors, you can also use a synchronous condenser as can be seen in Figure 4. 

Figure 4: A synchronous condenser installation at Templestowe Substation, Melbourne Victoria, Australia 

Synchronous Condensers are costly, and are usually implemented at High Voltage Reticulation Level to restore 
power factor during distribution. At consumer-level/MV-level reticulation, synchronous condensers are just too 
expensive and do not justify the cost at these levels of distribution/reticulation, as capacitors will effectively 
compensate power factor correction needs at an investment rate that make more sense. 
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When using the power triangle, do not confuse Theta (ϴ) with phase angle. ϴ in the power triangle, simply references 

the trigonometric relationship to calculate the different parts comprising the power system being analyzed. 

Equipment used to correct power factor 
This really depends on the scale and type of load implemented by the end-user.  

The most affordable way to correct power factor is through the use of capacitors, as can be seen in Figure 3. 

 
Figure 3: Typical MV Capacitors by Shreem Electric, India 

https://www.google.co.za/imgres?imgurl=http%3A%2F%2Fwww.shreemelectric.us%2Fimagenes%2Ffoto-alta-02.jpg&imgrefurl=http%3A%2F%2Fwww.shreemelectric.us%2Fproductos-condesadores-altatension-eng.htm&docid=CzAinTxBQQxV4M&tbnid=tcgytRbKpJE0JM%3A&w=264&h=198&bih=1189&biw=2400&ved=0ahUKEwi-9u7vvvrNAhXIUBQKHbf4CmsQMwgtKBMwEw&iact=mrc&uact=8 

 

Two types of capacitors arrangements are available, single phase, as can be seen in Figure 3, and three phase 

capacitors. 
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However, in some instances at this level, but in very specialized applications, certain technologies already allow this 
technology to be implemented to serve more than one application. Such an example can be seen in our sister 
company Diesel Electric Services (DES): 

DES offers its clients a Dynamic Rotary Generator, which in short acts as an uninterruptable power supply. Basically, 
a synchronous generator runs in tandem with a generator set. In the event of a power failure, the synchronous 
generator provides enough mechanical energy to sustain the load through the generator's alternator as well as bring 
the generator too life to continue operating the load during the power failure. 

A synchronous generator in power factor correction, can basically be seen as a motor. When this "motor" operates, 
it is operating at a no-load condition, as said motor is not driving any mechanical load. Due to the motor's overexcited 
condition, it automatically takes the form of leading current while it operates. 

Power factor based losses, as discussed earlier into this paper, are seen as lagging current (i.e. the systems is not 
running optimally), thus when a synchronous condenser is connected in parallel with a load supply grid, it generates 
KVAR's which in optimal conditions cancel out the lost KVAR's generated by the load/poor transmission variables, 
allowing the client to experience near unity power factor on their system(s). 

The cost of these generators alone, along with further economic implications on service and maintenance 
requirements is a clear justification on why capacitors are usually offered for power factor correction. But these 
generators are highly specialized units that are placed into systems where, what is being protected by providing 
continuous power, does not even fall fraction to the price of these units. The fact that a synchronous condenser is 
available in these systems, also allows for power factor correction to be achieved as detailed above. 

The basic key concept to understand here, is that power factor correction needs to be economically viable to the 
client; they have to be able to pay it off within a period of say 5-years while also reaping benefits on a month to month 
basis by saving on electrical bills. 

Types of power factor correction 

Power Factor Correction (PFC) can be broken down into three main categories: 

Passive PFC 

Active PFC 

Dynamic PFC 

0 LAS 

A passive PFC is the simplest means to control 
harmonic current. This system comprises 
capacitors and reactors to make a non-linear 
load appear more linear. 
An active PFC works by changing the waveform 
of current drawn by a load to improve a system's 
power factor. This method of power factor 
correction is usually implemented in power 
electronics and is usually implemented into 
consumer goods by the manufacturer. 
This method of PFC is commonly referred to as 
"real-time power factor correction." This PFC 
method is usually implemented on sites where 
rapid of fixed patterns of load changes on a site 
are seen on a repetitive basis. Switching of 
reactors, inductors and capacitors is usually 
implemented in these systems to improve power 
factor as is required. 
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Thus, active PFC is something we will not usually be involved in, unless we supply some form of machine or solution 
where we factor in power factor correction into its operation. 

Passive PFC, which factors in power system harmonics, will be dealt with in Vol 2 of this white paper. 

We will mostly be offering dynamic PFC systems and solutions to our clients, and this type of PFC will be addressed 
in Vol 1 of this white paper. 

Implementation of power factor correction on-site 

Professionals will always argue where on a site PFC should be implemented. In our core business it is obvious that 
PFC should be implemented at the main point of incoming supply to the client's site (i.e. Centralized Power Factor 
Correction). At MV level PFC, this is in most instances, is the only logical option, as past the incoming point of supply, 
the distribution of power changes from MV level to LV level, where we are not often involved in design, consultation 
or supply. 

But in learning about power factor correction, it is important to know the considerations regarding where to implement 
power factor correction. The key goal surrounding where to implement power factor correction, as per most fields in 
life, boils down to the practical as well as economic viability of a PFC system. 

In general, there is no fixed set of rules that dictate theory as to where a PFC system should be installed. Some may 
argue that the PFC system can be installed anywhere within the system. But as stated above, the practicality and 
economic feasibility of the system needs to be considered. 

When providing PFC system(s), the key goal of the system being designed and sold, is to exploit the system as best 
as possible to allow the client to reap the benefits available from the system being offered. 

The implementation of PFC systems can be broken down into 5 key philosophies as is discussed below: 

Distributed Power Factor Correction 
Distributed PFC, is catered for by connecting an adequately sized capacitor bank/capacitor directly 
to the terminals of the load. 

An example to clearly understand this method of PFC can be seen in your borehole pump at home. 
If you open the cover of your borehole controller, you will find two capacitors. Among other design 
considerations, this capacitor is aimed at providing some PFC to the end user (Not the start capacitor, 
but the run capacitor), simply, to reduce overall power consumption (distortion) by the manufacturer's 
motor. 

This type of power factor correction, is usually used on large scale electrical equipment which has a 
constant load and power rating with long connection times. Most typically, motors (e.g pumps) and 
large-scale fluorescent lamp installations (e.g. malls and universities). 

This type of PFC can be illustrated as follows: 
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Diargram 1 
	

Diagram 2 
	

Diagram 3. 

Figure 5: Distributed Power Factor Correction Illustration 

With this example, we can consider some basic safety aspects of a PFC system before discussing 
the design of a PFC system further into this document. 

Diagrams 1 and 2 represent a directly connected PFC system. When the system connection is 
terminated (upstream before the starter), the motors can still run off of reactive energy drawn from 
the capacitor banks, as they are not isolated from the system. 

The motors can thus operate and become asynchronous generators. Basically, an induction motor 
can be used to produce electrical energy, such as a motor being driven in a hydro plant. This basically 
causes a voltage on the load side to be maintained (even though it is isolated from the main source), 
and dangerous over-voltages can be experienced. 

Diagram 3 represents a similar solution to what we could consider offering a client. The capacitor 
bank is only connected once the motor is running, and timeously disconnected prior to the motor 
being shut down. Thus, the goal of having a good power factor on the supply side of the system is 
achieved, but the design of the system is economically onerous, as one now needs to factor in safety 
and control mechanisms as well as an additional isolator into the system. 

It is obviously the better solutions, but competitors who offer a solution in lines with diagram 1 and 2, 
and a client who does not know better, we could lose the business. 

A typical real-life example of this philosophy would be, tendering to provide switchgear to the local 
water board for a new pump station. Our switchgear could directly supply 11kV motors that are driving 
pumps. Some PFC is usually required for these installations, for numerous reasons, which are often 
overlooked at time of design of the pump station. 

Group Power Factor Correction 
Group PFC, is aimed at improving a group of loads that operate under similar system characteristics. 
Usually a dedicated PFC system will be installed, such as at the client's main substation. 

This type of PFC allows for an economic compromise between the proper management of the client's 
system and the initial capital expenditure required to implement a PFC system. This type of system 
usually only offers PFC upstream from the installation. For example, the load on-site will not benefit 
from the PFC installed, but the incoming line and authority's distribution grid will feel the benefit. 

This is however all that is required by some client's, as the main objective of the PFC system they 
desire is to prevent poor PFC contributions to the utility's gird, which usually involves penalty charges. 
Their billing can thus be improved. (e.g. a main distribution ring can supply several premises 
belonging to one client. One premises may have a poor power factor correction, thus, on that same 
ring, the one group that can have power factor correction, can prevent poor power factor contributions 
to the rest of the ring.) 
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Figure 5: Distributed Power Factor Correction Illustration 
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This is not the only instance of group PFC, there are several scenarios, where on one site, group 
PFC can be installed. The implementation of this type of PFC system requires some analysis into the 
client's requirements' and what they wish to achieve by installing a PFC system. 

A group PFC system can be seen below: 

Group of loads ID be power factor corrected 

Figure 6: Group Power Factor Connection Illustration 
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This is not the only instance of group PFC, there are several scenarios, where on one site, group 
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Centralized Power Factor Correction 
As mentioned at the beginning of this section, Centralized PFC will in most scenarios, be the proposal 
made by us to the client. The key consideration when looking at this method of PFC, is customers' 
site load profiles. 

Many installations that have a main substation; not all loads function simultaneously. Some loads, 
may come online for only a few hours per day. Let's explore a simple design consideration: 

If we were to offer a group PFC system, this would make no sense. We could put an expensive 
system in place, that only operates for say 2-hours per day. That means for the remaining 22-hours 
of the day, the PFC bank remains at idle and serves no purpose. This will obviously mean that the 
system is not economically feasible. 

We would obviously provide a group PFC solution. Through modern electronics, we could split a 
centralized PFC bank into several steps. Each step can in turn, handle a certain amount of VARS. 
Thus, from the one central point, we could switch a group of capacitors, that can benefit the overall 
system. Now you ask, how is this more economically viable than a group PFC system? 

Remember, the loads do not operate all the time. For this type of system, it is very important to have 
sufficient information to design a system, which will be discussed further into this document. But say 
for example your maximum load for the day required 1200kVAR worth of PFC and your standing 
load, required 300kVAR worth of PFC, with two hours' mid-day requiring 600kVAR worth of PFC. 

You can have one central installation with three steps (300,600,1200kVAR) that can be brought 
online as required. This is economically feasible as you only need to have one capital outlay to get 
this system in place. If you had a group system, you may have to have several PFC banks consisting 
of the above fictional values to achieve the same goal. 

An illustration of a centralized PFC system can be seen below: 

1 
	

p 

LV feedgrs 

Figure 7: Centralized PFC System Illustration 
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Combined Power Factor Correction 
Combined power factor correction represents the philosophy of combining both distributed and 
centralized PFC systems. 

This solution is aimed at exploiting the benefits of each system, after carefully analyzing the client's 
requirements. For example: 

In a large installation the client requires PFC for general day to day operations. This will obviously be 
catered for by the centralized PFC system. The site, may for instance have a furnace that is used 
biweekly by the client. Thus, to factor this into the main system is not necessarily economically 
justifiable. Thus, an additional distributed PFC system can be implemented on the furnace circuit, 
which only comes online once every two weeks for the hour or so that the furnace will be in operation. 

At our level of service delivery, it will be quite challenging to define the implementation of this type of 
system, as we will often not have this level of information. Usually this breakdown of system intricacy 
will be supplied by the client's consulting engineers, who are aware of the client's requirements in 
extreme detail. 

Further, practically: 

If we analyze a system at MV level to assess the client's PFC requirements, we will only be doing so 
from the central point of injection to the client's site. We will not know the exact point within the system 
architecture, of where the load causing PF disturbances is located. Thus, as was earlier mentioned, 
in most instances, we will provide a solution of the central PFC type. 

Automatic Power Factor Correction 
When a client has a fixed operating schedule, we will obviously know what level of PFC is required 
by the client and when. 

But what if the client does not operate on a fixed schedule? 

In this instance, we could analyze a system for two weeks. We could get a decent idea of what is 
required, and design a suitably sized system to handle various system conditions. 

Similarly, to one of the above examples, steps would be used. Our system would thus be able to 
switch in and out of PFC banks in real-time according the system's characteristics during operation. 
The system design would have to have several steps to allow for effective functioning of the PFC 
system. 

Realistically, we would not get many systems that require this level of design criterion. Thanks to 
today's financial implications in terms of operating benefits, penalties and incentives, most clients 
have modelled near perfect operating models to ensure an effective balance between overall 
expenditure and margins. 
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Combined Power Factor Correction 
Combined power factor correction represents the philosophy of combining both distributed and 
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which only comes online once every two weeks for the hour or so that the furnace will be in operation.  
 
At our level of service delivery, it will be quite challenging to define the implementation of this type of 
system, as we will often not have this level of information. Usually this breakdown of system intricacy 
will be supplied by the client’s consulting engineers, who are aware of the client’s requirements in 
extreme detail.  
 
Further, practically: 
 
If we analyze a system at MV level to assess the client’s PFC requirements, we will only be doing so 
from the central point of injection to the client’s site. We will not know the exact point within the system 
architecture, of where the load causing PF disturbances is located. Thus, as was earlier mentioned, 
in most instances, we will provide a solution of the central PFC type. 
 

Automatic Power Factor Correction 
When a client has a fixed operating schedule, we will obviously know what level of PFC is required 
by the client and when. 
 
But what if the client does not operate on a fixed schedule?  
 
In this instance, we could analyze a system for two weeks. We could get a decent idea of what is 
required, and design a suitably sized system to handle various system conditions.  
 
Similarly, to one of the above examples, steps would be used. Our system would thus be able to 
switch in and out of PFC banks in real-time according the system’s characteristics during operation. 
The system design would have to have several steps to allow for effective functioning of the PFC 
system.  
 
Realistically, we would not get many systems that require this level of design criterion. Thanks to 
today’s financial implications in terms of operating benefits, penalties and incentives, most clients 
have modelled near perfect operating models to ensure an effective balance between overall 
expenditure and margins.  
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Identifying client requirements and the best solution to be offered 

PFC is a specialized field. Realistically, it is guaranteed that you will never get all the information required to design 
a cost-effective solution that will actually adhere to a client's requirements. 

This is where it becomes tricky in terms of competitiveness at tender stage. Before continuing, remember that Vol-1 
does not intend covering how to deal with harmonic transients. This being said, most client's will not be able to tell 
you that they want a PFC system to correct transients. Harmonics can only effectively be dealt with after analyzing a 
working system, real-time. No paper-based calculations or analyses, unless you have every working detail of the 
system, and a significant amount of time to analyze it all, will provide you with sufficient information to design a 
system that can cater for harmonic distortion transients of a system. 

At this point all we want to do is be able to provide a system that will correct the power factor of a client's system to 
as near perfect as possible. 

The minimum information you will need from a client to cost an effective system, will be a rough load analysis. This 
need not be broken down into great detail, only enough to get what you need to design a system. 

An effective load analysis will contain the following information: 

Heading 	 Definition 	 Unit 
Load 	 A description of the load being 	String/Text 

defined. 
Power Consumption 	 A numerical value defining how 	Watts (W) 

much power is used by the load. 
Diversity Factor 	 A ratio of the total consumption, 	Percentage (%) 

which accurately represents 
what the client will actually use. 

Power Factor 	 The power factor of the system at 	 PF/% 
point of injection to the client's 
system. 

A client will always have the basic information of what loads they will experience on a system. This is the key 
foundation point of planning in all systems. 

The diversity factor can usually be defined by the client, if not, you will need to make calculated assumptions based 
on your experience in the field. 

Power factor is where it could get tricky. Almost all utilities can provide a power factor estimate on their supply system. 
This is all we need to know. At the end of the day, we want to maintain a constant power factor as close to unity (1) 
as possible. We need to know the worst-case scenario of power factor possible, which is obviously what the utility 
maintains on the system. Once we know this, we can achieve a decent system design. 

In most cases, where power factor penalties apply, the authority monitors the power factor of the client's system 
through smart meters. So, whatever is before the smart meter, is negated, as power factor on this system is beyond 
the control of the client, and falls under the responsibility of the local authority. 

The last point of theory, is the time constant used during evaluation. Most load analyses for design purposes are 
based on a daily basis. This can be changed according to who is analyzing the system, but I strongly recommend 
sticking to daily based analyses. 

This is why, when we conduct a system analysis using relevant instrumentation, it is usually carried out for one to 
two weeks, so that you can have a realistic daily summary of system conditions. This can then be averaged to realize 
what the realistic daily requirement by the client is. 
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through smart meters. So, whatever is before the smart meter, is negated, as power factor on this system is beyond 

the control of the client, and falls under the responsibility of the local authority. 

The last point of theory, is the time constant used during evaluation. Most load analyses for design purposes are 

based on a daily basis. This can be changed according to who is analyzing the system, but I strongly recommend 

sticking to daily based analyses.  

This is why, when we conduct a system analysis using relevant instrumentation, it is usually carried out for one to 

two weeks, so that you can have a realistic daily summary of system conditions. This can then be averaged to realize 

what the realistic daily requirement by the client is. 
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A simple example, is metering. When you pay for your electricity, you pay according to monthly consumption. 
However, your electricity is monitored on a daily basis, and summated at the end of the month to find out how much 
you owe. When you do not work on a daily basis assumption can become costly. In terms of design, you could either 
over/under-compensate a system, which realistically becomes the equivalent to a month, where they did not read 
your electricity meter, and slap you with a heavy "estimate based reading," where you pay more, despite not having 
used the amount estimated. Simply, we can either outprice ourselves from the market, or offer a proper solution that 
meets the client's minimum requirements. 

So, let us generate a simple load profile based on the above, which can be used for the remainder of this paper: 

Item Load Power Power Diversity Consumption 
Consumption Consumption Factor Sub-Total (W) / 

(VV)  / Hour  (W) / 24Hrs 	 Day 	 
1  Boiler Plant 	5000 	120000 	0.50  60000  
2 Mechanical 8500 204000 0.85 173400 

Workshop  
3  Office Building 	1500 	36000 	0.70  25200  
4 Pump Station 	10000 	240000 	0.69  165600  
Total Consumption 25000 600000 N/A 424200 

Factors  
L 	 L 	 1 	Incomer PF 	0.65 

Table 1: Mock Load Profile for PFC Understanding 

To ensure understanding of the diversity factor: 

From the above, simple, load analysis, we can see that the client can expect a total daily consumption of 600kW. 
This however, assumes that the all the client's equipment runs flat out every day. Yes, we can design a system on 
this assumption, but nowhere in real life, will every single power consuming unit run 24/7. 

Looking at item 1 for example: 

The boiler that is rated to consumer +- 5kW per hour, might only run for 12 hours a day and not 24 hours a day. By 
factoring in the diversity factor, we can realistically see that the boiler plant won't consumer 120kW of power a day 
but only 60kW of power per day. 

Therefore, when looking at the load profile in totality, we see that the client's expected daily load is 600kW, but 
realistically they will only consumer 424.2kW of power per day. 
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A simple example, is metering. When you pay for your electricity, you pay according to monthly consumption. 

However, your electricity is monitored on a daily basis, and summated at the end of the month to find out how much 

you owe. When you do not work on a daily basis assumption can become costly. In terms of design, you could either 

over/under-compensate a system, which realistically becomes the equivalent to a month, where they did not read 

your electricity meter, and slap you with a heavy “estimate based reading,” where you pay more, despite not having 

used the amount estimated. Simply, we can either outprice ourselves from the market, or offer a proper solution that 

meets the client’s minimum requirements.  

So, let us generate a simple load profile based on the above, which can be used for the remainder of this paper: 

 

Item Load Power 
Consumption 

(W) / Hour 

Power 
Consumption 

(W) / 24Hrs 

Diversity 
Factor 

Consumption 
Sub-Total (W) / 

Day 

1 Boiler Plant 5000 120000 0.50 60000 

2 Mechanical 
Workshop 

8500 204000 0.85 173400 

3 Office Building 1500 36000 0.70 25200 

4 Pump Station 10000 240000 0.69 165600 

Total Consumption 
Factors 

25000 600000 N/A 424200 

    Incomer PF 0.65 
Table 1: Mock Load Profile for PFC Understanding 

To ensure understanding of the diversity factor: 

From the above, simple, load analysis, we can see that the client can expect a total daily consumption of 600kW. 

This however, assumes that the all the client’s equipment runs flat out every day. Yes, we can design a system on 

this assumption, but nowhere in real life, will every single power consuming unit run 24/7. 

Looking at item 1 for example: 

The boiler that is rated to consumer +- 5kW per hour, might only run for 12 hours a day and not 24 hours a day. By 

factoring in the diversity factor, we can realistically see that the boiler plant won’t consumer 120kW of power a day 

but only 60kW of power per day.  

Therefore, when looking at the load profile in totality, we see that the client’s expected daily load is 600kW, but 

realistically they will only consumer 424.2kW of power per day.  
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Specifying a power factor correction solution 

Now that we have a basic load profile for the client's operations, we can begin with the rudimentary design process 
to get an estimate together. 

We now know the following: 

Client's expected daily consumption: 	 424.2kW 
Supply Power Factor: 	 J 	 0.65 

Table 2: Summary of Mock Load Analysis 

When it comes to power factor correction, 1 ("unity") is what you want to achieve, as this means that the power you 
are supplied, and the power that you are using is equal, and there is no wastage. 

Realistically, this will never exist, unless a huge investment is made, or the operation is so small with insignificant 
power consumption, and a good electrical supply is present. 

Remember, that most utilities only provide power factor correction at HV level, the portion of their operation that takes 
power from generation to distribute it various key points of their operations. This already develops significant 
investment requirements on their side. Realistically, this is the only portion of the system they benefit from, by 
implementing PFC. They ensure that whatever they generate is optimally distributed, alleviating stresses on their 
generating operations. 

After that, PFC is a concern, but at the same time, they benefit from being able to penalize users for poor power 
factor correction. It's a carefully calculated win-win algorithm which has been developed over many years of operating 
experience. 

From a client's perspective, they would want a power factory anywhere between 0.9 and 1.0. Realistically, PFC 
systems are implemented to maintain a power factor between 0.9 and 0.95. Anything below this, would cause a rise 
in expenditure and penalties. 

From the authority's side, you can expect a wide range of power factor constants available at a client's point of 
injection into their power system. In South Africa, numerous factors come into play such as: 

1. Grid maintenance; 
2. Supply/Demand ratios and lack of being able to supply; 
3. Severe system strain, due to undersized/old reticulation infrastructure. 

Thus, we could expect anything from 0.65 and 0.85 at the utility's end of the power system. Most commonly, you 
would probably find a range of 0.75 to 0.85 as the power factor maintained by the local supply authority. 

Thus, we can typically look at a correction range of 15 — 25 % that needs to be implemented by a system that we 
design for a client's operation. 
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Specifying a power factor correction solution 
Now that we have a basic load profile for the client’s operations, we can begin with the rudimentary design process 
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injection into their power system. In South Africa, numerous factors come into play such as: 

1. Grid maintenance; 

2. Supply/Demand ratios and lack of being able to supply; 

3. Severe system strain, due to undersized/old reticulation infrastructure. 

Thus, we could expect anything from 0.65 and 0.85 at the utility’s end of the power system. Most commonly, you 

would probably find a range of 0.75 to 0.85 as the power factor maintained by the local supply authority.  

 

Thus, we can typically look at a correction range of 15 – 25 % that needs to be implemented by a system that we 

design for a client’s operation. 
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The most important aspect of the solution offered in this volume, is the capacitors. So, using the load profile example 

generated in the previous section, let us look at how to calculate the size of the capacitor bank. 

Firstly, we need a table of multipliers, that gives us a mathematical relationship between the cur ent power factor and 

the power factor we want to achieve: 
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O.90.01 	0.02 	0.99 0.84 OAS 0.06 GM ow OM 0.9 OAS 0114 0.99 

0.50 0.M2 1018 LOU 1.050 1.0136 1.1V 1.139 1.165 1.192 1220 1.248 1.279 1.346 1.337 1.369 1.403 1.4411 1.481 1.529 1.500 1132 

0.51 0.T37 0.982 0_906 1.015 1.041 1.067 SAM 1.120 1.147 11M 1.203 1231 1.281 1.292 1.324 1.358 1.335 1.436 1.484 1.544 1.637 
0.62 0.893 0319 0345 0.971 0.997 1.023 1950 1.076 1.103 1.131 1.139 1.107 1.217 4.248 1.200 1.314 1.351 1392 1.440 1.600 1.843 
0.53 0.850 0876 OM OM 0.954 0_960 1.007 1.033 1.050 1.038 1.116 1.144 1.174 1205 1.237 1.271 1.300 1.349 1.397 1.457 1-900 
0.54 9809 0335 0.861 0.887 0.913 0.939 9936 0.392 1.019 1947 1,075 1.193 1,123 1.454 1.196 1238 1237 1308 1,356 1.416 1.559 
0.55 0.739 0195 ant 0.847 0.673 OM 0.926 0.962 0.979 1.007 1.335 1.063 1..093 1.124 1.158 1190 1227 L268 1.316 1.378 1.519 
0.58 0.730 0.756 0.782 0.938 4.834 0960 0987 4913 0.940 0.988 0.498 1.024 1.054 1.665 1.117 1351 11 1229 1.277 1.397 1.480 
0.51 0.692 0.718 0744 0.714 9.796 0122 0.849 0.815 0.002 0.030 0.958 0695 1.016 1.047 1.079 1.113 1.150 1.1$1 1.233 1.299 1.442 
0.56 ago osal kw am 0250 am 0838 0,855 0893 0.0 0140 0-979 1-014 1.942 1.075 1.113 1.134 1202 1232 1-405 
0.59 01619 0,645 0371 0.697 0.723 0.749 0.776 0102 9629 0.057 0.005 0:910 61.943 0974 1.006 1040 1.077 1.118 1,166 1,226 1.369 

150 0.953 0E89 0.635 0661 0.887 0.713 0.740 0766 0393 0.821 0.849 0677 0.907 0.938 0.970 1.031 1.041 1102 1.130 1199 1.333 

0.61 0.54.9 0.575 0.601 0.60 0.653 0.579 0.766 E732 0.7,59 0.M7 0.815 0.843 0.813 0.934 0.936 0.970 1.037 1.048 1.0% 1.156 1.299 

0.62 0.513 0.542 a538 0.594 0.620 0.646 9673 9399 0126 3754 0.782 0310 0.840 0.071 0.903 0.937 0974 1.015 1.933 1.123 1.236 

0.83 0483 0_509 0_535 0_561 0.597 09V 0.640 OM 0913 0.721 0.749 0.777 0_907 0.838 0.970 0.934 0.941 0.982 11330 1.090 1,233 

3.64 0A51 0A74 0_503 0.529 0.555 0.581 0.609 9634 um a 0.717 0.745 0.775 0.806 0.038 0.872 0.939 0950 OMB 1.063 1.201 

0.65 0.419 0.445 0.471 0.497 9523 0.549 0.575 0602 0.629 0.667 0.685 0.713 0.743 0.774 0306 0246 0.877 0118 OM 1326 1.169 

066 0388 0.414 0.440 0.466 0.02 0.518 0.645 0571 0399 0.626 0.354 0.392 0.712 0.743 am am (toe 0.:•:7 0.895 0395 1.138 

0.87 9350 0_384 0.440 0A36 0.432 0.468 0.513 0.541 0.958 0.560 0324 0.832 0332 0.713 0.76 0.n9 9016 0.057 0.905 0.963 1.108 

0.33 0_328 0.354 01$0 WO 0_492 0_438 0.486 0511 0_333 0.363 0.654 3622 0.657 0_003 11715 0-74E1 0-785 0.327 0375 0_933 1373 

0.0g 0.295 0-325 0351 0.377 0.403 0.429 0.455 0482 0.699 0.537 0.585 0.593 0323 0.654 0.633 0.720 0757 0.730 0.1346 0.303 1.049 

076 0.270 0.203 0_322 0.340 0374 0A09 0.427 0A53 0A80 0508 0,536 0.664 0.594 0.625 0.667 0.691 0.728 0.769 0.817 0.877 1820 
0.71 0242 0268 0.294 0.320 0.346 0.372 0393 0.425 0.452 0.4E0 0.508 0536 0.656 0597 0.629 0.653 0.700 0.741 0.789 0.849 0.992 

372 0.214 024_0 0265 0232 9318 0.344 0.371 0.397 0.424 0.452 0.430 95E6 0.533 0559 0.691 0.635 0.672 a713 0361 0321 0.,%4 

0.73 0.186 0_212 0.238 0.264 0.290 9313 6.343 9389 0395 0.424 0.452 0.490 0.310 0_541 0.573 0.807 0.644 0.395 0.:730 0793 9.933 

074 0.153 0.165 0211 0237 9281 alba 0.313 0342 0.399 0.337 0.425 0453 0.514 0.546 0.590 0.611 0.6,30 0.706 0.706 0.909 

0.75 0132 0.150 0.184 0210 0.236 01E2 0.288 0115 0.342 0.370 0.338 0.42.5 0.4.56 0_487 0.510 	 055'3 0.590 0.531 0.679 0.739 1932 

3.76 0.106 0,131 0,157 OM 0.249 0.225 8.262 9238 9315 0.943 0.371 9399 0.429 0,460 11492 9525 am 0.604 0352 0.712 0,55
0239 0.77 9079 0.105 0.131 0.157 0.183 0.209 0236 0.262 0.200 0.317 0.345 3.373 0.403 0434 0.468 0.630 0537 0.578 0826 asas 

373 0052 0070 0.104 0.130 0156 0.162 4.299 9235 0.282 0290 0.318 9346 0.376 0.407 0.439 0.473 0514 0.551 0,599 0.559 0,607 
373 0.026 aim 0373 am 0.190 am 0.133 9206 0.236 9264 0,E(2 0320 am 0.381 0.413 0.447 0.434 0.525 0.373 0.033 0119 

0,88 0300 0326 am 0.076 0104 0,130 9157 aim 0.210 me 9236 9294 0324 0355 0337 0,421 0.458 0.49 4347 a599 0.750 

0.51 0.000 0.026 0052 0078 0.104 0.131 0157 0.184 0.212 0.240 0.2P: 0.293 0.329 0.361 095 0432 0.473 0.521 0.591 

0.523 

0724 

0. 744 

a612 

0.82 0.000 0326 0.052 0078 0.105 0.131 also am 0.214 0242 0.272 0.303 9.335 111.369 OM 0.447 0..4950.55 

0.83 0390 0.0'23 0052 0.071 0.105 0132 0.169 0.1 0.210 0_246 0277 0.309 0_343 0390 0421 0_469 
0.04 0.000 0026 4.05,3 0.079 11105 0.134 0.182 0.193 0.220 0.251 0.203 0.39 0.3s1 0305 0443 0.503 0.648 

0.55 kW 0927 0.053 0163 0.108 0.136 0.1E4 0.194 0225 4.257 0291 0329 0.399 0.417 13_477 0.620 

006 0.003 0.028 0.853 0.061 0.109 0.137 9.167 0.136 0.23a 0.264 am 0342 0.303 0A50 0.591 
067 0000 0.827 0.055 0.993 0.111 0.141 0.472 0.204 0219 0275 0.316 0364 1424 0.567 

;.: 90913  0020 0.136 0884 0.114 0.145 0.177 0211 0.240 0.289 0.337 0.397 0.340 

0.29 0.000 0.928 0.056 0.086 Om, 0.10 003 0220 0.261 0,199 0.300 0.5)2 

0.90 61,00111 0029 0.068 0663 0.121 0.155 0.492 0233 0231 0.341 0.434 

0.91 0.003 000 0861 0.093 0.127 9164 0.203 0253 0.313 0.456 
0.92 0300 0.031 0.063 0397 0.134 0.175 0.223 0233 0.426 

0.03 0.000 0.032 0.086 0_102 0.144 0_192 0252 0_395 

054 0.090 0.034 0071 0.112 0.160 0.220 0.363 
0.05 0.037 0379 0.126 0.1 ;.; 0_329 

0.9E3 0.030 0.041 0089 0149 01292 

197 0000 0_049 0.108 0_251 

0,:': ONO IMO 0.203 

3.99 0X13 0.143 
0_000 

Table 3: Power Factor Correction Kilowatt Multipliers 
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The most important aspect of the solution offered in this volume, is the capacitors. So, using the load profile example 
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the power factor we want to achieve: 
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http://electrical-engineering-portal.com/wp-content/uploads/2015/09/determine-capacitor-kilovars.gif


Power Factor Correction Basics I of II © 2020 

In our application, almost all of our systems will run at three-phase power. If there is ever a special solution where a 
single-phase system is required, I suggest that you discuss the problem with a contracts engineer/engineer within 
your operation. 

The formulate to calculate how many kVARs are required in the three-phase PFC bank, is as follows: 

30 kvar = 30 load (kW) * kilowatt multiplier 
Equation 1: Calculating the kVARs required for a PFC capacitor bank 

Where: 

3o kvar = capacitor rating required; 

30load = the load of the system to be compensated in kilowatts; 

Kilowatt multiplier = the ratio multiplier of the ratio currently experienced and the ratio desired. 

So, before we do the first calculation, let us gather our variables from the exemplar load profile put together earlier 
into this paper: 

30kvar = ? 

30load = 424.2kW 

Multiplier = 0.840 

Our multiplier was taken straight out of Table 3. We have 0.65 PF, for this example we want 0.95 PF, thus the 
multiplier is 0.840. 

Now we can determine what size capacitor bank we need: 

3Okvar = 424.2 * (0.840) 
= 356.328 

356.33 
356 kvar  

When you charge a capacitor/capacitor bank, you will experience an increase in voltage. You need obviously ensure 
that all of the equipment you offer, can handle these transients. 

kvarc  
AV = kVA —* 100 

sc• 
Equation 2: Rule of Thumb Formula to Calculate Voltage Rise 

Where: 

AV = percent voltage rises at the point of capacitor installation; 

kvarc  = capacitor three — phase kvar rating; 

kVAsc• = the system short circuit rating at the poit of the capcitor installation. 
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In our application, almost all of our systems will run at three-phase power. If there is ever a special solution where a 

single-phase system is required, I suggest that you discuss the problem with a contracts engineer/engineer within 

your operation. 

The formulate to calculate how many kVARs are required in the three-phase PFC bank, is as follows: 

3∅ 𝑘𝑣𝑎𝑟 = 3∅ 𝑙𝑜𝑎𝑑 (𝑘𝑊) ∗ 𝑘𝑖𝑙𝑜𝑤𝑎𝑡𝑡 𝑚𝑢𝑙𝑡𝑖𝑝𝑙𝑖𝑒𝑟 
Equation 1: Calculating the kVARs required for a PFC capacitor bank 

Where: 

3ø kvar = capacitor rating required; 

3øload = the load of the system to be compensated in kilowatts; 

Kilowatt multiplier = the ratio multiplier of the ratio currently experienced and the ratio desired. 

 

So, before we do the first calculation, let us gather our variables from the exemplar load profile put together earlier 

into this paper: 

3økvar = ? 

3øload = 424.2kW 

Multiplier = 0.840 

Our multiplier was taken straight out of Table 3. We have 0.65 PF, for this example we want 0.95 PF, thus the 

multiplier is 0.840. 

Now we can determine what size capacitor bank we need: 

3∅𝑘𝑣𝑎𝑟 = 424.2 ∗ (0.840) 
= 356.328 

≈ 356.33 

≅ 356 𝑘𝑣𝑎𝑟 
 

When you charge a capacitor/capacitor bank, you will experience an increase in voltage. You need obviously ensure 

that all of the equipment you offer, can handle these transients. 

 

∆𝑉 =
𝑘𝑣𝑎𝑟𝑐

𝑘𝑉𝐴𝑆𝐶

∗ 100 

Equation 2: Rule of Thumb Formula to Calculate Voltage Rise 

 

Where: 

∆V = percent voltage rises at the point of capacitor installation; 

𝑘𝑣𝑎𝑟𝐶 = 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑜𝑟 𝑡ℎ𝑟𝑒𝑒 − 𝑝ℎ𝑎𝑠𝑒 𝑘𝑣𝑎𝑟 𝑟𝑎𝑡𝑖𝑛𝑔; 

𝑘𝑉𝐴𝑆𝐶 = 𝑡ℎ𝑒 𝑠𝑦𝑠𝑡𝑒𝑚 𝑠ℎ𝑜𝑟𝑡 𝑐𝑖𝑟𝑐𝑢𝑖𝑡 𝑟𝑎𝑡𝑖𝑛𝑔 𝑎𝑡 𝑡ℎ𝑒 𝑝𝑜𝑖𝑡 𝑜𝑓 𝑡ℎ𝑒 𝑐𝑎𝑝𝑐𝑖𝑡𝑜𝑟 𝑖𝑛𝑠𝑡𝑎𝑙𝑙𝑎𝑡𝑖𝑜𝑛. 
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kViisc  = II§ * VL-L * 'Sc 
Equation 3: Formula to calculate Short-Circuit kVA at Capacitor Installation 

Where: 

kVAsc  = the system short circuit rating at the point of the capacitor installation; 

VL_ L  = the system's to phase voltage; 

Isc = the three — phase short circuit current rating at the point of the capacitor installation. 

At this point it is important to not confuse the phase-to-phase voltage and the phase-neutral voltage. 

Typically, a phase-to-phase voltage of systems we work with on a daily basis will be 11kV — Three-Phase. 

To calculate the phase-to-neutral voltage of a three-phase circuit, the following formula applies: 

VLL = Af3  * VLN 
Equation 4:Formula to determine Line-Line/Neutral Voltages in a Three-Phase Circuit 

Now that we have the basic theory, we can calculate the total Voltage transient that our capacitor bank will produce, 
that our system as a whole, needs to be able to handle. 

So from Equation 2: Rule of Thumb Formula to Calculate Voltage Rise Equation 2, we have all of the required 
information apart from the KVAsc value. To calculate this value, we need to know the phase-to-phase voltage of the 
system, as well as the three-phase short circuit current rating of the system. 

Using Equation 4 we determine the phase-to-phase voltage to be: 6350.8529... V. We can round this off to 6.351 
kV. 

To determine the Isc value, we can make the assumption that it will equal the short-circuit rating of the supply circuit. 
Thus, Isc will be 25kA. Remember, that even though the fault level will probably never reach 25kA, our overall system 
design is rated at 25kA. In a catastrophic event where our system experiences the 25kA fault, all aspects of the 
system supplied by us should be able to handle this fault. If not, we will have effectively designed the weakest point 
in the system that is going to absorb a fault; with dangerous consequences. Think of it in terms of a modern car's 
spare tyre. Yes, the thin temporary tyre for emergency use, may last more kilometers than what it was rated for, but 
it is not meant for continuous use. It will work, but eventually, it will be prone to failure. But it is never safe to make 
assumptions, unless we understand why: 
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𝑘𝑉𝐴𝑆𝐶 =  √3 ∗ 𝑉𝐿−𝐿 ∗  𝐼𝑆𝐶  
Equation 3: Formula to calculate Short-Circuit kVA at Capacitor Installation 

 

Where: 

𝑘𝑉𝐴𝑆𝐶 = 𝑡ℎ𝑒 𝑠𝑦𝑠𝑡𝑒𝑚 𝑠ℎ𝑜𝑟𝑡 𝑐𝑖𝑟𝑐𝑢𝑖𝑡 𝑟𝑎𝑡𝑖𝑛𝑔 𝑎𝑡 𝑡ℎ𝑒 𝑝𝑜𝑖𝑛𝑡 𝑜𝑓 𝑡ℎ𝑒 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑜𝑟 𝑖𝑛𝑠𝑡𝑎𝑙𝑙𝑎𝑡𝑖𝑜𝑛; 

𝑉𝐿−𝐿 = 𝑡ℎ𝑒 𝑠𝑦𝑠𝑡𝑒𝑚′𝑠 𝑡𝑜 𝑝ℎ𝑎𝑠𝑒 𝑣𝑜𝑙𝑡𝑎𝑔𝑒; 

𝐼𝑆𝐶 = 𝑡ℎ𝑒 𝑡ℎ𝑟𝑒𝑒 − 𝑝ℎ𝑎𝑠𝑒 𝑠ℎ𝑜𝑟𝑡 𝑐𝑖𝑟𝑐𝑢𝑖𝑡 𝑐𝑢𝑟𝑟𝑒𝑛𝑡 𝑟𝑎𝑡𝑖𝑛𝑔 𝑎𝑡 𝑡ℎ𝑒 𝑝𝑜𝑖𝑛𝑡 𝑜𝑓 𝑡ℎ𝑒 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑜𝑟 𝑖𝑛𝑠𝑡𝑎𝑙𝑙𝑎𝑡𝑖𝑜𝑛. 

At this point it is important to not confuse the phase-to-phase voltage and the phase-neutral voltage.  

Typically, a phase-to-phase voltage of systems we work with on a daily basis will be 11kV – Three-Phase. 

To calculate the phase-to-neutral voltage of a three-phase circuit, the following formula applies: 

 

𝑉𝐿𝐿 =  √3 ∗ 𝑉𝐿𝑁 
Equation 4:Formula to determine Line-Line/Neutral Voltages in a Three-Phase Circuit 

 

Now that we have the basic theory, we can calculate the total Voltage transient that our capacitor bank will produce, 

that our system as a whole, needs to be able to handle. 

So from Equation 2: Rule of Thumb Formula to Calculate Voltage Rise Equation 2, we have all of the required 

information apart from the KVAsc value. To calculate this value, we need to know the phase-to-phase voltage of the 

system, as well as the three-phase short circuit current rating of the system. 

Using Equation 4 we determine the phase-to-phase voltage to be: 6350.8529… V. We can round this off to 6.351 

kV. 

To determine the Isc value, we can make the assumption that it will equal the short-circuit rating of the supply circuit. 

Thus, Isc will be 25kA. Remember, that even though the fault level will probably never reach 25kA, our overall system 

design is rated at 25kA. In a catastrophic event where our system experiences the 25kA fault, all aspects of the 

system supplied by us should be able to handle this fault. If not, we will have effectively designed the weakest point 

in the system that is going to absorb a fault; with dangerous consequences. Think of it in terms of a modern car’s 

spare tyre. Yes, the thin temporary tyre for emergency use, may last more kilometers than what it was rated for, but 

it is not meant for continuous use. It will work, but eventually, it will be prone to failure. But it is never safe to make 

assumptions, unless we understand why: 
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To understand how we can make this assumption we need to revise some basic theory: 

Term 	 Definition 
Impedance 	 The effective resistance of an electrical circuit or 

component to alternating current, arising from the 
combined effects of ohmic resistance and 
reactance, measured in ohms. 

Ohmic Resistance 	 A material's opposition to the flow of an electric 
current, as measured in ohms. 

Reactance 	 Reactance is the non-resistive component of 
impedance in an AC circuit, arising from the 
effect of inductance and/or capacitance. This 
causes the electric current in a circuit, to be out-
of-phase with the EMF causing it. (Think of 
leading and lagging current as illustrated in 
Figure 2) 

EMF 	 Electromotive force, is the voltage developed by 
ay source of electrical energy. It is generally 
referred to as the electrical potential for a source 
in a circuit, and is measured in volts. 

The aim of the above definitions, is to understand inductive reactance. Inductive reactance is an inductor's (cable for 
example) electrical resistance in an AC circuit. Inductive reactance's relationship to the above terms can be 
understood by Figure 8. 
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Figure 8: The relationship between Reactance, Frequency and Inductive Reactance 

The actual percentage voltage rise in an electrical system is dependent on the inductive reactance of the system at 
the point where the capacitors are to be installed. It is a rule of thumb, that the short-circuit impedance current (Isc) 
of the system at the point of the installation of the capacitors, is approximately the same as the inductive reactance 
of the system. Therefore, we can use the electrical system's three-phase short circuit current rating at this point in 
the system, to determine an approximate voltage rise that will be caused by the capacitor installation. 

Thus, we use Isc = 25kA. 
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To understand how we can make this assumption we need to revise some basic theory: 

Term Definition 
Impedance The effective resistance of an electrical circuit or 

component to alternating current, arising from the 
combined effects of ohmic resistance and 
reactance, measured in ohms. 

Ohmic Resistance A material’s opposition to the flow of an electric 
current, as measured in ohms. 

Reactance Reactance is the non-resistive component of 
impedance in an AC circuit, arising from the 
effect of inductance and/or capacitance. This 
causes the electric current in a circuit, to be out-
of-phase with the EMF causing it. (Think of 
leading and lagging current as illustrated in 
Figure 2) 

EMF Electromotive force, is the voltage developed by 
ay source of electrical energy. It is generally 
referred to as the electrical potential for a source 
in a circuit, and is measured in volts. 

 

The aim of the above definitions, is to understand inductive reactance. Inductive reactance is an inductor’s (cable for 

example) electrical resistance in an AC circuit. Inductive reactance’s relationship to the above terms can be 

understood by Figure 8. 

 
Figure 8: The relationship between Reactance, Frequency and Inductive Reactance 

 

The actual percentage voltage rise in an electrical system is dependent on the inductive reactance of the system at 

the point where the capacitors are to be installed. It is a rule of thumb, that the short-circuit impedance current (Isc) 

of the system at the point of the installation of the capacitors, is approximately the same as the inductive reactance 

of the system. Therefore, we can use the electrical system’s three-phase short circuit current rating at this point in 

the system, to determine an approximate voltage rise that will be caused by the capacitor installation.  

 

Thus, we use Isc = 25kA. 
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Thus, we can calculate kVAsc using Equation 3: 

kVAsc• = Af * VL-L * ISc 
kVAsc• = -%1 * 6.35 * 25 
kVAsc  = 274.9630 ... 

274.96 
275 kVAR  

Now, we can use Equation 2 to calculate the expected voltage transient caused by the capacitor installation: 

kvarc  
AV = 

kVA 
	* 100 

sc• 
356 

= 
275 
—* 100 

= 129.45  
•• 129% voltage rise 

... 11kV *129% = 14.19kV '' 14kV 

Thus, we have our transient voltage rise. We can expect an approximate voltage rise of up to 14kV when a capacitor 
bank is switched in and/or out of a system into which it is installed. 

What does this mean? We need to factor in protection into this system to handle the transient surges caused by the 
capacitor bank system(s). 

We can now almost fully, specify the parameters required to order and list the capacitor to be used. 

Before we can make a final decision as to the specifications and type of capacitor to be used, we need to understand 
how we can connect the capacitors together. 

You can get a three-phase capacitor. It is dependent on the application whether or not to use a three-phase capacitor 
or a single-phase capacitor. In basic, when you parallel capacitors together, you increase the total capacitance. When 
you series capacitors, you can use a similar formula to that utilized in high school physics to calculate resistors in 
series. 

Q 	Q1+ Q2 
= C1+ C2 Ceq  = v  = 	v  

Equation 5: Calculating Equivalent Capacitance for Capacitors in Parallel 

1 	V 	V1 +V2 	1 	1 

Ceq 	Q 	Q 	C1 + C2 
Equation 6: Calculating Equivalent Capacitance for Capacitors connected in Series 

Equation 5 and Equation 6 can be used to determine the individual rating of each capacitor required within the system. 
This will not however be used that frequently as whether you use single phase or three phase capacitors, with low 
kVAR ratings, one cap will usually suffice. 

A "simpler" formula for evaluating the total capacitance of a bank, will be discussed later into this document. For now, 
the theory is kept simple to ensure proper understanding. 
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Thus, we can calculate kVAsc using Equation 3: 

𝑘𝑉𝐴𝑆𝐶 =  √3 ∗ 𝑉𝐿−𝐿 ∗  𝐼𝑆𝐶  

𝑘𝑉𝐴𝑆𝐶 =  √3 ∗ 6.35 ∗ 25 
𝑘𝑉𝐴𝑆𝐶 =  274.9630 … 

≈ 274.96 

≅ 275 𝑘𝑉𝐴𝑅 
 

 

Now, we can use Equation 2 to calculate the expected voltage transient caused by the capacitor installation: 

∆𝑉 =
𝑘𝑣𝑎𝑟𝑐

𝑘𝑉𝐴𝑆𝐶

∗ 100 

=  
356

275
∗ 100 

= 129.45̇ 

≅ 129% 𝑣𝑜𝑙𝑡𝑎𝑔𝑒 𝑟𝑖𝑠𝑒 

∴ 11𝑘𝑉 ∗ 129% = 14.19𝑘𝑉 ≅ 14𝑘𝑉 
 

Thus, we have our transient voltage rise. We can expect an approximate voltage rise of up to 14kV when a capacitor 

bank is switched in and/or out of a system into which it is installed. 

What does this mean? We need to factor in protection into this system to handle the transient surges caused by the 

capacitor bank system(s). 

 

We can now almost fully, specify the parameters required to order and list the capacitor to be used. 

Before we can make a final decision as to the specifications and type of capacitor to be used, we need to understand 

how we can connect the capacitors together.  

You can get a three-phase capacitor. It is dependent on the application whether or not to use a three-phase capacitor 

or a single-phase capacitor. In basic, when you parallel capacitors together, you increase the total capacitance. When 

you series capacitors, you can use a similar formula to that utilized in high school physics to calculate resistors in 

series.  

𝐶𝑒𝑞 =  
𝑄

𝑉
=  

𝑄1 + 𝑄2

𝑉
= 𝐶1 + 𝐶2 

Equation 5: Calculating Equivalent Capacitance for Capacitors in Parallel 

 
1

𝐶𝑒𝑞

=  
𝑉

𝑄
=  

𝑉1 + 𝑉2

𝑄
=  

1

𝐶1
+  

1

𝐶2
 

Equation 6: Calculating Equivalent Capacitance for Capacitors connected in Series 

 

Equation 5 and Equation 6 can be used to determine the individual rating of each capacitor required within the system. 

This will not however be used that frequently as whether you use single phase or three phase capacitors, with low 

kVAR ratings, one cap will usually suffice. 

 

A “simpler” formula for evaluating the total capacitance of a bank, will be discussed later into this document. For now, 

the theory is kept simple to ensure proper understanding.  
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In systems where you require more than one bank of capacitors or several steps that can all be combined into one 
"big step," you will probably use these equations. But unless a client faces major power factor problems, you will 
probably end up supplying one bank for power factor and another bank for harmonic filtering which will be discussed 
in Vol 2 of this research paper. 

Two configurations are possible when it comes to connecting capacitors, the resistors simply depict a load: 

Figure 9: Star / Delta Connection Configurations 

A delta system has no ground. Thus, if the line-to-line voltage is 11kV, your capacitors will need to handle 11kV. In 
terms of capacitors, you will need to compensate the voltage rise factor into your consideration of the system voltage, 
so you would for example, order capacitors with a voltage rating of 14.2kV. 

A star system has a ground. Thus, the we now consider a line-to-neutral voltage to determine at what voltage the 
caps need to operate. So, we know the L-N voltage of an 11kV three-phase system is approximately 6.35kV. 
Factoring into the consideration of capacitor voltage rating, the voltage rise, you would typically order capacitors at a 
rating of say 8.19kV. 

It is important to note, that when you order a three-phase capacitor from a manufacturer, you specifically need to tell 
them whether you want the capacitor to be of star or delta-wye connection internally.  

Personally, I prefer the single-phase capacitors, as you have more lee-way with your enclosure/installation design, 
especially when it comes to clearance requirements in your installation. 

The next choice to be made is whether you want to design your PFC system sing star or delta configured capacitors. 
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In systems where you require more than one bank of capacitors or several steps that can all be combined into one 

“big step,” you will probably use these equations. But unless a client faces major power factor problems, you will 

probably end up supplying one bank for power factor and another bank for harmonic filtering which will be discussed 

in Vol 2 of this research paper. 

Two configurations are possible when it comes to connecting capacitors, the resistors simply depict a load: 

 
 

Figure 9: Star / Delta Connection Configurations 

 

A delta system has no ground. Thus, if the line-to-line voltage is 11kV, your capacitors will need to handle 11kV. In 

terms of capacitors, you will need to compensate the voltage rise factor into your consideration of the system voltage, 

so you would for example, order capacitors with a voltage rating of 14.2kV.  

A star system has a ground. Thus, the we now consider a line-to-neutral voltage to determine at what voltage the 

caps need to operate. So, we know the L-N voltage of an 11kV three-phase system is approximately 6.35kV. 

Factoring into the consideration of capacitor voltage rating, the voltage rise, you would typically order capacitors at a 

rating of say 8.19kV. 

It is important to note, that when you order a three-phase capacitor from a manufacturer, you specifically need to tell 

them whether you want the capacitor to be of star or delta-wye connection internally.   

Personally, I prefer the single-phase capacitors, as you have more lee-way with your enclosure/installation design, 

especially when it comes to clearance requirements in your installation. 

The next choice to be made is whether you want to design your PFC system sing star or delta configured capacitors. 

  



± 	
Your system insulation is higher; thus, you need 
to pay more attention to intrinsic safety 
considerations. 
There is no escape path for fault currents, usually 
these configurations are used over short runs. 
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Let us look at the following key difference between each type of system: 

Star 
The responsiveness of the load connected to a 
star system is lower, as you are only utilizing 713  

of the actual supply voltage. 

Price reduction in components. At 6.6kV you will 
have less components to manage the system, 
whereas at 11kV you will require more. Think of 
a motor or transformer for example, you will 
require less windings.  
Your system insulation is lower; thus, you can 
save on certain intrinsic safety considerations. 

Provides a safer system, as unbalanced currents 
will be routed through the neutral point. This 
factor only really comes into play over long 
reticulation runs where transformers form part of 
the system, as unbalanced currents could cause 
damage to a transformer.  

Delta  
The responsiveness of a system connected 
using this method can be seen to be "real-time," 
as each phase on the receiving end of the supply, 
is exposed to the full supply line voltage.  
Price increase in components, to manage the full 
line voltage of 12kV. Again, think of a transformer 
or motor, you will require more windings. 

Table 4: Comparisons between Star and Delta System Architecture 

A typical rule of thumb is that star configurations are used in power transmission systems, and delta configurations 
are used in power distribution and heavy industry. 

Personally, I would always go for a delta-wye based system, due to the following considerations: 

1. Although the capacitors are more expensive, the installation is cheaper and design less complex; 
2. The protection scheme and safety considerations become easier, as we do not need to worry about a Neutral 

point — further, often, grounding and earth-mats are not designed properly on site. This causes safety issues, 
and if we assume a decent grounding path for the system, we could incur unexpected costs on site to deem 
the system safe to operate. An even more important consideration, is that on a poorly grounded system, 
switching transients invoked by the capacitor bank(s), could directly impact control cables and protection 
relays, causing erroneous operation of protection systems within a substation. 

3. Capacitor banks are never usually far from the point of injection of the supply, so we do not need to worry 
about the safety aspects of wye-installations over a long distance. 

This being said, some applications may call for a star configured system. I would only use a star system in the 
following conditions: 

1. There are sever load unbalances on the system into which the PFC system is being installed; 
2. There is a long cable run between the feed to the PFC and the actual PFC system (e.g. when you have a 

feeder at point A, but you can only install PFC at point B with say a cable run >= 100m); 
3. The grounding system onsite is up too standard and can be relied on FULLY. In large, distanced installation, 

I would still advise to install a separate earth mat as close to the PFC system as possible to ensure proper 
dissipation of any transients resulting from the switching of the PFC system; 

4. The capacitor bank is very large. Reduced installation costs and more importantly, a star formation will allow 
for a reduced recovery rate on switching transients, and the ground of the capacitor will also complement the 
system's surge protection capability. 
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Let us look at the following key difference between each type of system: 

Star Delta 

The responsiveness of the load connected to a 

star system is lower, as you are only utilizing 
1

√3
 

of the actual supply voltage. 

The responsiveness of a system connected 
using this method can be seen to be “real-time,” 
as each phase on the receiving end of the supply, 
is exposed to the full supply line voltage. 

Price reduction in components. At 6.6kV you will 
have less components to manage the system, 
whereas at 11kV you will require more. Think of 
a motor or transformer for example, you will 
require less windings. 

Price increase in components, to manage the full 
line voltage of 12kV. Again, think of a transformer 
or motor, you will require more windings. 

Your system insulation is lower; thus, you can 
save on certain intrinsic safety considerations. 

Your system insulation is higher; thus, you need 
to pay more attention to intrinsic safety 
considerations. 

Provides a safer system, as unbalanced currents 
will be routed through the neutral point. This 
factor only really comes into play over long 
reticulation runs where transformers form part of 
the system, as unbalanced currents could cause 
damage to a transformer. 

There is no escape path for fault currents, usually 
these configurations are used over short runs. 

Table 4: Comparisons between Star and Delta System Architecture 

A typical rule of thumb is that star configurations are used in power transmission systems, and delta configurations 

are used in power distribution and heavy industry. 

Personally, I would always go for a delta-wye based system, due to the following considerations: 

1. Although the capacitors are more expensive, the installation is cheaper and design less complex; 

2. The protection scheme and safety considerations become easier, as we do not need to worry about a Neutral 

point – further, often, grounding and earth-mats are not designed properly on site. This causes safety issues, 

and if we assume a decent grounding path for the system, we could incur unexpected costs on site to deem 

the system safe to operate. An even more important consideration, is that on a poorly grounded system, 

switching transients invoked by the capacitor bank(s), could directly impact control cables and protection 

relays, causing erroneous operation of protection systems within a substation. 

3. Capacitor banks are never usually far from the point of injection of the supply, so we do not need to worry 

about the safety aspects of wye-installations over a long distance.  

 

This being said, some applications may call for a star configured system. I would only use a star system in the 

following conditions: 

1. There are sever load unbalances on the system into which the PFC system is being installed; 

2. There is a long cable run between the feed to the PFC and the actual PFC system (e.g. when you have a 

feeder at point A, but you can only install PFC at point B with say a cable run >= 100m); 

3. The grounding system onsite is up too standard and can be relied on FULLY. In large, distanced installation, 

I would still advise to install a separate earth mat as close to the PFC system as possible to ensure proper 

dissipation of any transients resulting from the switching of the PFC system; 

4. The capacitor bank is very large. Reduced installation costs and more importantly, a star formation will allow 

for a reduced recovery rate on switching transients, and the ground of the capacitor will also complement the 

system’s surge protection capability. 
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So now we can specify the following key characteristics of the capacitor to be ordered: 

Feature 
RMS Voltage L-L 

Operating Voltage L-N 

Number of Phases 

Reactive Power Rating 
Operating Frequency 

Insulation Rating 

F 	  
Termination Type 

Specification Standard 

Dielectric  

Rating 
11kV 

8.2kV 

Single Phase 

356kVAR 
50Hz 

95kV (BIL) 

Insulated Bushings 

IEC 60871-1 

All Polypropylene (APP)  

Why?  
This is the voltage of the 
system.  
This is the operating voltage 
when a capacitor is placed in a 
star formation. 
We are using individual 
capacitors  per phase.  
We calculated this. 
This is the frequency of power 
systems in SA.  
This our system standard, 
remember the weakest link/tyre 
analogy.  
Safe and easy to design around 
when it comes to insulation and 
clearances. 
This 	is 	the 	general 
specifications for design and 
manufacture 	of 	shunt 
capacitors for use in AC 
systems > 1kV  
APP has an extremely low 
dielectric absorption and does 
not retain moisture easily. Very 
low losses, which implies good 
economic to service ratio.  
Provides good insulation and 
aids in heat dissipation for 
natural cooling.  
This is the typical temperature 
range specification. This range 
allows for easy design 
considerations in terms of 
placement.  

Table 5: Summary of Key Capacitor Specification Characteristics as Calculated 

We are almost there. There are several "optional" additions as follows: 

Discharge Resistors When the supply voltage is removed from a capacitor bank, the probability 
of the bank retaining a very high charge for an undefined amount of time is 
high. This is usually achieved due to a shunt capacitor having a high 
efficiency with low losses. To mitigate this risk, you need to include discharge 
resistors into your design. These can be installed externally to a system, but 
adds to the overall cost and complexity of the design. It is industry standard 
to have a discharge time of 5 minutes for capacitor banks >600V AC and 1 
minute for banks <600V AC. The aim of this feature is to reduce the voltage 
of the system from line voltage to 50V, which is considered safe to work at. 
Do not let sales persons lead you astray from this time period, as discharge 
resistor assemblies can be specifically designed to achieve these time 
periods. This is of utmost importance, as the control system ensuring "safe 
access" to the PFC system relies heavily on this time period, and 
contingencies to factor in more time can cause several additional problems. 
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So now we can specify the following key characteristics of the capacitor to be ordered: 

Feature Rating Why? 

RMS Voltage L-L 11kV This is the voltage of the 
system. 

Operating Voltage L-N 8.2kV This is the operating voltage 
when a capacitor is placed in a 
star formation. 

Number of Phases Single Phase We are using individual 
capacitors per phase. 

Reactive Power Rating 356kVAR We calculated this. 

Operating Frequency 50Hz This is the frequency of power 
systems in SA. 

Insulation Rating 95kV (BIL) This our system standard, 
remember the weakest link/tyre 
analogy. 

Termination Type Insulated Bushings Safe and easy to design around 
when it comes to insulation and 
clearances.  

Specification Standard IEC 60871-1 This is the general 
specifications for design and 
manufacture of shunt 
capacitors for use in AC 
systems > 1kV 

Dielectric All Polypropylene (APP) APP has an extremely low 
dielectric absorption and does 
not retain moisture easily. Very 
low losses, which implies good 
economic to service ratio. 

Internal Insulation + Cooling Low Viscosity Capacitor Oil Provides good insulation and 
aids in heat dissipation for 
natural cooling. 

Ambient Temperature Rating -40°C - +55°C This is the typical temperature 
range specification. This range 
allows for easy design 
considerations in terms of 
placement. 

Table 5: Summary of Key Capacitor Specification Characteristics as Calculated 

 

We are almost there. There are several “optional” additions as follows: 

Discharge Resistors When the supply voltage is removed from a capacitor bank, the probability 
of the bank retaining a very high charge for an undefined amount of time is 
high. This is usually achieved due to a shunt capacitor having a high 
efficiency with low losses. To mitigate this risk, you need to include discharge 
resistors into your design. These can be installed externally to a system, but 
adds to the overall cost and complexity of the design. It is industry standard 
to have a discharge time of 5 minutes for capacitor banks >600V AC and 1 
minute for banks <600V AC. The aim of this feature is to reduce the voltage 
of the system from line voltage to 50V, which is considered safe to work at. 
Do not let sales persons lead you astray from this time period, as discharge 
resistor assemblies can be specifically designed to achieve these time 
periods. This is of utmost importance, as the control system ensuring “safe 
access” to the PFC system relies heavily on this time period, and 
contingencies to factor in more time can cause several additional problems. 
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Internal Fuses 

External Fuses 

When a capacitor is internally fused, it means that between every set 
of capacitor elements, within the overall capacitor, there is a fuse. This 
means that when an element within the overall capacitor fails, the fuse 
will isolate this fault and allow for the capacitor to still operate. More 
importantly this ensures that there is not a drastic increase in voltage 
on the system, due to the failed element. There are several 
manufacturing considerations to take note of. But this is beyond the 
scope of this document — simply ensure that you use a reputable 
manufacturer. 
When no internal fuses are used, there are significant design and safety 
considerations to be made. I am not going to go into this, as I advise that you 
always select an internally fused capacitor. It is easier, more reliable and 
does not have major cost implications. 

Do not confuse these fuses with external system short-circuit and over-
current protection fuses. You can also get fuseless shunt capacitors. This 
can be some additional reading if you feel the need, as we will near never 
implement this technology of capacitors. They are typically only implemented 
on very large capacitor systems where you combine several series strings 
of capacitors in parallel. 

Thus, we can now add the last two lines of characteristics to our capacitor specification: 

1 	
t 
, 

[  Feature 	1  Rating 	 i  Why?  

E
1 	 i Discharge Resistor 	i  Internal 	5min 	I  Discussed. 
i  Fused 	 i Internally Fused 	 i Discussed. L 

Table 6: Additional Capacitor Specification Additions 

Current limiting reactors 

This is where we need to isolate Vol 1 and Vol 2 of this paper very clearly. The reactors between each type of system 
are completely different and do not/slightly relate to one another. 

For Vol 1, in a basic PFC system design, the following problem surfaces: 

When using steps, or in laymen terms, when you use more than one capacitor bank in a system, you will inevitably 
create a condition where back-to-back switching of the capacitor banks occur. When you switch capacitor banks 
back-to-back, the possibility of creating very high peak magnitude and high frequency current transients exists. 

Further, in general, when you switch any capacitor bank, negating the configuration, and the system does not have 
transient suppression, a guaranteed voltage transient will be generated. Typically, this transient will occur in a range 
of 300 to 800Hz. So, why is this a problem? 

A power system is inevitably linked, even if one side is MV and the other side LV. The abovementioned transient can 
flow through the system and be coupled to another "isolated" section of the system, even if it is very far away from 
the point of installation of the capacitor bank(s). 

If a capacitor system is installed on the LV side of the system (relative term, 11kV fed from a 132kV transmission 
line, makes 11kV the LV system) it may cause a resonant condition to exist. A resonant circuit is an electrical circuit 
which has a very low impedance at a certain frequency. A resonant circuit is denoted by: LC. 

In a system (considering the overall transmission and distribution grid), if the LC on the HV side of the system, 
becomes approximately equal to the LC on the LV side of the system, the voltage transient will be magnified. This 
singularity is known in industry as voltage magnification. 
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Internal Fuses When a capacitor is internally fused, it means that between every set 
of capacitor elements, within the overall capacitor, there is a fuse. This 
means that when an element within the overall capacitor fails, the fuse 
will isolate this fault and allow for the capacitor to still operate. More 
importantly this ensures that there is not a drastic increase in voltage 
on the system, due to the failed element. There are several 
manufacturing considerations to take note of. But this is beyond the 
scope of this document – simply ensure that you use a reputable 
manufacturer. 

External Fuses When no internal fuses are used, there are significant design and safety 
considerations to be made. I am not going to go into this, as I advise that you 
always select an internally fused capacitor. It is easier, more reliable and 
does not have major cost implications.  
 
Do not confuse these fuses with external system short-circuit and over-
current protection fuses. You can also get fuseless shunt capacitors. This 
can be some additional reading if you feel the need, as we will near never 
implement this technology of capacitors. They are typically only implemented 
on very large capacitor systems where you combine several series strings 
of capacitors in parallel. 

 

Thus, we can now add the last two lines of characteristics to our capacitor specification: 

Feature Rating Why? 

Discharge Resistor Internal @ 5min Discussed. 

Fused Internally Fused Discussed. 
Table 6: Additional Capacitor Specification Additions 

Current limiting reactors 
This is where we need to isolate Vol 1 and Vol 2 of this paper very clearly. The reactors between each type of system 

are completely different and do not/slightly relate to one another.  

For Vol 1, in a basic PFC system design, the following problem surfaces: 

When using steps, or in laymen terms, when you use more than onc capacitor bank in a system, you will inevitably 

create a condition where back-to-back switching of the capacitor banks occur. When you switch capacitor banks 

back-to-back, the possibility of creating very high peak magnitude and high frequency current transients exists. 

Further, in general, when you switch any capacitor bank, negating the configuration, and the system does not have 

transient suppression, a guaranteed voltage transient will be generated. Typically, this transient will occur in a range 

of 300 to 800Hz. So, why is this a problem? 

A power system is inevitably linked, even if one side is MV and the other side LV. The abovementioned transient can 

flow through the system and be coupled to another “isolated” section of the system, even if it is very far away from 

the point of installation of the capacitor bank(s). 

If a capacitor system is installed on the LV side of the system (relative term, 11kV fed from a 132kV transmission 

line, makes 11kV the LV system) it may cause a resonant condition to exist. A resonant circuit is an electrical circuit 

which has a very low impedance at a certain frequency. A resonant circuit is denoted by: LC. 

In a system (considering the overall transmission and distribution grid), if the LC on the HV side of the system, 

becomes approximately equal to the LC on the LV side of the system, the voltage transient will be magnified. This 

singularity is known in industry as voltage magnification. 
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When voltage magnification occurs, it means that the electrical system could be subjected to high overvoltage and 
high overcurrent conditions. 

Thus, we typically incorporate current limiting reactors into a PFC system for protection only (not harmonic filtration 
which will be covered in Vol 2 of this paper). These reactors are connected in series, between the supply line and 
incoming termination point of the capacitor(s) comprising a PFC system. 

How does a current limiting reactor work? Its function is to increase the electrical system's impedance in a possible 
fault-loop. The coil of the reactor, through reactance, reduces the short-circuit transient on the supply side of the 
system. Without a Current Limiting Reactor (CLR) any increase in reactance on the system is directly proportional to 
voltage drop within the system (Voltage Transients). Thus, at the point of installation of the CLR(s) the voltage drop 
caused by transients, is geometrically subtracted from the supply voltage before the CLR. Thus these transients 
become a factor of system power factor, and are mitigated within our design process. 

To specify a current limiting reactor, we need to define the following characteristics: 

1. Standard kVA rating of the circuit; 
2. L-L Voltage between phases; 
3. Phase of the circuit; 
4. System Frequency; 
5. Standard operating temperature; 
6. Inductance of the reactor; 
7. Current Rating of the Reactor. 

So, let us start off by specifying the basic parameters: 

1. kVA rating of the circuit 

kVA (30) = 
1000 

Equation 7: kVA calculation of a Three-Phase Circuit 

Thus, we can specify the kVA of this solution to be: 734.67 kVA.  

2. L-L Voltage 

11kV. 

3. Phase of the circuit 

3-Phase. lx CLR / phase. 

4. System Frequency 

50Hz 

5. Standard Operating Temperature 

Specify a range of 8°C to 36°C so that the manufacturer can factor in our typical ambient temperature range for the 
design of the CLR. 

6. Inductance of the Reactor 
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When voltage magnification occurs, it means that the electrical system could be subjected to high overvoltage and 

high overcurrent conditions.  

Thus, we typically incorporate current limiting reactors into a PFC system for protection only (not harmonic filtration 

which will be covered in Vol 2 of this paper). These reactors are connected in series, between the supply line and 

incoming termination point of the capacitor(s) comprising a PFC system. 

How does a current limiting reactor work? Its function is to increase the electrical system’s impedance in a possible 

fault-loop. The coil of the reactor, through reactance, reduces the short-circuit transient on the supply side of the 

system. Without a Current Limiting Reactor (CLR) any increase in reactance on the system is directly proportional to 

voltage drop within the system (Voltage Transients). Thus, at the point of installation of the CLR(s) the voltage drop 

caused by transients, is geometrically subtracted from the supply voltage before the CLR. Thus these transients 

become a factor of system power factor, and are mitigated within our design process. 

To specify a current limiting reactor, we need to define the following characteristics: 

1. Standard kVA rating of the circuit; 

2. L-L Voltage between phases; 

3. Phase of the circuit; 

4. System Frequency; 

5. Standard operating temperature; 

6. Inductance of the reactor; 

7. Current Rating of the Reactor. 

So, let us start off by specifying the basic parameters: 

1. kVA rating of the circuit 

𝑘𝑉𝐴 (3∅) =  
𝑉 ∗ 𝐼 ∗ √3

1000
 

Equation 7: kVA calculation of a Three-Phase Circuit 

Thus, we can specify the kVA of this solution to be: 734.67 kVA. 

2. L-L Voltage 

11kV. 

3. Phase of the circuit 

3-Phase. 1x CLR / phase. 

4. System Frequency 

50Hz 

5. Standard Operating Temperature 

Specify a range of 8°C to 36°C so that the manufacturer can factor in our typical ambient temperature range for the 

design of the CLR. 

6. Inductance of the Reactor 
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Here we will require the following two formulae: 

V 
'Sc =  Z 

Equation 8: Formula to determine the Short Circuit Impedance of a Circuit 
Where: 

Isc = short circuit (fault current); 
V = system voltage; 
Z = system impedance. 

Z = 2/r *f *L 
Equation 9: Formula to calculate Inductance 

Where: 

2/r = rule of thumb assumption for phase angle; 
Z = System Impedance; 
F = System operating frequency; 
L = inductance in henry's. 

So again, we are going to factor in 25kA as this is the maximum we can possibly experience on the system. This 
means that our design will have a contingency in line with the overall system rating. 

11 
Z =  

25 
... Z = 0.44 ohm 

So: 
0.44 

L 
2/r * 50 

L = 0.00140127389 henrys 
1.4mH 

7. Current Rating of Reactor 

Before we can make this calculation, we need to know the following formulae: 

Rated Primary Voltage 
Z 

	

	  
Rated Primary Current 

Equation 10: Impedance Approximation of the Supply Transformer 
Where: 

Z = approximate impedance of the supply line; 
RPV = L-L voltage of the supply line; 
RPC = Current Rating of Supply Line. 
We need the determine the % impedance that needs to be catered for by the reactor: 

%Z 
, 

= 
Esc 

s  
Equation 11: Percent Impedance for CLR Rating 

Where: 

%Z = Percent Impedance; 
Zsc = Fault impedance; 
Zs = standard operation impedance. 
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Here we will require the following two formulae: 

𝐼𝑆𝐶 =  
𝑉

𝑍
 

Equation 8: Formula to determine the Short Circuit Impedance of a Circuit 

Where: 
 
Isc = short circuit (fault current); 
V = system voltage; 
Z = system impedance. 

𝑍 = 2𝜋 ∗ 𝑓 ∗ 𝐿 
Equation 9: Formula to calculate Inductance 

Where: 
 
2𝜋 = 𝑟𝑢𝑙𝑒 𝑜𝑓 𝑡ℎ𝑢𝑚𝑏 𝑎𝑠𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛 𝑓𝑜𝑟 𝑝ℎ𝑎𝑠𝑒 𝑎𝑛𝑔𝑙𝑒; 
Z = System Impedance; 
F = System operating frequency; 
L = inductance in henry’s. 
 
 

 

So again, we are going to factor in 25kA as this is the maximum we can possibly experience on the system. This 

means that our design will have a contingency in line with the overall system rating. 

⇒ 𝑍 =  
11

25
 

∴ 𝑍 = 0.44 𝑜ℎ𝑚 
 
So: 

𝐿 =  
0.44

2𝜋 ∗ 50
 

𝐿 = 0.00140127389 ℎ𝑒𝑛𝑟𝑦𝑠 

≅ 1.4𝑚𝐻 
 

 

7. Current Rating of Reactor 

Before we can make this calculation, we need to know the following formulae: 

𝑍 =  
𝑅𝑎𝑡𝑒𝑑 𝑃𝑟𝑖𝑚𝑎𝑟𝑦 𝑉𝑜𝑙𝑡𝑎𝑔𝑒

𝑅𝑎𝑡𝑒𝑑 𝑃𝑟𝑖𝑚𝑎𝑟𝑦 𝐶𝑢𝑟𝑟𝑒𝑛𝑡
 

Equation 10: Impedance Approximation of the Supply Transformer 

Where: 
 
Z = approximate impedance of the supply line; 
RPV = L-L voltage of the supply line; 
RPC = Current Rating of Supply Line. 
We need the determine the % impedance that needs to be catered for by the reactor: 
 

%𝑍 =  
𝑍𝑆𝐶

𝑍𝑆

 

Equation 11: Percent Impedance for CLR Rating 

Where: 
 
%Z = Percent Impedance; 
Zsc = Fault impedance; 
Zs = standard operation impedance. 



Description 
kVA rating of load circuit 
Line-to-line Voltage 
Phase Configuration 
System Operating Frequency 	Hz 	 1- i 50  
Standard 	 Operating °C (range) 	 ±8 - ± 36°C 
Temperature  	 1 	- 
Reactor Inductance 	mH 	1  1.4  

L  Reactor Current Rating 	
i 

A 	 1 13.1  

Unit 
, 
i Rating 	 

kVA 734.67 
kV 
	

11  
Type 	 Single 1 Single (1) 
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To calculate the current rating of the reactor: 

L * 377 * I 
%Z= 	

V 	
*100 

Equation 12: CLR formula to determine approximate I Rating 
Where: 
%Z = Percent Impedance; 
L = Reactor inductance rating; 
377 = Constant; 
I = Approximate Current Rating of CLR; 
V = L-L Voltage applied to CLR; 
100 = Multiplier Constant. 

Therefore, using Equation 10: 

The supply line is 11kV, 300MVA = ± 1574.59A. 

Z = 11000/1574.59 = 6.99 ohm. 

Using Equation 11: 

%Z = 0.06294706724 

Using Equation 12: 

IcIr = 13.10701.... == 13.1A 

Thus, we can now specify all the technical characteristics of the series reactor required: 

Table 7: Summary of calculated specifications for Current Limiting Reactors to be Ordered 

For non-harmonic applications, where you only wish to use a series CLR for protection, an off the shelf reactor can 
be used, such as the pancake type reactors recently purchase for a project. 

The off the shelf reactor has a fixed current range from 0 — 250A. Thus, our current requirements are met, as we do 
not exceed the reactor's capacity. An inductance of say 50mH was used for the manufacturing process, to check 
this, you can play with the equations to check the impact on the system and decide from there. 

Reactor calculations will be discussed in more depth in Vol 2 of this research paper. 
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To calculate the current rating of the reactor: 
 

%𝑍 =  
𝐿 ∗ 377 ∗ 𝐼

𝑉
∗ 100 

Equation 12: CLR formula to determine approximate I Rating 

Where: 
%Z = Percent Impedance; 
L = Reactor inductance rating; 
377 = Constant; 
I = Approximate Current Rating of CLR; 
V = L-L Voltage applied to CLR; 
100 = Multiplier Constant. 

 

Therefore, using Equation 10: 

The supply line is 11kV, 300MVA = ± 1574.59A. 

Z = 11000/1574.59 = 6.99 ohm. 

Using Equation 11: 

%Z = 0.06294706724 

Using Equation 12: 

Iclr = 13.10701…. == 13.1A 

Thus, we can now specify all the technical characteristics of the series reactor required: 

Description Unit Rating 

kVA rating of load circuit kVA 734.67 

Line-to-line Voltage kV 11 

Phase Configuration Type Single (1) 

System Operating Frequency Hz 50 

Standard Operating 
Temperature 

°C (range) ±8 - ± 36°C 

Reactor Inductance mH 1.4 

Reactor Current Rating A 13.1 
Table 7: Summary of calculated specifications for Current Limiting Reactors to be Ordered 

For non-harmonic applications, where you only wish to use a series CLR for protection, an off the shelf reactor can 

be used, such as the pancake type reactors recently purchase for a project.  

The off the shelf reactor has a fixed current range from 0 – 250A. Thus, our current requirements are met, as we do 

not exceed the reactor’s capacity. An inductance of say 50mH was used for the manufacturing process, to check 

this, you can play with the equations to check the impact on the system and decide from there.  

Reactor calculations will be discussed in more depth in Vol 2 of this research paper.  

  



Type 
Discharge Class 

Station Class 

 

System Frequency: 	1  50Hz 
Operating  Voltage 
MCOV 
Pressure Relief Class 63 - 65 kA 
Configuration 

Max Fault Current  (Discharge) 
Protection Philosophy 	 

Three-Phase (best, alternatively single-phase 
design required) - THREE-WIRE  
25 - 30 kA 
Varistor 

Additional Features 
	

Trip Counter (incl. counter) 

	

Status indicator  (incl. indicator) 	 
Table 8: Summary of Specifications for Surge Arresters for System 

1  12kV - 
10.2 - 10.8kV 

Power Factor Correction Basics I of II © 2020 

Surge arrester specifications 

Surge arrester specification has been discussed in a previous white paper distributed within the company. Thus, the 
considerations behind the classification of these surge arresters has not been discussed in this white paper. 

The following surge arrester should be specified for connection into the PFC system: 

However, based on specific system consideration discussed further into this document, you can change the fault 
current rating of the surge arrester, at the discretion of the design engineer. 
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Surge arrester specifications 
Surge arrester specification has been discussed in a previous white paper distributed within the company. Thus, the 

considerations behind the classification of these surge arresters has not been discussed in this white paper.  

The following surge arrester should be specified for connection into the PFC system: 

Type Station Class 

Discharge Class 1 

System Frequency: 50Hz 

Operating Voltage 12kV 

MCOV 10.2 – 10.8kV 

Pressure Relief Class 63 – 65 kA 

Configuration Three-Phase (best, alternatively single-phase 
design required) – THREE-WIRE 

Max Fault Current (Discharge) 25 – 30 kA 

Protection Philosophy Varistor 

Additional Features Trip Counter (incl. counter) 
Status indicator (incl. indicator) 

Table 8: Summary of Specifications for Surge Arresters for System 

However, based on specific system consideration discussed further into this document, you can change the fault 

current rating of the surge arrester, at the discretion of the design engineer. 
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Power factor correction system block diagram 

Before we consider the last few technical and design considerations of the PFC system, let us view the overall block 

diagram of a PFC system. The blocks highlighted in green, are the key components we have already defined up to 
now: 

Figure 10: PFC System Block Diagram 

Thus, we can now see all key components of the system broken down as follows: 

1. PFC main supply Feeder; 
2. PFC main supply protection; 
3. PFC fused isolator; 
4. Pfc earth switch; 
5. PFC bank switching contactor; 
6. PFC controller; 
7. Lockout protection controller; 
8. Surge arresters; 
9. CLRs; 
10. Capacitors; 
11. PFC secure room/custom enclosure. 
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Power factor correction system block diagram 
Before we consider the last few technical and design considerations of the PFC system, let us view the overall block 

diagram of a PFC system. The blocks highlighted in green, are the key components we have already defined up to 

now: 

 

 
Figure 10: PFC System Block Diagram 

 

Thus, we can now see all key components of the system broken down as follows: 

1. PFC main supply Feeder; 

2. PFC main supply protection; 

3. PFC fused isolator; 

4. Pfc earth switch; 

5. PFC bank switching contactor; 

6. PFC controller; 

7. Lockout protection controller; 

8. Surge arresters; 

9. CLRs; 

10. Capacitors; 

11. PFC secure room/custom enclosure. 
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Protection and control of power factor correction systems 

Conventional, or in this instance "old fashioned" systems, deal with each of these categories separately, i.e.: 

1. The PFC Feeder will have a separate PFC protection relay; 
2. The interlock system will have a separate timer and interface circuit; 
3. The PFC switching controller will have a separate circuit, and user interface. 

Before I get into the "key requirements" of each of the above circuits, let us discuss what we are going to use for the 
control and application of each of the above listed three control functions. 

I naturally have a preference towards the General Electric range of control and protection relays. I do not like the 
philosophy of handling each of the above aspects separately, as any minor failure in your control design can lead to 
possible catastrophic events. Thus I prefer a centralized, modem unit that can handle all three functions in one with 
all of the additional benefits to ensure a top notch system. 

The relay is obviously pricey, but if we go into the depth of costing each of the individual systems (1 — 3) as well as 
the possible professional liability implications should a system fail, the complete "one relay solution" pretty much falls 
into the finance bracket in the event that we built each system separately. 

The relay also boasts communication and control philosophies in line with the latest requirements in terms of industry 
standards worldwide. SA is behind in these technologies but within 2-5 years they will become a norm in SA. We 
may as well offer the best possible solution now, and build a proper reputation for delivering decent, efficient and 
simple systems. 

So let me introduce the GE Multilin C70 Capacitor Bank Protection and Control Relay which can be seen in Figure 
11. 

Figure 11: GE Multilin C70 Capacitor Protection and Control Relay 
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Protection and control of power factor correction systems 
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The relay is specifically designed to incorporate all features of the system. My personal design methodology would 
include the relay in the PFC room/main area with comms/bus-wired signal lines to the PFC main feeder breaker. All 
other controls take place locally within the PFC room/area. 

A client will never specify the exact relay in a PFC unless they are extremely clued up. To sales, please always quote 
this relay. The key benefits of this relay, which forms the foundation of my choice are as follows: 

1. One relay can control multiple capacitor bank installations. Again, we need to consider the financial capital 
implications of the system. With this relay we can control not only one PFC bank, but several; 

2. Switching can be precisely defined with 5 programmable time ranges. Conventional "EI-Cheapo" controller 
allow say up to 14 stage switches based on only power factor. With this relay, we can define 5 groups of 
possible switching conditions according to clients' site needs. The system goes in depth enough to even 
specify seasons and so on. 

a. Why is this important? Let us go one step further than the typical supplier of PFC solutions. An 
analysis is done for one week and a system is designed according to that analysis. 

b. The client who might own a factory, can have a production peak from March to June. Obviously, their 
load analysis (if it were done in say January) will be completely different. Using this relay, we can 
simply adjust two sets of stepping philosophies to handle the client's requirements. Even if we had 
to say add on to the system, we would not need to make major financial and design changes. 

3. In the event of multiple banks on one site, where there are special loading conditions, the relays can 
"communicate" with one another, preventing additional expenses etc. 

4. Several PFC configurations can be accommodated, by minor circuit changes, whereas with old techniques, 
several separate systems will have to be designed to cater for specialized systems; 

5. Extremely sensitive applications can be set on these relays, whereas on other system unwanted trips will 
occur; 

6. 	Several advance user customizable features can be set, specifically design around shunt capacitor banks; 
7. Very precise voltage regulation parameters can be set to prevent transient and other unwanted fault 

conditions; 
8. These relays come standard with 61850 communications protocol, which means our system, regardless of 

HMI/SCADA system will always be able to interface with any client specific control systems; 
9. The unit logs advanced fault and disturbance characteristics on the system, as well as internal relays faults, 

this means that we can always diagnose what is going on, accurately and in catastrophic failures, know 
exactly what happened. 

10. We can also provide customer support and diagnosis locally, not so much of a feature with our services at 
this point, but in the future, it will assist us greatly in terms of after-sales service and support; 

11. Lastly for the key features, we can always monitor system changes, and hold the person responsible without 
very specialized investigative measures and so on; 

12. Environmental conditions such as temperature and system pressure etc. can be monitored for specialized, 
crucial functioning systems where control system failure is not an option and safe operating conditions need 
to be maintained. 

Now that a specific relay has been advise, let us see what each individual set of protection schemes actually requires. 

On the PFC feeder panel (a standard switchgear panel), the following features need to be monitored. This is obviously 
site dependent, but the worst-case scenario project will call for the following (if another relay is chosen for some 
reason, we need to ensure it can provide these requirements): 

1. Phase instantaneous overcurrent; 
2. Phase time overcurrent; 
3. Phase directional; 
4. Ground instantaneous overcurrent; 
5. Ground time overcurrent; 
6. Neutral directional overcurrent with dual polarity criteria (star systems); 
7. Negative sequence instantaneous overcurrent; 
8. Negative sequence time overcurrent; 
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The relay is specifically designed to incorporate all features of the system. My personal design methodology would 

include the relay in the PFC room/main area with comms/bus-wired signal lines to the PFC main feeder breaker. All 

other controls take place locally within the PFC room/area. 

A client will never specify the exact relay in a PFC unless they are extremely clued up. To sales, please always quote 

this relay. The key benefits of this relay, which forms the foundation of my choice are as follows: 

1. One relay can control multiple capacitor bank installations. Again, we need to consider the financial capital 

implications of the system. With this relay we can control not only one PFC bank, but several; 

2. Switching can be precisely defined with 5 programmable time ranges. Conventional “El-Cheapo” controller 

allow say up to 14 stage switches based on only power factor. With this relay, we can define 5 groups of 

possible switching conditions according to clients’ site needs. The system goes in depth enough to even 

specify seasons and so on.  

a. Why is this important? Let us go one step further than the typical supplier of PFC solutions. An 

analysis is done for one week and a system is designed according to that analysis.  

b. The client who might own a factory, can have a production peak from March to June. Obviously, their 

load analysis (if it were done in say January) will be completely different. Using this relay, we can 

simply adjust two sets of stepping philosophies to handle the client’s requirements. Even if we had 

to say add on to the system, we would not need to make major financial and design changes. 

3. In the event of multiple banks on one site, where there are special loading conditions, the relays can 

“communicate” with one another, preventing additional expenses etc.  

4. Several PFC configurations can be accommodated, by minor circuit changes, whereas with old techniques, 

several separate systems will have to be designed to cater for specialized systems; 

5. Extremely sensitive applications can be set on these relays, whereas on other system unwanted trips will 

occur; 

6. Several advance user customizable features can be set, specifically design around shunt capacitor banks; 

7. Very precise voltage regulation parameters can be set to prevent transient and other unwanted fault 

conditions; 

8. These relays come standard with 61850 communications protocol, which means our system, regardless of 

HMI/SCADA system will always be able to interface with any client specific control systems; 

9. The unit logs advanced fault and disturbance characteristics on the system, as well as internal relays faults, 

this means that we can always diagnose what is going on, accurately and in catastrophic failures, know 

exactly what happened.  

10. We can also provide customer support and diagnosis locally, not so much of a feature with our services at 

this point, but in the future, it will assist us greatly in terms of after-sales service and support; 

11. Lastly for the key features, we can always monitor system changes, and hold the person responsible without 

very specialized investigative measures and so on; 

12. Environmental conditions such as temperature and system pressure etc. can be monitored for specialized, 

crucial functioning systems where control system failure is not an option and safe operating conditions need 

to be maintained. 

Now that a specific relay has been advise, let us see what each individual set of protection schemes actually requires.  

On the PFC feeder panel (a standard switchgear panel), the following features need to be monitored. This is obviously 

site dependent, but the worst-case scenario project will call for the following (if another relay is chosen for some 

reason, we need to ensure it can provide these requirements): 

1. Phase instantaneous overcurrent; 

2. Phase time overcurrent; 

3. Phase directional; 

4. Ground instantaneous overcurrent; 

5. Ground time overcurrent; 

6. Neutral directional overcurrent with dual polarity criteria (star systems); 

7. Negative sequence instantaneous overcurrent; 

8. Negative sequence time overcurrent; 
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9. Negative sequence directional overcurrent; 
10. Phase overvoltage (we can set transients and so on); 
11. Phase under voltage (prevent system from functioning in council failures); 
12. Auxiliary overvoltage (allows us to monitor auxiliary supply); 
13. Neutral overvoltage; 
14. Negative Sequence under voltage. 

The electro-mechanical interlock system follows the below philosophy: 

1. When the main isolator is opened (monitored via a limit switch), a time delay activates (usually 5-6 minutes 
as previously discussed); 

2. Once the isolator has been opened, a mechanical pin prevents the isolator from being closed again; 
3. After the time delay, once can open an interlock to earth they system via an earth switch; 

a. 

	

	This delay is crucial. If the interlock system is not in place, nothing prevents an operator or technician 
from earthing the capacitor bank while the capacitor bank is discharging. 

4. Once earthed another interlock will need to be instantiated and a final key released. Once this key is released 
the operator and/or technician can open the chamber/isolated area to gain access to it for 
maintenance/inspection; 

a. As previously discussed, the tie delay reduces the system to ±50V. This will be easily dissipated 
when the system earth switch is engaged, thus rendering the system safe to work on. 

5. This process is then repeated backwards, until the final key is inserted, allowing the operator to reengage 
the capacitor bank; 

6. Visual point of inspection will be discussed further into this document. 

The actual capacitor switching control is very simple. The system monitors several conditions (basic "el-cheapo" units 
only consider the system power factor) and then send an auxiliary signal to the contactor to either switch on/off the 
capacitor bank. 

That is all. Most standard models allow for say 6-steps. All that this means is that 6 different types of control 
philosophy can exist. i.e.: 

1. The first 300kvar bank can be switched on as the first step. 
2. The second 300kvar can be switched on.... 
3. Say if there were 6 equal banks, when all 6-steps are active we would have a whole PFC bank amounting to 

1800kvar. If only two steps are activated, we would have a bank of 600kvar. 
4. The number of steps to be defined for a system is based on the load profile of the client, either supplied by 

them, or measured by us. 

For any general electric series of protection relay, it is advised to not contact General Electric South Africa directly. 
The GE protection and control agents, designated to the African market are Powertech System Integrators. They 
provide technical support, design and after-sales support services and ensure that you can always offer your client 
a working solution, best suited to their application with the contingency and assurance that the products you choose 
are supported by a company with a good, standing and respected service in our engineering market. 

My personal preferences of this relay can be summarized as follows: 

1. The relay boasts customizable logic via a simple user-interface for more challenging or complex systems; 
2. The unit is not a fixed, limited, one-option-off-the-shelf-relay. You can build a custom assembly for ordering 

from the manufacturer which essentially means that you can do what you want. 
3. The customisation of this unit does not impede delivery time or serviceability. All options are catered for in 

the form of "add-on-cards." This is actually a major benefit, as in the event of any failure, you do not 
necessarily need to remove the relay entirely to send in for servicing/exchange. You can through adequately 
qualified personnel, replace faulty sectors of the unit on-site. 
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9. Negative sequence directional overcurrent; 

10. Phase overvoltage (we can set transients and so on); 

11. Phase under voltage (prevent system from functioning in council failures); 

12. Auxiliary overvoltage (allows us to monitor auxiliary supply); 

13. Neutral overvoltage; 

14. Negative Sequence under voltage. 

The electro-mechanical interlock system follows the below philosophy: 

1. When the main isolator is opened (monitored via a limit switch), a time delay activates (usually 5-6 minutes 

as previously discussed); 

2. Once the isolator has been opened, a mechanical pin prevents the isolator from being closed again; 

3. After the time delay, once can open an interlock to earth they system via an earth switch; 

a. This delay is crucial. If the interlock system is not in place, nothing prevents an operator or technician 

from earthing the capacitor bank while the capacitor bank is discharging. 

4. Once earthed another interlock will need to be instantiated and a final key released. Once this key is released 

the operator and/or technician can open the chamber/isolated area to gain access to it for 

maintenance/inspection; 

a. As previously discussed, the tie delay reduces the system to ±50V. This will be easily dissipated 

when the system earth switch is engaged, thus rendering the system safe to work on. 

5. This process is then repeated backwards, until the final key is inserted, allowing the operator to reengage 

the capacitor bank; 

6. Visual point of inspection will be discussed further into this document. 

 

The actual capacitor switching control is very simple. The system monitors several conditions (basic “el-cheapo” units 

only consider the system power factor) and then send an auxiliary signal to the contactor to either switch on/off the 

capacitor bank.  

That is all. Most standard models allow for say 6-steps. All that this means is that 6 different types of control 

philosophy can exist. i.e.: 

1. The first 300kvar bank can be switched on as the first step. 

2. The second 300kvar can be switched on…. 

3. Say if there were 6 equal banks, when all 6-steps are active we would have a whole PFC bank amounting to 

1800kvar. If only two steps are activated, we would have a bank of 600kvar. 

4. The number of steps to be defined for a system is based on the load profile of the client, either supplied by 

them, or measured by us. 

For any general electric series of protection relay, it is advised to not contact General Electric South Africa directly. 

The GE protection and control agents, designated to the African market are Powertech System Integrators. They 

provide technical support, design and after-sales support services and ensure that you can always offer your client 

a working solution, best suited to their application with the contingency and assurance that the products you choose 

are supported by a company with a good, standing and respected service in our engineering market.  

My personal preferences of this relay can be summarized as follows: 

1. The relay boasts customizable logic via a simple user-interface for more challenging or complex systems; 

2. The unit is not a fixed, limited, one-option-off-the-shelf-relay. You can build a custom assembly for ordering 

from the manufacturer which essentially means that you can do what you want.  

3. The customisation of this unit does not impede delivery time or serviceability. All options are catered for in 

the form of “add-on-cards.” This is actually a major benefit, as in the event of any failure, you do not 

necessarily need to remove the relay entirely to send in for servicing/exchange. You can through adequately 

qualified personnel, replace faulty sectors of the unit on-site.  
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4. The unit is essentially a "black box" that is fully customizable. It is designed for PFC systems in terms of 
setup, but can be implemented on various other systems serving similar purposes. 

The relay was first launched in approximately 2001. It is a tried and tested unit that has stood the test of time. This 
also means that several modification and improvements have been made to the unit over its lifespan. 

The effectiveness and reliability of this relay can be seen in industry through major utilities specifically specifying this 
relay in all PFC related jobs. For example, over the past several years, Eskom in South Africa, has standardized this 
relay as the norm on all PFC projects that they implement on their transmission and distribution systems. 

With the above favorable option being stated, the "old fashioned" method cannot be entirely negated. 

Some applications may still call for the traditional method of control, where we will consider implementing the separate 
systems as follows: 

1. Main PFC feeder protection; 
2. PFC switching control; 
3. Lockout intrinsic safety control. 

For traditional feeder protection, a typical and locally made relay is the Strike RLC-04, which provides basic PFC 
feeder monitoring and protection. Many engineers will swear by this relay. Personally, I am not fond of it. There are 
also some minor issues that are experienced with the relay such as screen operating life. Further to this, the only 
other negative side of utilizing this relay, is that the lead-times can sometimes be long as stock is not always held by 
STI and in some cases, they need to manufacture units once an order is received. 

The programming interface of the relay still takes place over RS232, which is outdated and a paint in the backside, 
compared to most relay manufacturers following the industry norm of programming and working on relays either over 
Ethernet or USB. 

The relay is typically more expensive than products from more reputable manufacturers within the same operating 
specification e.g. the RLC-04 is approximately 2 — 3.5k more expensive than the equivalent Siemens relay discussed 
below. 

The relay is also not aesthetically pleasing to the eye, and the tools, specifically the operating software and interface 
cables are not always readily available. 

The RLC-04 relay can be seen in Figure 12. 

Figure 12: STRIKE RLC-04 Capacitor Feeder Protection Relay 

Siemens Reyrolle has recently released a new PFC feeder relay; the SIEMENS 7SR191 CAPA relay. This relay 
provides decent, basic functionality to ensure proper protection. The relay is available in Sub-Saharan Africa through 
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setup, but can be implemented on various other systems serving similar purposes.  
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feeder monitoring and protection. Many engineers will swear by this relay. Personally, I am not fond of it. There are 
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Woodbeam, a company similar to PTSI. The relay is compact, with a modern interface and the unit can be easily 
incorporated into rudimentary control scheme networks. 

The relay is competitively priced within its functionality range, is aesthetically pleasing and follows modern, simple 
user interactions. 

Further, the programming interface is via USB with readily available software. I find the software user unfriendly 
compared to other products, but comparably better and more sophisticated than the RLC-04 relay. 

The Siemens Capa relay can be seen in Figure 13. 

Figure 13: SIEMENS 7SR191 Capa Protection Relay 

When using these relays, from any manufacturer, be sure to note the additional CT requirements for 
monitoring and protection. For example, you may on a start system, require a delta-neutral CT to monitor for 
faults. I am not going to discuss this protection requirement in depth, as every engineering will have their 
own preference and design considerations. To the sales/estimating team, be sure to cost for at least two 
metering class CT's to allow for the engineer(s) to achieve the protection requirements. 

When it comes to capacitor switching requirements, there are three options available: 

1. Standard PFC controller; 
2. Programmable Logic Controller; 
3. Standard PFC controller with input/output controller. 

A standard PFC controller can usually be used. However, the most important decision when it comes to choosing 
the method of control, is the proximity of all of the equipment comprising the system. 

Let us use the following scenario to understand: 

The client's main substation comprises two halves, with a cable bus-section, each half is separated by approximately 
120m in the same building. The main incomer from the council is located in one of the halves. Each half has a suitable 
switching device to control a capacitor bank. 

You cannot move the switching devices, as the system is live and operating. So, you need to install capacitor banks 
from each feeder. In terms of the electrical supply between each switching device and the capacitor bank, no 
challenge is experienced. It is simply another run to a load. The control side of the solution however, poses 
challenges. 

Your standard PFC controller, will obviously be located in the half with the main incomer, as you need to monitor 
system conditions in order to establish when to switch your capacitor banks. But after doing this, you now have 
approximately 120m of signal and/or monitoring cable to run in your PFC system which opens a world of possibilities 
when it comes to system failure and safety issues. 
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Woodbeam, a company similar to PTSI. The relay is compact, with a modern interface and the unit can be easily 

incorporated into rudimentary control scheme networks.  

The relay is competitively priced within its functionality range, is aesthetically pleasing and follows modern, simple 

user interactions.  

Further, the programming interface is via USB with readily available software.  I find the software user unfriendly 

compared to other products, but comparably better and more sophisticated than the RLC-04 relay.  

The Siemens Capa relay can be seen in Figure 13. 

 
Figure 13: SIEMENS 7SR191 Capa Protection Relay 

 
When using these relays, from any manufacturer, be sure to note the additional CT requirements for 

monitoring and protection. For example, you may on a start system, require a delta-neutral CT to monitor for 

faults. I am not going to discuss this protection requirement in depth, as every engineering will have their 

own preference and design considerations. To the sales/estimating team, be sure to cost for at least two 

metering class CT’s to allow for the engineer(s) to achieve the protection requirements. 

When it comes to capacitor switching requirements, there are three options available: 

1. Standard PFC controller; 

2. Programmable Logic Controller; 

3. Standard PFC controller with input/output controller. 

A standard PFC controller can usually be used. However, the most important decision when it comes to choosing 

the method of control, is the proximity of all of the equipment comprising the system.  

Let us use the following scenario to understand: 

The client’s main substation comprises two halves, with a cable bus-section, each half is separated by approximately 

120m in the same building. The main incomer from the council is located in one of the halves. Each half has a suitable 

switching device to control a capacitor bank.  

You cannot move the switching devices, as the system is live and operating. So, you need to install capacitor banks 

from each feeder. In terms of the electrical supply between each switching device and the capacitor bank, no 

challenge is experienced. It is simply another run to a load. The control side of the solution however, poses 

challenges. 

Your standard PFC controller, will obviously be located in the half with the main incomer, as you need to monitor 

system conditions in order to establish when to switch your capacitor banks. But after doing this, you now have 

approximately 120m of signal and/or monitoring cable to run in your PFC system which opens a world of possibilities 

when it comes to system failure and safety issues.  
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In this scenario, I personally would opt for a PLC based controller. 

When using a PLC controller, you can have the main control unit in the first half of the substation where your main 
incomer sits. You would need to interface the CT's using current transducers and the voltage using voltage 
transducers. In some cases, pending the existing technology available at the substation, you could even integrate 
the energy meter data into the PLC over a RS-485/Ethernet system and use this information in the PLC philosophy 
to determine power factor and switching requirements, which negates the need to implement transducers. However, 
do not implement such interfaces if you do not have sufficient experience in this type of programing and system 
interfacing. The complexity is not straight forward, and minor errors or lack of interface considerations, could cause 
major system failures and embarrassment to the contractor. 

After establishing a design philosophy, for your PLC based system, you can then implement a simple program onto 
the PFC using the control philosophy illustrated in Figure 14. 

Figure 14: PLC Based PFC Control Philosophy 
The PLC solution simplifies the installation and negates the risk of long runs of control cable, as you can have nodes 
within the PFC. A node within the PFC is linked to the main PLC via a communications link; either RS-485/Ethernet. 
(Think of the PLC as having a server, and several computers linked to it). This means that in the event of a 
communication failure or problem, no switching will occur and an alarm can be set to pick up any such failure. 

When using standard multi-core cable for example, to implement communication over a long run the feature of 
monitoring control signal linking failure, is almost negated, even if a monitoring application is put into place. For 
example, what happens when somebody cuts through the cable for example? Because control monitoring and 
switching is only implemented on a single phase (i.e. you use negative or positive based switching based on the 
system requirements), a short caused during cutting of the cable, may instantiate a signaling process. The short will 
mean it is not controlled by the other protective features implemented into the system. So, in essence, you could turn 
a capacitor bank on, in system conditions, where you cannot have the bank switched on. 

If a comms link were cut, nothing would happen, but an alarm (if implemented) would sound to bring the fault to the 
end-users' attention. 

Another option, should you not have budget or skills resources to implement the PLC based solution, is the digital 
input/output device. A digital input/output device is, in simple, an input/output mirroring device between two points. 
I.e. you would link two units over a comms link and whatever you send to unit A, will be reciprocated by unit B. 
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In this scenario, I personally would opt for a PLC based controller.  

When using a PLC controller, you can have the main control unit in the first half of the substation where your main 

incomer sits. You would need to interface the CT’s using current transducers and the voltage using voltage 

transducers. In some cases, pending the existing technology available at the substation, you could even integrate 

the energy meter data into the PLC over a RS-485/Ethernet system and use this information in the PLC philosophy 

to determine power factor and switching requirements, which negates the need to implement transducers. However, 

do not implement such interfaces if you do not have sufficient experience in this type of programing and system 

interfacing. The complexity is not straight forward, and minor errors or lack of interface considerations, could cause 

major system failures and embarrassment to the contractor.  

After establishing a design philosophy, for your PLC based system, you can then implement a simple program onto 

the PFC using the control philosophy illustrated in Figure 14. 

 
Figure 14: PLC Based PFC Control Philosophy 

The PLC solution simplifies the installation and negates the risk of long runs of control cable, as you can have nodes 

within the PFC. A node within the PFC is linked to the main PLC via a communications link; either RS-485/Ethernet. 

(Think of the PLC as having a server, and several computers linked to it). This means that in the event of a 

communication failure or problem, no switching will occur and an alarm can be set to pick up any such failure.  

When using standard multi-core cable for example, to implement communication over a long run the feature of 

monitoring control signal linking failure, is almost negated, even if a monitoring application is put into place. For 

example, what happens when somebody cuts through the cable for example? Because control monitoring and 

switching is only implemented on a single phase (i.e. you use negative or positive based switching based on the 

system requirements), a short caused during cutting of the cable, may instantiate a signaling process. The short will 

mean it is not controlled by the other protective features implemented into the system. So, in essence, you could turn 

a capacitor bank on, in system conditions, where you cannot have the bank switched on. 

If a comms link were cut, nothing would happen, but an alarm (if implemented) would sound to bring the fault to the 

end-users’ attention. 

Another option, should you not have budget or skills resources to implement the PLC based solution, is the digital 

input/output device. A digital input/output device is, in simple, an input/output mirroring device between two points. 

I.e. you would link two units over a comms link and whatever you send to unit A, will be reciprocated by unit B.  
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So basically, you can send signals over the 120m gap without programming the unit etc. It is in laymen terms like a 
light switch connected to a unit, connected to another unit over a comms link. When you activate the light switch, the 
unit sends a signal over communication protocol to the second device, which then closes/opens a contact on the 
other side to turn the light on or off. 

Thus, you can monitor the status of the link between each half of the overall substation, and prevent any unnecessary 
or unsafe activities from occurring. 

In most cases, the system design engineer, will ensure that the PFC segment of the system is in close proximity, fed 
from a centralized feeder. This means that a standard PFC controller can be utilized. As switching signals will be run 
over small distances, and protected, negating the element of possible failures resulting from very long distances of 
signaling cable runs. 

Another important consideration, which will be discussed under the section of "switching equipment" of this document, 
is whether or not you use a contactor or a breaker to switch your capacitor banks on or off. 

When using a standard contactor, a "standard" PFC controller (such as an LV capacitor bank controller can be 
utilized. However, when using MV/HV breakers to conduct switching procedures, this type of controller is not 
preferable. 

If your PFC system only has one step (i.e. one switching operation), a standard controller could be implemented. 
However, if you have multiple steps, using once controller, and several circuit breakers, your system design in terms 
of safety becomes more complicated. 

If you use contactors, to switch between multiple steps, fed from one breaker there is no problem, as if a system fault 
occurs at the breaker, the breaker will trip and prevent the PFC system from working. However, if you use multiple 
breakers to conduct switching from a standard PFC controller, you need to design the switching and control circuit in 
such a way that it is interface is in series with your protection relay. Meaning; if there is a system failure picked up by 
the protection relay, your standard PFC controller needs to be implemented into the breaker control circuitry so as to 
not override a shutdown instructed by the control and protection relays. 

Further, when using a breaker, you also need to design the control circuit in such a way that the local/remote feature 
on the circuit breaker is brought into consideration. This is essentially, so that if someone services the breaker for 
example, and they place the breaker in local operation, that the PFC controller cannot bypass these states to initialize 
switching while a technician is working on the breaker. 

This control philosophy is simple for one breaker. But, for example, if you three steps in your PFC system, each 
controlled by breakers, and one centralized PFC controller, you need to implement the aforementioned control 
philosophy between all breakers. This could increase costs associated to the PFC system, and more importantly, 
present system safety risks that will need to be mitigated by additional design considerations. 

With the above scenario, a PLC based solution is once again preferable. Your central PLC "Server" can initialize a 
signal to a breaker, and within the breaker circuitry, you can have a control philosophy which then decides whether 
or not it is possible and either conducts/ignores the instruction from the PFC control system. 

With a standard controller, you have to hard-wire all system conditions through the breaker using standard analogue 
signals with possible return path monitoring conditions which could lead to an overly complex system, with several 
factors overseen by the design engineer. These factors may compromise system safety and lead to possible 
catastrophic failure of the overall/ segmented section of the PFC system. 

It is therefore advised that in the event, you get a more complicated system, you should first discuss the system with 
the relevant contacts engineer, and let them assist you with a system design, control philosophy and costing. 
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So basically, you can send signals over the 120m gap without programming the unit etc. It is in laymen terms like a 

light switch connected to a unit, connected to another unit over a comms link. When you activate the light switch, the 

unit sends a signal over communication protocol to the second device, which then closes/opens a contact on the 

other side to turn the light on or off.  

Thus, you can monitor the status of the link between each half of the overall substation, and prevent any unnecessary 

or unsafe activities from occurring.  

In most cases, the system design engineer, will ensure that the PFC segment of the system is in close proximity, fed 

from a centralized feeder. This means that a standard PFC controller can be utilized. As switching signals will be run 

over small distances, and protected, negating the element of possible failures resulting from very long distances of 

signaling cable runs.  

Another important consideration, which will be discussed under the section of “switching equipment” of this document, 

is whether or not you use a contactor or a breaker to switch your capacitor banks on or off.  

When using a standard contactor, a “standard” PFC controller (such as an LV capacitor bank controller can be 

utilized. However, when using MV/HV breakers to conduct switching procedures, this type of controller is not 

preferable.  

If your PFC system only has one step (i.e. one switching operation), a standard controller could be implemented. 

However, if you have multiple steps, using once controller, and several circuit breakers, your system design in terms 

of safety becomes more complicated.  

If you use contactors, to switch between multiple steps, fed from one breaker there is no problem, as if a system fault 

occurs at the breaker, the breaker will trip and prevent the PFC system from working. However, if you use multiple 

breakers to conduct switching from a standard PFC controller, you need to design the switching and control circuit in 

such a way that it is interface is in series with your protection relay. Meaning; if there is a system failure picked up by 

the protection relay, your standard PFC controller needs to be implemented into the breaker control circuitry so as to 

not override a shutdown instructed by the control and protection relays.  

Further, when using a breaker, you also need to design the control circuit in such a way that the local/remote feature 

on the circuit breaker is brought into consideration. This is essentially, so that if someone services the breaker for 

example, and they place the breaker in local operation, that the PFC controller cannot bypass these states to initialize 

switching while a technician is working on the breaker.  

This control philosophy is simple for one breaker. But, for example, if you three steps in your PFC system, each 

controlled by breakers, and one centralized PFC controller, you need to implement the aforementioned control 

philosophy between all breakers. This could increase costs associated to the PFC system, and more importantly, 

present system safety risks that will need to be mitigated by additional design considerations.  

With the above scenario, a PLC based solution is once again preferable. Your central PLC “Server” can initialize a 

signal to a breaker, and within the breaker circuitry, you can have a control philosophy which then decides whether 

or not it is possible and either conducts/ignores the instruction from the PFC control system.  

With a standard controller, you have to hard-wire all system conditions through the breaker using standard analogue 

signals with possible return path monitoring conditions which could lead to an overly complex system, with several 

factors overseen by the design engineer. These factors may compromise system safety and lead to possible 

catastrophic failure of the overall/ segmented section of the PFC system.  

It is therefore advised that in the event, you get a more complicated system, you should first discuss the system with 

the relevant contacts engineer, and let them assist you with a system design, control philosophy and costing.  
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It is the obvious thought, that if the industry standard calls for contactor based, centralized switching, let us just offer 
that. This however means, that the cost of your system goes through the roof. 

Further the cost variable, what if the system is only temporary for a year or two, and you are forced to utilize the 
circuit breakers to conduct all PFC based switching: 

i.e. If your client is a huge organization, which has budgeted into their annual financial planning to replace all 
redundancy power system generators to Rotary Dynamic UPS Generators within the two years, how do you justify 
the immense cost of not utilizing existing equipment within the system for safety considerations, after they have 
already budgeted through your company, to upgrade to a system which incorporates power factor correction in the 
next two years? 

Again, if you are doubtful from an estimating point of view, discuss the project with firstly, the project manager who 
is familiar with the client's installation and future plans, and secondly the contracts engineer who can design a system 
based on all of the above conditions, while meeting a financially respectable budget from the clients' point of view. 

Now that we have the theoretical consideration out of the way, let us have a look at what can be specified. In terms 
of the PLC based solution, this depends entirely on the design engineer. It would be recommended to discuss the 
solution with them before estimating. 

However, if you use a standard controller, you can look at the Lovato range of power factor controllers, available in 
South Africa, through Electromechanika. Such a unit can be seen in Figure 15. 

Figure 15: Lovato Automatic PFC Controller 
Lovato is a reputable Italian brand, that is safe to offer to clients. 

If you decide to offer option three "Standard PFC controller with I/O controller," which is a safe choice, as you do not 
need to cost for major financial implications, I would recommend the Siemens Sicam 6 I/O Unit, which offers 6 input 
and output states for control purposes; more than what would be required in a PFC system. This option, is not really 
too complicated, and any reputable engineer will be able to design around this system configuration. The Siemens 
Sicam unit is available from Woodbeam (previously discussed) and is illustrated in Figure 16. 

Figure 16: Siemens Sicam 61/0 Controller 
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It is the obvious thought, that if the industry standard calls for contactor based, centralized switching, let us just offer 

that. This however means, that the cost of your system goes through the roof.  

Further the cost variable, what if the system is only temporary for a year or two, and you are forced to utilize the 

circuit breakers to conduct all PFC based switching: 

i.e. If your client is a huge organization, which has budgeted into their annual financial planning to replace all 

redundancy power system generators to Rotary Dynamic UPS Generators within the two years, how do you justify 

the immense cost of not utilizing existing equipment within the system for safety considerations, after they have 

already budgeted through your company, to upgrade to a system which incorporates power factor correction in the 

next two years? 

Again, if you are doubtful from an estimating point of view, discuss the project with firstly, the project manager who 

is familiar with the client’s installation and future plans, and secondly the contracts engineer who can design a system 

based on all of the above conditions, while meeting a financially respectable budget from the clients’ point of view.  

Now that we have the theoretical consideration out of the way, let us have a look at what can be specified. In terms 

of the PLC based solution, this depends entirely on the design engineer. It would be recommended to discuss the 

solution with them before estimating.  

However, if you use a standard controller, you can look at the Lovato range of power factor controllers, available in 

South Africa, through Electromechanika. Such a unit can be seen in Figure 15. 

 
Figure 15: Lovato Automatic PFC Controller 

Lovato is a reputable Italian brand, that is safe to offer to clients.  

If you decide to offer option three “Standard PFC controller with I/O controller,” which is a safe choice, as you do not 

need to cost for major financial implications, I would recommend the Siemens Sicam 6 I/O Unit, which offers 6 input 

and output states for control purposes; more than what would be required in a PFC system. This option, is not really 

too complicated, and any reputable engineer will be able to design around this system configuration. The Siemens 

Sicam unit is available from Woodbeam (previously discussed) and is illustrated in Figure 16. 

 
Figure 16: Siemens Sicam 6I/O Controller 
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In terms of switching controllers, it is not very often utilized, but advanced power meters can offer switching control 
for capacitor banks. Some decent units offer up to three binary outputs which can be configured for various tasks. 
However, when setting one of these units up for power factor correction, you are limited in the sense that you cannot 
have multiple steps. 

You would typically set an activation range on the meter, whereby if the system power factor falls in the range of say 
0.5-0.6, the relay will activate to switch on the cap system. Once a level of say 0.95-1.0 has been reached the 
contacts opens, in turn switching off the capacitor bank(s). 

This can be a more affordable option for smaller systems where only one step/fixed compensation bank is 
implemented. GE and several other reputable manufacturers offer power meters with this functionality. 

This brings us to the last system consideration in terms of switching, feeder protection and end-user protection. If 
you have any problem understanding the points discussed to now, feel free to contact me to ensure understanding. 

The last aspect of a PFC system, when not working with the latest technology such as the Multilin C70, is the 
electromechanical interlocks of the system to ensure end-user as well as system safety. When using industry, 
"conventional equipment," we need to implement this area of the system with additional circuity. 

In a PFC system, the general rule of thumb when it comes to system safety, in terms of allowing a technician to work 
on the system, is to have two point of visual confirmation regarding the system condition: 

1. First visual point: 
a. 

	

	That the system has been isolated from the point of supply. i.e. If the system isolator or breaker has 
been disconnected, you need to see that it has been disconnected; 

2. Second visual point: 
a. That the system has been earthed at the point of supply. i.e. you want to see that the point where 

the system has been disconnected, is earthed, to ensure that any remaining charge or faults form 
the PFC system, have now been dissipated by grounding the system. 

An alarm bell should ring after reading the above general safety principle. Yes, it is very important to isolate any 
system before a technician begin to work on the system. To earth the system is just as important. We are however 
working with capacitors. Capacitors, store charge. 

You should now recall that we discussed internal discharge resistors, and how long a capacitor has to discharge 
based on the internal discharge resistor. We specified 5-minutes. 

The critical problem that can arise from the above, is that a technician will earth the system, while the capacitor bank 
still contains charge. This means that a technician, in laymen terms can essentially cause a short of catastrophic 
consequence, should they immediately earth a system after it has been isolated from the source. 

This again depends on the whole systems' design. For example, if you have contactor between the main capacitor 
bank and the feeder, the short will not be returned to earth, as the contactor breaks the circuit. But, if the technician 
proceeds to earth the system, and enter the capacitor chamber/location, they will be exposed to electrocution by 
means of the charge, still stored in the capacitor bank(s). 

In LV PFC, this is a problem which exists, but "in-the-filed" methods, such as shorting out individual capacitors before 
working on them, mitigates user risk. At MV level, however, the charge stored by a capacitor bank is very much 
larger, and typical LV methods of "deeming a system safe," no longer apply. The charge from a MV capacitor bank 
will kill a technician instantaneously. In LV systems, the technician may experience a mild shock or "fright," but at MV 
level any mistake could lead to death. 

Therefore, a protection system needs to be implemented, which essentially, controls how the technician controls the 
system, before working on or conducting maintenance on the system. 
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In terms of switching controllers, it is not very often utilized, but advanced power meters can offer switching control 

for capacitor banks. Some decent units offer up to three binary outputs which can be configured for various tasks. 

However, when setting one of these units up for power factor correction, you are limited in the sense that you cannot 

have multiple steps.  

You would typically set an activation range on the meter, whereby if the system power factor falls in the range of say 

0.5-0.6, the relay will activate to switch on the cap system. Once a level of say 0.95-1.0 has been reached the 

contacts opens, in turn switching off the capacitor bank(s).  

This can be a more affordable option for smaller systems where only one step/fixed compensation bank is 

implemented. GE and several other reputable manufacturers offer power meters with this functionality. 

This brings us to the last system consideration in terms of switching, feeder protection and end-user protection. If 

you have any problem understanding the points discussed to now, feel free to contact me to ensure understanding.  

The last aspect of a PFC system, when not working with the latest technology such as the Multilin C70, is the 

electromechanical interlocks of the system to ensure end-user as well as system safety. When using industry, 

“conventional equipment,” we need to implement this area of the system with additional circuity.  

In a PFC system, the general rule of thumb when it comes to system safety, in terms of allowing a technician to work 

on the system, is to have two point of visual confirmation regarding the system condition: 

1. First visual point: 

a. That the system has been isolated from the point of supply. i.e. If the system isolator or breaker has 

been disconnected, you need to see that it has been disconnected; 

2. Second visual point: 

a. That the system has been earthed at the point of supply. i.e. you want to see that the point where 

the system has been disconnected, is earthed, to ensure that any remaining charge or faults form 

the PFC system, have now been dissipated by grounding the system. 

An alarm bell should ring after reading the above general safety principle. Yes, it is very important to isolate any 

system before a technician begin to work on the system. To earth the system is just as important. We are however 

working with capacitors. Capacitors, store charge.  

You should now recall that we discussed internal discharge resistors, and how long a capacitor has to discharge 

based on the internal discharge resistor. We specified 5-minutes.  

The critical problem that can arise from the above, is that a technician will earth the system, while the capacitor bank 

still contains charge. This means that a technician, in laymen terms can essentially cause a short of catastrophic 

consequence, should they immediately earth a system after it has been isolated from the source.  

This again depends on the whole systems’ design. For example, if you have contactor between the main capacitor 

bank and the feeder, the short will not be returned to earth, as the contactor breaks the circuit. But, if the technician 

proceeds to earth the system, and enter the capacitor chamber/location, they will be exposed to electrocution by 

means of the charge, still stored in the capacitor bank(s). 

In LV PFC, this is a problem which exists, but “in-the-filed” methods, such as shorting out individual capacitors before 

working on them, mitigates user risk. At MV level, however, the charge stored by a capacitor bank is very much 

larger, and typical LV methods of “deeming a system safe,” no longer apply. The charge from a MV capacitor bank 

will kill a technician instantaneously. In LV systems, the technician may experience a mild shock or “fright,” but at MV 

level any mistake could lead to death. 

Therefore, a protection system needs to be implemented, which essentially, controls how the technician controls the 

system, before working on or conducting maintenance on the system.  
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Typically, these systems are implemented into a system using timers and mechanical interlocks. A typical control 
system, is based on the following control philosophy: 

1. Isolation of the source powering the PFC system; 
2. Earthing of the system powering the PFC system; 
3. Access to the secure chamber/isolated area containing the capacitor banks. 

The most important consideration from a system design perspective, is that: 

1. We control when the technician can ground the system; 
2. We control when the technician can gain access to the capacitor bank of the system. 

So, before discussing how the system must operate, let us recall that we specified a 5-mintue discharge period, via 
internal discharge resistors, when ordering our capacitors. 

Therefore, our system needs to mitigate the following: 

1. The technician isolates the system from the supply point. This provides us with the first safety check point; 
the system is isolated from the point of supply. 

At this point, we have ensured that the system has been isolated. We still need to prevent access by the technician 
to access the designated capacitor chamber/area. We also need prevent the technician from earthing the system, 
and sending a large charge into the earthing system of the building/substation. 

2. Once the supply point of the system has been isolated, we need to implement a time delay before the 
technician can earth the system. So, we do the following: 

a. Implement a mechanical key interlock on the earthing switch. I.e. unless the technician has a key to 
open this lock, they cannot earth the system; 

b. Therefore, we need to monitor the breaker/isolator's position. When disconnected, our monitoring 
system (usually implemented through limit switches), should engage a timer. We expect the system 
to discharge in five minutes, as specified to the capacitor(s) manufacturer at time of order; 5-minutes. 
There is always however a contingency in engineering. Let us apply a 16% contingency and set our 
timing circuit to 6-minutes. This will ensure that the capacitors are discharged, and if earthed at this 
point, the charge still held by the capacitors, will be negligible when applied to earthing system. 

c. Therefore, after 6-minutes, we can send a signal to the mechanical interlock system (usually a 
solenoid) to release the first key. The timing system, as a rule of thumb, at this level, is implemented 
using push-buttons. The user pushed a button to release the key. If the timeout period has not 
lapsed, the key will not release. So, when they eventually push the button, they will gain access to 
the key. This method of implementation, also ensure that the solenoid(s) within the system will not 
be exposed to continuous charge. Many solenoids, cannot handle continuous charge, and will burn 
out. Thus, through the push-button system, when the timer has timed out, and they can gain access 
to the first key, they will push a button, which will momentarily give them access to the key, they can 
remove the key while the push button is depressed, and once the push button is released, after the 
key has been removed, the solenoid coil will no longer be exposed to a charge. 

3. 

	

	Once the first key has been obtained by the technician, they can unlock the system (pending how the design 
engineer has laid it out), to gain access to the system earthing switch. 

a. They can then insert this key to unlock the lock on the system, which allows them access to the 
system's earthing handle; 

b. Once this key is inserted, it cannot be removed; 
c. The technician will then earth the system (providing the second visual checkpoint for the technician 

in the system; the system is earthed); 
d. The system will monitor the earthing switch's position, again, usually through the implementation of 

a limit switch, to determine once the system has been earthed. 
4. The technician, once more through the use of push buttons, can release the second key, which will be 

released by a solenoid (charged only when the push button is engaged), once the key is released: 
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Typically, these systems are implemented into a system using timers and mechanical interlocks. A typical control 

system, is based on the following control philosophy: 

1. Isolation of the source powering the PFC system; 

2. Earthing of the system powering the PFC system; 

3. Access to the secure chamber/isolated area containing the capacitor banks. 

The most important consideration from a system design perspective, is that: 

1. We control when the technician can ground the system; 

2. We control when the technician can gain access to the capacitor bank of the system. 

So, before discussing how the system must operate, let us recall that we specified a 5-mintue discharge period, via 

internal discharge resistors, when ordering our capacitors.  

Therefore, our system needs to mitigate the following: 

1. The technician isolates the system from the supply point. This provides us with the first safety check point; 

the system is isolated from the point of supply. 

At this point, we have ensured that the system has been isolated. We still need to prevent access by the technician 

to access the designated capacitor chamber/area. We also need prevent the technician from earthing the system, 

and sending a large charge into the earthing system of the building/substation.  

2. Once the supply point of the system has been isolated, we need to implement a time delay before the 

technician can earth the system. So, we do the following: 

a. Implement a mechanical key interlock on the earthing switch. I.e. unless the technician has a key to 

open this lock, they cannot earth the system; 

b. Therefore, we need to monitor the breaker/isolator’s position. When disconnected, our monitoring 

system (usually implemented through limit switches), should engage a timer. We expect the system 

to discharge in five minutes, as specified to the capacitor(s) manufacturer at time of order; 5-minutes. 

There is always however a contingency in engineering. Let us apply a 16% contingency and set our 

timing circuit to 6-minutes. This will ensure that the capacitors are discharged, and if earthed at this 

point, the charge still held by the capacitors, will be negligible when applied to earthing system. 

c. Therefore, after 6-minutes, we can send a signal to the mechanical interlock system (usually a 

solenoid) to release the first key. The timing system, as a rule of thumb, at this level, is implemented 

using push-buttons. The user pushed a button to release the key. If the timeout period has not 

lapsed, the key will not release. So, when they eventually push the button, they will gain access to 

the key. This method of implementation, also ensure that the solenoid(s) within the system will not 

be exposed to continuous charge. Many solenoids, cannot handle continuous charge, and will burn 

out. Thus, through the push-button system, when the timer has timed out, and they can gain access 

to the first key, they will push a button, which will momentarily give them access to the key, they can 

remove the key while the push button is depressed, and once the push button is released, after the 

key has been removed, the solenoid coil will no longer be exposed to a charge.  

3. Once the first key has been obtained by the technician, they can unlock the system (pending how the design 

engineer has laid it out), to gain access to the system earthing switch.  

a. They can then insert this key to unlock the lock on the system, which allows them access to the 

system’s earthing handle; 

b. Once this key is inserted, it cannot be removed; 

c. The technician will then earth the system (providing the second visual checkpoint for the technician 

in the system; the system is earthed); 

d. The system will monitor the earthing switch’s position, again, usually through the implementation of 

a limit switch, to determine once the system has been earthed.  

4. The technician, once more through the use of push buttons, can release the second key, which will be 

released by a solenoid (charged only when the push button is engaged), once the key is released: 
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a. The technician now has in their possession the key to gain access to the capacitor bank 
chamber/fenced off area. 

It is therefore important, that when the system is designed, the engineer ensures that access to the capacitor bank(s), 
is prohibited using the above control philosophy. Typically, outdoors, the PFC system is designed within enclosures 
that can incorporate the above control system using panel locks, which prevent a panel door from being opened 
without a key. In indoor systems, the capacitor banks(s) is/are usually isolated from access by being fenced off. This 
means that the gate, allowing access to the system is locked by a gate lock; requiring the interlock key to be unlocked 
to gain access. 

Further, the system needs to work in reverse. i.e. While the technician is busy working on the system, another 
person/automated system cannot re-engage the capacitor banks(s) feeder from the point of supply. i.e. The key in 
the technician's possession needs to be re-inserted into the system and the reverse of the above control procedure 
implemented to be able to re-engage the PFC system. 

So once the technician has completed works on the system they will essentially need to follow the below order of 
control, to re-engage the PFC system: 

1. Lock the access point to the capacitors; 
2. Re-insert the capacitor bank access key into the system; 
3. Once the key is inserted, obtain the key to the earthing system control; 
4. Disengage the earthing system. Once the system is disengaged, push the control button which will then 

energize the solenoid system, releasing the earthing system lockout key; 
5. Re-insert the earthing lockout key, which will allow the main isolator/breaker to be re-engaged'; 
6. Re-insert the system isolation key, allowing the technician to gain access to the main breaker/isolator of the 

system; 
7. The technician will then be able to re-engage the main isolator/breaker to the system. 

When doing so, each key will be locked into position, so that the same control philosophy to gain access to the 
capacitor bank(s) will need to be followed each time, access to the capacitor bank(s) is desired. 

The timing and user-interaction features of this system can be designed using standard, readily available components 
within South Africa. Personally, I prefer electronic timers. It is suggested that you use reputable brands of timers such 
as Omron. Timer failure can cause catastrophic consequence within the system, by allowing a technician access to 
a system, before all discharges have occurred. 

As for mechanical interlocks, these can be tricky to source, while maintaining good product reliability. Personally, I 
recommend MEI interlocks. They are manufactured locally. They have a proven track record, and the company can 
offer custom designs with fast turnaround times when it comes to manufacture, of usually 5-working days. 

The typical, off the shelf products are available through Enclosure Solutions, however when you require custom 
designs, it is best to contact the manufacturer themselves. 

Another company offering interlock solutions, is Deebar, who are the agents for Fortress. Personally, I recommend 
not using them after previous experience, as on certain complex interlock systems, they need manufacturing to occur 
overseas. This increases lead-time, and in the event of a system failure you need to wait for components from 
overseas. MEI, on the other hand, manufactures all components locally, and your after-sales support is extremely 
fast and professional. This is important, as if you client for example, loses or damages a key, you can get the 
replacement relatively fast, whereas if you rely on an overseas manufacturer, pending the complexity of your system, 
you will need to wait for up to two weeks, which will only cause client frustration through unnecessary, avoidable 
delays. 

A typical Mei interlock deadbolt can be seen in Figure 17. 
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a. The technician now has in their possession the key to gain access to the capacitor bank 

chamber/fenced off area.  

It is therefore important, that when the system is designed, the engineer ensures that access to the capacitor bank(s), 

is prohibited using the above control philosophy. Typically, outdoors, the PFC system is designed within enclosures 

that can incorporate the above control system using panel locks, which prevent a panel door from being opened 

without a key. In indoor systems, the capacitor banks(s) is/are usually isolated from access by being fenced off. This 

means that the gate, allowing access to the system is locked by a gate lock; requiring the interlock key to be unlocked 

to gain access. 

Further, the system needs to work in reverse. i.e. While the technician is busy working on the system, another 

person/automated system cannot re-engage the capacitor banks(s) feeder from the point of supply. i.e. The key in 

the technician’s possession needs to be re-inserted into the system and the reverse of the above control procedure 

implemented to be able to re-engage the PFC system.  

So once the technician has completed works on the system they will essentially need to follow the below order of 

control, to re-engage the PFC system: 

1. Lock the access point to the capacitors; 

2. Re-insert the capacitor bank access key into the system; 

3. Once the key is inserted, obtain the key to the earthing system control; 

4. Disengage the earthing system. Once the system is disengaged, push the control button which will then 

energize the solenoid system, releasing the earthing system lockout key; 

5. Re-insert the earthing lockout key, which will allow the main isolator/breaker to be re-engaged’; 

6. Re-insert the system isolation key, allowing the technician to gain access to the main breaker/isolator of the 

system; 

7. The technician will then be able to re-engage the main isolator/breaker to the system. 

When doing so, each key will be locked into position, so that the same control philosophy to gain access to the 

capacitor bank(s) will need to be followed each time, access to the capacitor bank(s) is desired.  

The timing and user-interaction features of this system can be designed using standard, readily available components 

within South Africa. Personally, I prefer electronic timers. It is suggested that you use reputable brands of timers such 

as Omron. Timer failure can cause catastrophic consequence within the system, by allowing a technician access to 

a system, before all discharges have occurred.  

As for mechanical interlocks, these can be tricky to source, while maintaining good product reliability. Personally, I 

recommend MEI interlocks. They are manufactured locally. They have a proven track record, and the company can 

offer custom designs with fast turnaround times when it comes to manufacture, of usually 5-working days.  

The typical, off the shelf products are available through Enclosure Solutions, however when you require custom 

designs, it is best to contact the manufacturer themselves.  

Another company offering interlock solutions, is Deebar, who are the agents for Fortress. Personally, I recommend 

not using them after previous experience, as on certain complex interlock systems, they need manufacturing to occur 

overseas. This increases lead-time, and in the event of a system failure you need to wait for components from 

overseas. MEI, on the other hand, manufactures all components locally, and your after-sales support is extremely 

fast and professional. This is important, as if you client for example, loses or damages a key, you can get the 

replacement relatively fast, whereas if you rely on an overseas manufacturer, pending the complexity of your system, 

you will need to wait for up to two weeks, which will only cause client frustration through unnecessary, avoidable 

delays.  

A typical Mei interlock deadbolt can be seen in Figure 17. 
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Figure 17: MEI Systems Standard Dead-Bolt Mechanical Interlock 
A typical interlock encompassed into an MV capacitor bank enclosure can be seen in Figure 18, highlighted by the 
red circle. 

Figure 18: Typical MV Capacitor Enclosure Door with Mechanical Interlock 
Pft://mex.coaceriroatiee.comkontintkiern.diukowenvelemalmoseiecol*o.b.  

A good quality timer as discussed above, is illustrated in Figure 19. 

Figure 19: Omron DIN Rail Mount Electronic Based Timer Module 
hIlos://imenmornronx.../IPB/Products/Control%20Comoonentsfiners/Diartal%20Tmers/H5CX/mems/1-15CX 8000450410NR 
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Figure 17: MEI Systems Standard Dead-Bolt Mechanical Interlock 

A typical interlock encompassed into an MV capacitor bank enclosure can be seen in Figure 18, highlighted by the 

red circle. 

 
Figure 18: Typical MV Capacitor Enclosure Door with Mechanical Interlock 

http://www.cooperindustries.com/content/dam/public/powersystems/images/spotlight/padcap.jpg 

 

A good quality timer as discussed above, is illustrated in Figure 19. 

 
Figure 19: Omron DIN Rail Mount Electronic Based Timer Module 

https://images.omron.co.za/IAB/Products/Control%20Components/Timers/Digital%20Timers/H5CX/images/H5CX_8000450x300.jpg 
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A typical PFC control panel encompassing all of the features discussed up until this point, is illustrated in Figure 20. 

Figure 20: Typical PFC Centro 
Mb:Nxvw.M®egmmM®eYeaMad MFG-Panels!. 

The last safety consideration when it comes to PFC system control and protection is the timing function between 
switching various capacitor banks in and out of the system. I.e. if you have 6 steps in your PFC system, you cannot 
for example switch all 6-steps on at the same time. 

This will not be discussed in great detail, as to understand why, can be related to basic physics. We have discussed 
transients throughout this document. If you disengage a capacitor circuit, just as you wish to protect the end-users' 
technicians from gaining access to a charged capacitor bank, so should you wish to protect your electrical system 
from trying to re-engage a capacitor circuit before it is discharged. 

Should you engage a capacitor circuit back into a system, before it has been discharged (again the switching action 
should be delayed between 5-10 minutes, depending on the decision by the design engineer), you will close the 
system onto a charged capacitor bank, which will release energy back into the system, which will cause severe 
current and voltage transients, the severity of such transients, being directly proportional to the size of the capacitor 
bank(s). 

Typically, this time-out feature, is referred to industry as a BENA timer. The calculation variable of a system is usually 
referred to as the "Enhanced Time Domain". I.e. if you were calculating the timing characteristics of a system, you 
would be conducting an enhanced time delay analysis. In most systems, depending on the design engineer's 
philosophy, there would be a breaker which disengages the PFC system from the main system, thus the "B", for 
breaker, comes into play. Thus, we have defined "BENA" timer. This timer however is not usually implemented 
through an additional timer circuit. You would implement this circuit through your system protection relay, i.e. the 
Strike RLC-04 or the Siemens Capa Relays. 

This has been mentioned, so that you understand the need for an additional timer circuit, but more importantly, so 
that you do not confuse the BENA timer for handling the user protection requirements of the system. The two timing 
circuits are independent of one another, in terms of protection and control, even though the timing functions of each 
timer, are based on the same discharge considerations. 

The last critical point when it comes to timing of either of the aforementioned timing and protection circuits, is the 
general design specification as listed by the I EC, standard "60871-1; Shunt capacitors for a.c. power systems having 
a rated voltage above 1000V — Part 1: General — Performance, testing and rating — safety requirements — guide for 
installation and operation," edition 1997-10: 
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A typical PFC control panel encompassing all of the features discussed up until this point, is illustrated in Figure 20. 

 
Figure 20: Typical PFC Control Panel 

http://www.tejasind.com/images/Electrical-APFC-Panels.jpg 

 

The last safety consideration when it comes to PFC system control and protection is the timing function between 

switching various capacitor banks in and out of the system. I.e. if you have 6 steps in your PFC system, you cannot 

for example switch all 6-steps on at the same time. 

This will not be discussed in great detail, as to understand why, can be related to basic physics. We have discussed 

transients throughout this document. If you disengage a capacitor circuit, just as you wish to protect the end-users’ 

technicians from gaining access to a charged capacitor bank, so should you wish to protect your electrical system 

from trying to re-engage a capacitor circuit before it is discharged.  

Should you engage a capacitor circuit back into a system, before it has been discharged (again the switching action 

should be delayed between 5-10 minutes, depending on the decision by the design engineer), you will close the 

system onto a charged capacitor bank, which will release energy back into the system, which will cause severe 

current and voltage transients, the severity of such transients, being directly proportional to the size of the capacitor 

bank(s).  

Typically, this time-out feature, is referred to industry as a BENA timer. The calculation variable of a system is usually 

referred to as the “Enhanced Time Domain”. I.e. if you were calculating the timing characteristics of a system, you 

would be conducting an enhanced time delay analysis. In most systems, depending on the design engineer’s 

philosophy, there would be a breaker which disengages the PFC system from the main system, thus the “B”, for 

breaker, comes into play. Thus, we have defined “BENA” timer. This timer however is not usually implemented 

through an additional timer circuit. You would implement this circuit through your system protection relay, i.e. the 

Strike RLC-04 or the Siemens Capa Relays.  

This has been mentioned, so that you understand the need for an additional timer circuit, but more importantly, so 

that you do not confuse the BENA timer for handling the user protection requirements of the system. The two timing 

circuits are independent of one another, in terms of protection and control, even though the timing functions of each 

timer, are based on the same discharge considerations. 

The last critical point when it comes to timing of either of the aforementioned timing and protection circuits, is the 

general design specification as listed by the IEC, standard “60871-1; Shunt capacitors for a.c. power systems having 

a rated voltage above 1000V – Part 1: General – Performance, testing and rating – safety requirements – guide for 

installation and operation,” edition 1997-10: 
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Page 45, 21; Discharge Devices: 

"Each capacitor unit shall be provided with means of discharging to 75V or less from an initial peak voltage of 
times the rated voltage Un. 

The above requirement applies to banks with a voltage rating of up to and including 25Kv. The maximum discharge 
time is 10 min for both capacitors and banks. 

There must be no switch, fuse, fuse or any other isolating device between the capacitor unit and/or bank and the 
discharging device as defined above. 

A discharging device is not a substitute for short-circuiting the capacitor terminals together and to ground before 
handling." 

The above segment quoted from the IEC regulations, ensure that any reader of this document, ensures the specific 
timing requirements from the design authority. The quoted segment once again highlights the need to short the caps 
to ground before handling which has been discussed in the above section, after time-outs to handle the dissipation 
of peak voltages from the cap bank(s), which is mitigated by engaging the system earth-switch before handling a 
capacitor bank. 

The control and safety considerations when it comes to a MV/HV PFC system, is the only place it may get complicated 
or tricky. Unless dealing with an extremely simple system, it is advised that the sales person or estimator even an 
engineer, not specialised in this field of power engineering, consult an experienced engineer, who is familiar with all 
of the safety and design consideration pertaining to a MV/HV PFC system. 

The last section of this document will discuss the protection and control settings as well as commissioning of PFC 
banks. Timing and general system, safety consideration will be discussed in more detail under this section. 

Switchgear specifications for power factor correction 

When it comes to the switching of capacitor banks (i.e. switching a capacitor bank on or off), we need to consider the 
stresses incurred when switching the capacitor bank. 

When a capacitor bank(s) is/are switched off, the capacitor/bank remains charged at the peak system voltage, prior 
to the capacitor bank(s) being disengaged. The feeding system's voltage will continue in a sinusoidal waveform until 
it reaches a peak value after the switching transient, which usually should occur after approximately 10ms. 

The difference in voltage, which is often referred to as the recovery voltage, is the difference between the condition 
incurred by the system after the capacitor bank(s) has/have been disengaged and the voltage of the supply system 
until it reaches the supply conditions typically supplied, e.g. 11kV at 50Hz. I.e. after a capacitor/bank has been 
disengaged they supply voltage could be 10.89kV at 50Hz. 

This is referred to in industry as the recovery voltage. The recovery voltage typically, rises slowly. The resulting stress 
imposed on an electrical system, is not the rate-of-rise, but the absolute value of the system voltage. 

If a capacitor system is re-energized within 5ms from initial disengagement of the capacitor system, it is defined as 
a restrike, it is not deemed hazardous. If a system is re-engaged after roughly 10ms, high switching over-voltages 
(transients) can occur. Thus, we implement a BENA timer into the system, in order to try and mitigate such switching 
transients. 

The BENA timer's aim is to mitigate the risk of exposing the system to transients. If you "immediately" recharge a 
capacitor after it has been disengaged, the overall system voltage will spike and cause a transient, equal to the value 
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Page 45, 21; Discharge Devices: 

“Each capacitor unit shall be provided with means of discharging to 75V or less from an initial peak voltage of √2 

times the rated voltage Un. 

The above requirement applies to banks with a voltage rating of up to and including 25Kv. The maximum discharge 

time is 10 min for both capacitors and banks. 

There must be no switch, fuse, fuse or any other isolating device between the capacitor unit and/or bank and the 

discharging device as defined above. 

A discharging device is not a substitute for short-circuiting the capacitor terminals together and to ground before 

handling.” 

The above segment quoted from the IEC regulations, ensure that any reader of this document, ensures the specific 

timing requirements from the design authority. The quoted segment once again highlights the need to short the caps 

to ground before handling which has been discussed in the above section, after time-outs to handle the dissipation 

of peak voltages from the cap bank(s), which is mitigated by engaging the system earth-switch before handling a 

capacitor bank.  

The control and safety considerations when it comes to a MV/HV PFC system, is the only place it may get complicated 

or tricky. Unless dealing with an extremely simple system, it is advised that the sales person or estimator even an 

engineer, not specialised in this field of power engineering, consult an experienced engineer, who is familiar with all 

of the safety and design consideration pertaining to a MV/HV PFC system. 

The last section of this document will discuss the protection and control settings as well as commissioning of PFC 

banks. Timing and general system, safety consideration will be discussed in more detail under this section.  

Switchgear specifications for power factor correction 
When it comes to the switching of capacitor banks (i.e. switching a capacitor bank on or off), we need to consider the 

stresses incurred when switching the capacitor bank.  

When a capacitor bank(s) is/are switched off, the capacitor/bank remains charged at the peak system voltage, prior 

to the capacitor bank(s) being disengaged. The feeding system’s voltage will continue in a sinusoidal waveform until 

it reaches a peak value after the switching transient, which usually should occur after approximately 10ms.  

The difference in voltage, which is often referred to as the recovery voltage, is the difference between the condition 

incurred by the system after the capacitor bank(s) has/have been disengaged and the voltage of the supply system 

until it reaches the supply conditions typically supplied, e.g. 11kV at 50Hz. I.e. after a capacitor/bank has been 

disengaged they supply voltage could be 10.89kV at 50Hz. 

This is referred to in industry as the recovery voltage. The recovery voltage typically, rises slowly. The resulting stress 

imposed on an electrical system, is not the rate-of-rise, but the absolute value of the system voltage.  

If a capacitor system is re-energized within 5ms from initial disengagement of the capacitor system, it is defined as 

a restrike, it is not deemed hazardous. If a system is re-engaged after roughly 10ms, high switching over-voltages 

(transients) can occur. Thus, we implement a BENA timer into the system, in order to try and mitigate such switching 

transients.  

The BENA timer’s aim is to mitigate the risk of exposing the system to transients. If you “immediately” recharge a 

capacitor after it has been disengaged, the overall system voltage will spike and cause a transient, equal to the value 
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of the capacitor at time of re-engagement plus the system voltage from the supply source at time of re-engagement, 
in laymen terms, the voltages add together, causing an overvoltage. 

In reality, such transient conditions are never reached due to various power system dampening procedures. However, 
if continuous re-charging of capacitor banks occurs, the transients inflicted on the system due to these re-strikes, can 
become so high, that the overall insulation of the system becomes stressed and, in some cases, compromised. 

This stress inflicted on the system's insulation can result in catastrophic arcing at the main breakers or other 
switchgear components within the system. This could cause the main breaker or other switching components within 
the system to fail completely. 

Thus, we see the importance of the BENA timer circuitry discussed earlier on into this document. 

So now that we know that transient disturbances can cause damage to key equipment, especially switching 
equipment in capacitor systems, which can have a substantial impact on system reliability, how do we consider, and 
make a decision on which switching equipment to use in MV capacitor systems? 

When shunt capacitor banks are switched, high magnitude and high frequency transients can occur, which has been 
reiterated in the above paragraphs. At MV level, capacitors are typically implemented, classically at distribution and 
lower sub transmission levels (reticulation), system conditions remain "constant." However, the stability of the 
transmission system feeding these systems, explicitly at MV level is where a concern arises, when it comes to 
specifying switching equipment. 

Depending on the "cleanliness" of the supply to a MV system, the vulnerability of system equipment 
increases/decreases. In modem times, transmission systems implement various correction points through the use of 
PFC to ensure not only a clean supply to consumers at distribution level, but also to try and maximize transmission 
efficiency in terms of system losses. 

This means that, typically, equipment vulnerability is reduced to a minimum. However, if we consider real-world 
conditions, especially in the current state of the transmission network in South Africa, we should consider system 
characteristics and possible downfalls when it comes to system stability, inflicted on our system through poor 
maintenance and lack of modernization of the transmission network(s). Remember, that the sole provider of power 
(Eskom) is not the only consideration when it comes to this part of the design analysis, as typically, the client's we 
deal with are not supplied by Eskom. City Power for example, supplies a great deal of Johannesburg. Even though 
Eskom's supply to City Power may be clean, the infrastructure managed by City Power, is typically vulnerable, and 
results in increased system vulnerability at point of injection to our client's power network. 

When selecting switching equipment, we typically need to consider the following system characteristics: 

Energization Inrush 

This characteristic is defined as the maximum, instantaneous input current, drawn by an electrical device, when first 
turned on. 

Back-to-Back Switching 

Back-to-back capacitor switching refers to the energization of a capacitor bank, while adjacent banks within the 
system are already on. This type of switching, is usually associated with a large inrush current that flows during the 
pre-arcing phase in the closing operation of switchgear. 

This high transient, can typically damage contacts and other mechanical components of switchgear assemblies. 
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of the capacitor at time of re-engagement plus the system voltage from the supply source at time of re-engagement, 

in laymen terms, the voltages add together, causing an overvoltage.  

In reality, such transient conditions are never reached due to various power system dampening procedures. However, 

if continuous re-charging of capacitor banks occurs, the transients inflicted on the system due to these re-strikes, can 

become so high, that the overall insulation of the system becomes stressed and, in some cases, compromised.  

This stress inflicted on the system’s insulation can result in catastrophic arcing at the main breakers or other 

switchgear components within the system. This could cause the main breaker or other switching components within 

the system to fail completely.  

Thus, we see the importance of the BENA timer circuitry discussed earlier on into this document.  

So now that we know that transient disturbances can cause damage to key equipment, especially switching 

equipment in capacitor systems, which can have a substantial impact on system reliability, how do we consider, and 

make a decision on which switching equipment to use in MV capacitor systems? 

When shunt capacitor banks are switched, high magnitude and high frequency transients can occur, which has been 

reiterated in the above paragraphs. At MV level, capacitors are typically implemented, classically at distribution and 

lower sub transmission levels (reticulation), system conditions remain “constant.” However, the stability of the 

transmission system feeding these systems, explicitly at MV level is where a concern arises, when it comes to 

specifying switching equipment.  

Depending on the “cleanliness” of the supply to a MV system, the vulnerability of system equipment 

increases/decreases. In modern times, transmission systems implement various correction points through the use of 

PFC to ensure not only a clean supply to consumers at distribution level, but also to try and maximize transmission 

efficiency in terms of system losses.  

This means that, typically, equipment vulnerability is reduced to a minimum. However, if we consider real-world 

conditions, especially in the current state of the transmission network in South Africa, we should consider system 

characteristics and possible downfalls when it comes to system stability, inflicted on our system through poor 

maintenance and lack of modernization of the transmission network(s). Remember, that the sole provider of power 

(Eskom) is not the only consideration when it comes to this part of the design analysis, as typically, the client’s we 

deal with are not supplied by Eskom. City Power for example, supplies a great deal of Johannesburg. Even though 

Eskom’s supply to City Power may be clean, the infrastructure managed by City Power, is typica lly vulnerable, and 

results in increased system vulnerability at point of injection to our client’s power network.  

When selecting switching equipment, we typically need to consider the following system characteristics: 

Energization Inrush 
This characteristic is defined as the maximum, instantaneous input current, drawn by an electrical device, when first 

turned on. 

Back-to-Back Switching 
Back-to-back capacitor switching refers to the energization of a capacitor bank, while adjacent banks within the 

system are already on. This type of switching, is usually associated with a large inrush current that flows during the 

pre-arcing phase in the closing operation of switchgear.  

This high transient, can typically damage contacts and other mechanical components of switchgear assemblies.  
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Outrush Transients 

Outrush transients, typically refer to the transients induced on a system, when a system with capacitors that are 
engaged, closes on a fault. 

A major transient can occur on a system, which can greatly impact system inductance. This type of transient, is 
usually mitigated by the incorporation of current limiting reactors into the design of the capacitor bank as previously 
discussed in this document. 

Voltage Magnification 

Voltage magnification refers to a voltage transient due to resonance. I.e. we need to factor in voltage magnification, 
as when a capacitor bank is engaged, the systems inductance and capacitance as a result of switching the capacitor 
bank, will cause voltage transients that could be very high, resulting in equipment failure, and worst case scenario, 
could result in capacitor bank failure. 

Thus, we implement surge arresters as previously discussed in this document. 

Transient Recovery Voltage (TRV) 

The transient recovery voltage is the voltage that appears across MV and HV circuit breaker terminals after current 
interruption. It is a critical parameter when it comes to fault interruption on a breaker. 

The amplitude and rate of rise of a transient recovery voltage can either lead to a successful trip or a failure to trip 
which is referred to as a re-ignition or restrike. 

This is probably the most important aspect of any piece of switchgear, when selecting suitable equipment to handle 
capacitive based switching. 

Now that we know the 5 main characteristics in play on a system incorporating capacitors, how do we know what to 
specify, equipment wise, when it comes to system design and specification. 

Typically, among other technical considerations, we need to look at the operating life-span, in terms of switching 
cycles of the equipment being considered. 

Generally, a circuit breaker has a lower switching lifespan on capacitive loads, than a contactor. Therefore, we usually 
utilize a contactor in multiple step capacitor banks, and a breaker in fixed compensation systems where a single 
capacitor bank is left on for prolonged periods, with minimum switching requirements. 

With this being stated, many breakers within industry are rated for extensive capacitive switching, however these 
breakers are very costly, and when implemented, are usually retrofitted to existing switchgear assemblies to be able 
to behave as a "contactor." 

Malaysian Switchgear Distributors, who offer Tamco and Larsen Toubro switchgear, can offer switchgear rated for 
capacitive based switching. Further, we also offer vacuum contactors which essentially look like a breaker, in a 
housing which fits into a typical switchgear assembly. 

Personally, I like to stick to the simple, general rule of thumb analogy, to use: 

1. Contactors, for multiple step capacitive switching; 
2. Breakers for single step power factor compensation. 

Typically, I prefer a standard contactor that is not dictated in terms of installation by its housing, as often, you are 
required to design outdoor and, in some instances, indoor systems with space constraints. 
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Outrush Transients 
Outrush transients, typically refer to the transients induced on a system, when a system with capacitors that are 

engaged, closes on a fault.  

A major transient can occur on a system, which can greatly impact system inductance. This type of transient, is 

usually mitigated by the incorporation of current limiting reactors into the design of the capacitor bank as previously 

discussed in this document. 

Voltage Magnification 
Voltage magnification refers to a voltage transient due to resonance. I.e. we need to factor in voltage magnification, 

as when a capacitor bank is engaged, the systems inductance and capacitance as a result of switching the capacitor 

bank, will cause voltage transients that could be very high, resulting in equipment failure, and worst case scenario, 

could result in capacitor bank failure.  

Thus, we implement surge arresters as previously discussed in this document.  

Transient Recovery Voltage (TRV) 
The transient recovery voltage is the voltage that appears across MV and HV circuit breaker terminals after current 

interruption. It is a critical parameter when it comes to fault interruption on a breaker.  

The amplitude and rate of rise of a transient recovery voltage can either lead to a successful trip or a failure to trip 

which is referred to as a re-ignition or restrike.  

This is probably the most important aspect of any piece of switchgear, when selecting suitable equipment to handle 

capacitive based switching.  

Now that we know the 5 main characteristics in play on a system incorporating capacitors, how do we know what to 

specify, equipment wise, when it comes to system design and specification.  

Typically, among other technical considerations, we need to look at the operating life-span, in terms of switching 

cycles of the equipment being considered.  

Generally, a circuit breaker has a lower switching lifespan on capacitive loads, than a contactor. Therefore, we usually 

utilize a contactor in multiple step capacitor banks, and a breaker in fixed compensation systems where a single 

capacitor bank is left on for prolonged periods, with minimum switching requirements. 

With this being stated, many breakers within industry are rated for extensive capacitive switching, however these 

breakers are very costly, and when implemented, are usually retrofitted to existing switchgear assemblies to be able 

to behave as a “contactor.” 

Malaysian Switchgear Distributors, who offer Tamco and Larsen Toubro switchgear, can offer switchgear rated for 

capacitive based switching. Further, we also offer vacuum contactors which essentially look like a breaker, in a 

housing which fits into a typical switchgear assembly.  

Personally, I like to stick to the simple, general rule of thumb analogy, to use: 

1. Contactors, for multiple step capacitive switching; 

2. Breakers for single step power factor compensation. 

Typically, I prefer a standard contactor that is not dictated in terms of installation by its housing, as often, you are 

required to design outdoor and, in some instances, indoor systems with space constraints.  



Figure 21: Tamco VH1H Switchgear Panels 

Figure 22: Larsen Toubro MV Air Insulated Switchgear 
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A fixed, breaker would not typically have a major influence on the capacitor system design of a fixed compensation 
system, as you would simply lay a cable from said breaker to the capacitor bank. 

As for specifying equipment, now that you know the conditions influencing a piece of switchgear equipment's 
specification, you should ensure that it conforms to the IEC specifications for medium voltage and high voltage 
switchgear, respectively; relative to the system you are designing. 

Manufacturers will always provide a test-report for their equipment confirming operating conditions for which their 
equipment is suited. 

When it comes to fixed compensation capacitor banks, with limited switching, Malaysian Switchgears' standard 
breakers would suffice, namely the Tamco/L&T VH1H series of MV breakers as illustrated in Figure 21 and Figure 
22. 
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A fixed, breaker would not typically have a major influence on the capacitor system design of a fixed compensation 

system, as you would simply lay a cable from said breaker to the capacitor bank.  

As for specifying equipment, now that you know the conditions influencing a piece of switchgear equipment’s 

specification, you should ensure that it conforms to the IEC specifications for medium voltage and high voltage 

switchgear, respectively; relative to the system you are designing.  

Manufacturers will always provide a test-report for their equipment confirming operating conditions for which their 

equipment is suited.  

When it comes to fixed compensation capacitor banks, with limited switching, Malaysian Switchgears’ standard 

breakers would suffice, namely the Tamco/L&T VH1H series of MV breakers as illustrated in Figure 21 and Figure 

22. 

 
Figure 21: Tamco VH1H Switchgear Panels 

 
Figure 22: Larsen Toubro MV Air Insulated Switchgear 
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In the event of a multiple-step switching arrangement: 

If you are designing a new system from scratch that is to be installed, Malaysian Switchgear's L&T/Tamco Vaccum 
Contactor Unit can be offered. It is however pricy, and pending budget constraints, this option may not be viable. 

Further, if you are designing a system, where you have an existing L&T/Tamco breaker, you could simply purchase 
a vaccum contactor unit (VCU), to fit into the existing switchgear panel. The VCU looks identical to a breaker to allow 
for utilization of new and/or existing switchgear panels. The L&T/Tamco contactor can be seen in Figure 23. 

Figure 23: Larsen&ToubrotTamco Vaccum Contactor Unit 

The second option in terms of switching contactors, is a standard, un-housed electrical contactor. These units are 
quite tricky to obtain in South Africa. The Toshiba range of MV vacuum contactors is available through RWW 
Engineering South Africa. Other contactor manufacturers do not typically hold stock, but can import according to 
client requirements. 

The second option usually becomes a standard (or a customized contactor solution) when implementing HV yard-
based, transmission level PFC. This is not however discussed in this document, in terms of design. 

While at Malaysian Switchgear, we ran an R&D exercise on MV PFC design and system fabrication, in which we 
utilized a Shreem 11kV rated, 10kA, 400A (Inductive) / 100A (Capacitive) load switching contactor that operates at a 
control (coil) voltage of 230V AC. This unit has been type tested, but further comment can only be delivered on this 
contactor once the equipment has gone through inspection and rigorous testing in-line with local operating conditions. 
Shreem offers their contactor in both a bare fabrication frame for indoor/enclosure design applications, as well as an 
outdoor rated housing, suitable for exterior mounting without additional fuss. 
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In the event of a multiple-step switching arrangement: 

If you are designing a new system from scratch that is to be installed, Malaysian Switchgear’s L&T/Tamco Vaccum 

Contactor Unit can be offered. It is however pricy, and pending budget constraints, this option may not be viable.  

Further, if you are designing a system, where you have an existing L&T/Tamco breaker, you could simply purchase 

a vaccum contactor unit (VCU), to fit into the existing switchgear panel. The VCU looks identical to a breaker to allow 

for utilization of new and/or existing switchgear panels. The L&T/Tamco contactor can be seen in Figure 23. 

 
Figure 23: Larsen&Toubro/Tamco Vaccum Contactor Unit 

 

The second option in terms of switching contactors, is a standard, un-housed electrical contactor. These units are 

quite tricky to obtain in South Africa. The Toshiba range of MV vacuum contactors is available through RWW 

Engineering South Africa. Other contactor manufacturers do not typically hold stock, but can import according to 

client requirements.  

The second option usually becomes a standard (or a customized contactor solution) when implementing HV yard-

based, transmission level PFC. This is not however discussed in this document, in terms of design. 

While at Malaysian Switchgear, we ran an R&D exercise on MV PFC design and system fabrication, in which we 

utilized a Shreem 11kV rated, 10kA, 400A (Inductive) / 100A (Capacitive) load switching contactor that operates at a 

control (coil) voltage of 230V AC. This unit has been type tested, but further comment can only be delivered on this 

contactor once the equipment has gone through inspection and rigorous testing in-line with local operating conditions. 

Shreem offers their contactor in both a bare fabrication frame for indoor/enclosure design applications, as well as an 

outdoor rated housing, suitable for exterior mounting without additional fuss.  
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Unfortunately, there is no clear path on how to proceed when tendering, specifying and designing solutions. The 
above information however, provides a sufficient, basic background in terms of what equipment to select. 

Do not at this stage confuse the central feeder switchgear, providing a connection the PFC with switching equipment, 
for multiple-step systems. In the event that you are only implementing a single capacitor bank per feeder, fixed 
compensation philosophy system, the consideration of the above point is not as crucial as on a multiple-step system. 

If you get stuck when it comes to specifying the required equipment, it is advised that you check your selection with 
the design/contracts engineer before offering an unfeasible system to the client. 

Isolation and protection of power factor correction systems 

The first important point is the system fault rating. As discussed in my white paper on MV surge protection, your 
system has to have a continuous rating when it comes to fault ratings. i.e. Malaysian Switchgear's typical fault rating 
on the majority of equipment supplied, is 25kA. All component in the equipment offered, thus has to be rated at 25kA. 
Even though surge arresters, for example, may never experience a 25kA fault, the equipment needs to withstand 
this rating in order to conform to the offering. 

A PFC is an entirely independent system. Even though it may be fed from switchgear that has a fault rating of 25kA 
the PFC system itself, need not conform to this rating, provided that the correct protection and isolation measures 
are implemented when the system is designed. 

Personally, I am not a fan of the rackable (breaker type) contactor, and prefer to utilize separate contactor for several 
reasons. Individual contactors, depending on the manufacturer have typical fault level ratings of anywhere between 
10 and 14kA. 

A key point at this stage, is that when you offer a PFC system, ensure that your fault rating is clearly stipulated in 
your offer and followed through when designing the system. 

Typically, I would offer a system rated to withstand a fault of 10kA. All that this means, in laymen terms of course, is 
that the point where power enters your PFC system, needs to be able to break, isolate and dissipate a 10kA fault. 

One of the key factors in this preference is system cost. Equipment rated at 25kA is expensive. A high fault rating is 
in laymen terms, is only critical on a supply network where system stability is key. However, PFC systems are not 
crucial to system operation, they are a "nice-to-have." (Remember now, that you can utilize 10kA rated surge 
arresters for this application, should you wish to utilize a 10kA fault level rating in your offering/design). 

When designing a PFC system, everyone will have a differing opinion on how to protect and isolate the system. The 
two general schools of thought are discussed below. 

Let us start at point 1 in the system, breaking and isolating the PFC system from the supply source. This is usually 
carried out through the implementation of either: 

1. Fused/Unfused Isolator + Earth Switch 
2. Fused/Un-fused Load Break Switch + Earth Switch 

It should be noted, that you cannot not have the earth switch due to the protection requirements discussed in this 
document. You need to be able to earth a PFC system to dissipate any negligible charge left in the capacitor bank(s) 
after the original discharge period. 

Remember, although basic, do not be confused by the fact that you may have a contactor in line between the main 
isolator/switch and the capacitor bank(s). The ground path is not affected in order to be able to dissipate the residual 
charge. 
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Unfortunately, there is no clear path on how to proceed when tendering, specifying and designing solutions. The 

above information however, provides a sufficient, basic background in terms of what equipment to select.  

Do not at this stage confuse the central feeder switchgear, providing a connection the PFC with switching equipment, 

for multiple-step systems. In the event that you are only implementing a single capacitor bank per feeder, fixed 

compensation philosophy system, the consideration of the above point is not as crucial as on a multiple-step system. 

If you get stuck when it comes to specifying the required equipment, it is advised that you check your selection with 

the design/contracts engineer before offering an unfeasible system to the client.  

Isolation and protection of power factor correction systems 
The first important point is the system fault rating. As discussed in my white paper on MV surge protection, your 

system has to have a continuous rating when it comes to fault ratings. i.e. Malaysian Switchgear’s typical fault rating 

on the majority of equipment supplied, is 25kA. All component in the equipment offered, thus has to be rated at 25kA. 

Even though surge arresters, for example, may never experience a 25kA fault, the equipment needs to withstand 

this rating in order to conform to the offering. 

A PFC is an entirely independent system. Even though it may be fed from switchgear that has a fault rating of 25kA 

the PFC system itself, need not conform to this rating, provided that the correct protection and isolation measures 

are implemented when the system is designed. 

Personally, I am not a fan of the rackable (breaker type) contactor, and prefer to utilize separate contactor for several 

reasons. Individual contactors, depending on the manufacturer have typical fault level ratings of anywhere between 

10 and 14kA.  

A key point at this stage, is that when you offer a PFC system, ensure that your fault rating is clearly stipulated in 

your offer and followed through when designing the system.  

Typically, I would offer a system rated to withstand a fault of 10kA. All that this means, in laymen terms of course, is 

that the point where power enters your PFC system, needs to be able to break, isolate and dissipate a 10kA fault.  

One of the key factors in this preference is system cost. Equipment rated at 25kA is expensive. A high fault rating is 

in laymen terms, is only critical on a supply network where system stability is key. However, PFC systems are not 

crucial to system operation, they are a “nice-to-have.” (Remember now, that you can utilize 10kA rated surge 

arresters for this application, should you wish to utilize a 10kA fault level rating in your offering/design). 

When designing a PFC system, everyone will have a differing opinion on how to protect and isolate the system. The 

two general schools of thought are discussed below. 

Let us start at point 1 in the system, breaking and isolating the PFC system from the supply source. This is usually 

carried out through the implementation of either: 

1. Fused/Unfused Isolator + Earth Switch 

2. Fused/Un-fused Load Break Switch + Earth Switch 

It should be noted, that you cannot not have the earth switch due to the protection requirements discussed in this 

document. You need to be able to earth a PFC system to dissipate any negligible charge left in the capacitor bank(s) 

after the original discharge period.  

Remember, although basic, do not be confused by the fact that you may have a contactor in line between the main 

isolator/switch and the capacitor bank(s). The ground path is not affected in order to be able to dissipate the residual 

charge. 
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The ABB air -insulated load break switch VersaRupter can be seen in Figure 24. 

Figure 24: ABB VersaRupter Load-Break Switch 

The VersaRupter is an example of a compact indoor switch allowing various options for mounting within a cabinet. 
You can operate the switch from the front or left/right side. The switch can be ordered with a grounding option (earth 
switch) and current limiting fuse-mounting are also available. 

When it comes to breaking and isolating faults in PFC as well as most other "secondary" electrical systems, system 
fusing is preferred in addition to the protection system to trip the feeder breaker, supplying the PFC system. A fuse 
is versatile in terms of current/voltage rating and fault rating, breaking capability. It is also easy to implement into any 
system, and protection wise, once the fuse is blown, you probably won't face the risk of reclosing onto a fault 
(restrike), in the event your protection system is poorly designed. Remember, to specify protection and safety design 
requirements on a PFC system, is not always as straight forward as simple distribution protection designs. You now 
have to consider multiple safety and protection points and systems required by the PFC system, which are all 
essentially interlinked, and inter-system dependent. 

When selecting fuses, it is important to also ensure that they have an adequate thermal rating in line with 

However, design consideration also needs to be given to the possibility of losing only 1-phase during a fault and thus 
losing the system functionality of correcting power factor for a balanced system. While you may have lost a phase 
on your PFC system, the remaining power network will still have all phases present. In the event that the PFC is 
missing a phase, only two phases will be corrected, which could result in severe balancing issues on the overall 
distribution network. This essentially defeats the whole aim of implementing PFC onto a system. 

Based on the fact that we work in Africa, you in some cases will also need to consider the availability of fuses in the 
region where your solution/equipment is to be installed. Even if you supply spare fuses/key components, it is almost 
guaranteed that these will go missing until such time as they are required. However, in such a case you could consider 
simply using the feeder panel from the main source to carry out the protection function. Personally, I do not find this 
ideal, but again depending on how you design your system, the possibilities are endless. 

In such an instance, a breaker could be used with the necessary protection relays. In this case, it is important to 
choose equipment according to your system design specifications. You can still design a 10kA rated system, as you 
can precisely program your protection relays to isolate faults. 

Your selection of equipment relies entirely on where and how your offered system is to be implemented. It is always 
easier to use existing equipment, as when you design equipment using components such as the above ABB switch, 
you need to factor in additional considerations into your design such as: 
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The ABB air -insulated load break switch VersaRupter can be seen in Figure 24. 

 
Figure 24: ABB VersaRupter Load-Break Switch 
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The VersaRupter is an example of a compact indoor switch allowing various options for mounting within a cabinet. 

You can operate the switch from the front or left/right side. The switch can be ordered with a grounding option (earth 

switch) and current limiting fuse-mounting are also available. 

When it comes to breaking and isolating faults in PFC as well as most other “secondary” electrical systems, system 

fusing is preferred in addition to the protection system to trip the feeder breaker, supplying the PFC system. A fuse 

is versatile in terms of current/voltage rating and fault rating, breaking capability. It is also easy to implement into any 

system, and protection wise, once the fuse is blown, you probably won’t face the risk of reclosing onto a fault 

(restrike), in the event your protection system is poorly designed. Remember, to specify protection and safety design 

requirements on a PFC system, is not always as straight forward as simple distribution protection designs. You now 

have to consider multiple safety and protection points and systems required by the PFC system, which are all 

essentially interlinked, and inter-system dependent. 

When selecting fuses, it is important to also ensure that they have an adequate thermal rating in line with  

However, design consideration also needs to be given to the possibility of losing only 1-phase during a fault and thus 

losing the system functionality of correcting power factor for a balanced system. While you may have lost a phase 

on your PFC system, the remaining power network will still have all phases present. In the event that the PFC is 

missing a phase, only two phases will be corrected, which could result in severe balancing issues on the overall 

distribution network. This essentially defeats the whole aim of implementing PFC onto a system. 

Based on the fact that we work in Africa, you in some cases will also need to consider the availability of fuses in the 

region where your solution/equipment is to be installed. Even if you supply spare fuses/key components, it is almost 

guaranteed that these will go missing until such time as they are required. However, in such a case you could consider 

simply using the feeder panel from the main source to carry out the protection function. Personally, I do not find this 

ideal, but again depending on how you design your system, the possibilities are endless. 

In such an instance, a breaker could be used with the necessary protection relays. In this case, it is important to 

choose equipment according to your system design specifications. You can still design a 10kA rated system, as you 

can precisely program your protection relays to isolate faults. 

Your selection of equipment relies entirely on where and how your offered system is to be implemented. It is always 

easier to use existing equipment, as when you design equipment using components such as the above ABB switch, 

you need to factor in additional considerations into your design such as: 
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1. Fault Ratings of the Enclosure(s); 
2. Arc Gaps; 
3. Blasting Plates; 

In some cases, you will need to have designs type-tested to ensure suitability and safety. It is not always a must, but 
should you not cover your design, you the design engineer as well as your company assume a possibly huge 
professional indemnity related risk, which is unnecessary on a PFC based system, where you are most likely not 
designing something completely new for the first time. 

When utilizing the above type of load break switch, regardless of the manufacturer, you also need to factor in the 
feasibility of mounting additional monitoring components such as limit switches to allow for control and monitoring 
through the capacitor bank control and protection systems discussed in this paper. 

Malaysian Switchgear offers a complete fused isolator unit, namely the Tamco TM-8, which can be seen in Figure 
25. 

Figure 25: Tamco TM-8 11kV Fused Isolator Panel 

This unit is an off-the-shelf product that can be installed into an array of system designs. It has fused protection 
capabilities and an integrated, interlocked earth switch. 

Easy electro-mechanical modifications are possible when using this panel. In addition to the retrofit-ability of this 
panel, it comes with a heater function for severe site climate conditions. You can also add a trip coil circuit into this 
panel. 
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1. Fault Ratings of the Enclosure(s); 

2. Arc Gaps; 

3. Blasting Plates; 

4. … 

In some cases, you will need to have designs type-tested to ensure suitability and safety. It is not always a must, but 

should you not cover your design, you the design engineer as well as your company assume a possibly huge 

professional indemnity related risk, which is unnecessary on a PFC based system, where you are most likely not 

designing something completely new for the first time.  

When utilizing the above type of load break switch, regardless of the manufacturer, you also need to factor in the 

feasibility of mounting additional monitoring components such as limit switches to allow for control and monitoring 

through the capacitor bank control and protection systems discussed in this paper. 

Malaysian Switchgear offers a complete fused isolator unit, namely the Tamco TM-8, which can be seen in Figure 

25. 

 
Figure 25: Tamco TM-8 11kV Fused Isolator Panel 

 

This unit is an off-the-shelf product that can be installed into an array of system designs. It has fused protection 

capabilities and an integrated, interlocked earth switch.  

Easy electro-mechanical modifications are possible when using this panel. In addition to the retrofit-ability of this 

panel, it comes with a heater function for severe site climate conditions. You can also add a trip coil circuit into this 

panel. 



Power Factor Correction Basics I of II © 2020 

The addition of a trip-coil depends on the "cleverness" of your design, specifically the control and protection sections 
of your PFC system. If you utilize a decent relay, such as the previously discussed GE Multilin-C70, you can program 
in custom monitoring conditions, and before you experience a significant fault, actually send a signal to the isolator 
to trip the unit and isolate the PFC system. This type of protection is mechanical and does not involve the use of a 
charging motor. The close the isolator, an operator has to do so manually. This is preferable as you can ensure that 
they will only close the system once the fault has been rectified. This is not guaranteed, but few operators will risk 
manually closing onto a system within close proximity, without ensuring their own safety first. 

You can further, assign alarms to notify operators of the problem so that it can be rectified before recommissioning 
the system for operation. 

Such modifications are possible on other type switchgears, but the costs of these units once you add in all of the 
additional features, that mostly have to be fitted during manufacture, rise exponentially. 

The TM-8 on the other hand, is an affordable unit, customizations can be done locally, which means that your overall 
cost is reduced. You also get local after-sales support and parts are generally kept in stock by Malaysian Switchgear 
Distributors. 

The TM-8 is also compact enough to incorporate into an outside enclosure-based system design. Further, you 
automatically negate all additional safety design considerations as previously discussed, in terms of ensuring 
enclosure vs. system operating characteristics safety. 

Operation is simple, and limited with existing operating manuals. Built in protection interlocks and other features also 
mean that you do not need to design custom modifications and risk possible mechanical failure on these 
modifications, once your system goes live. The minute you design a customized unit, you once again face 
professional indemnity issues through having to supply, detailed manuals on how to use the "new equipment" while 
also making instruction concise enough to ensure easy trainability of this equipment. 

This above philosophy has catered for a centralized protection philosophy. However, this is not always feasible or 
logical. Many systems, due to implications relative to system capital expenditure, call for a centralized isolator with 
multiple capacitor banks fed from the centralized isolator. 

The centralized design philosophy usually has multiple capacitor banks fed from it, controlled by contactors. The 
above solutions will work well if you only have one capacitor bank, but the minute you have more than one capacitor 
bank, and a fault occurs, tripping the main fused isolator, you lose functionality on all of your capacitor banks being 
fed from this point. 

In this case, again dependent on your system design, you will use similar isolators/switches. All types of these 
switchgear are available in both fused/non-fused variants. In the case where you only have a fused unit on hand, you 
can simply add a suitably rated link in place of the fuses — converting your fused isolator to a non-fused isolator. 

From here, you would then incorporate your protection before each capacitor bank. Usually before the contactor, in 
your supply line. You would then implement fuse cut-cut out devices to mount the fuses typically on busbars. Such a 
device can be seen in Figure 26. 
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The addition of a trip-coil depends on the “cleverness” of your design, specifically the control and protection sections 

of your PFC system. If you utilize a decent relay, such as the previously discussed GE Multilin-C70, you can program 

in custom monitoring conditions, and before you experience a significant fault, actually send a signal to the isolator 

to trip the unit and isolate the PFC system. This type of protection is mechanical and does not involve the use of a 

charging motor. The close the isolator, an operator has to do so manually. This is preferable as you can ensure that 

they will only close the system once the fault has been rectified. This is not guaranteed, but few operators will risk 

manually closing onto a system within close proximity, without ensuring their own safety first. 

You can further, assign alarms to notify operators of the problem so that it can be rectified before recommissioning 

the system for operation.  

Such modifications are possible on other type switchgears, but the costs of these units once you add in all of the 

additional features, that mostly have to be fitted during manufacture, rise exponentially.  

The TM-8 on the other hand, is an affordable unit, customizations can be done locally, which means that your overall 

cost is reduced. You also get local after-sales support and parts are generally kept in stock by Malaysian Switchgear 

Distributors.  

The TM-8 is also compact enough to incorporate into an outside enclosure-based system design. Further, you 

automatically negate all additional safety design considerations as previously discussed, in terms of ensuring 

enclosure vs. system operating characteristics safety. 

Operation is simple, and limited with existing operating manuals. Built in protection interlocks and other features also 

mean that you do not need to design custom modifications and risk possible mechanical failure on these 

modifications, once your system goes live. The minute you design a customized unit, you once again face 

professional indemnity issues through having to supply, detailed manuals on how to use the “new equipment” while 

also making instruction concise enough to ensure easy trainability of this equipment. 

This above philosophy has catered for a centralized protection philosophy. However, this is not always feasible or 

logical. Many systems, due to implications relative to system capital expenditure, call for a centralized isolator with 

multiple capacitor banks fed from the centralized isolator.  

The centralized design philosophy usually has multiple capacitor banks fed from it, controlled by contactors. The 

above solutions will work well if you only have one capacitor bank, but the minute you have more than one capacitor 

bank, and a fault occurs, tripping the main fused isolator, you lose functionality on all of your capacitor banks being 

fed from this point.  

In this case, again dependent on your system design, you will use similar isolators/switches. All types of these 

switchgear are available in both fused/non-fused variants. In the case where you only have a fused unit on hand, you 

can simply add a suitably rated link in place of the fuses – converting your fused isolator to a non-fused isolator.  

From here, you would then incorporate your protection before each capacitor bank. Usually before the contactor, in 

your supply line. You would then implement fuse cut-cut out devices to mount the fuses typically on busbars. Such a 

device can be seen in Figure 26. 
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The same analogy of selecting adequately rated fuses to meet design requirements apply. The only design factor 
that changes, is that you are using a localized protection per capacitor bank approach as opposed to a centralized 
protection approach. 

It is important to realize that the protection of in-line fuses, is aimed at protection the entire capacitor bank as a whole. 
i.e.. 

1. Contactor; 
2. Reactors; 
3. Surge Arresters; 
4. Capacitors. 

Do not confuse this section of system protection with fuses related to the implementation of the capacitors. Integrated 
internal/external protection of the capacitors is an entirely different consideration in the design of the system. 

The protection discussed in this section is aimed at protecting the entire system/system segments of the system. 

Grounding of power factor correction systems 

Now that we have discussed isolating a fault, we need to consider, depending on the reaction time of your design, 
how the fault will be dissipated. 

On a Delta configured system, your fault will have essentially been isolated the minute your fuse(s) blew. This 
configuration will have typically caused some kind of severe imbalance/cross-feed that would naturally blow all three 
fuses protecting the system. 

The capacitors internal discharge resistors will dissipate the charge of the capacitor bank once isolated and the 
system will become dead with possible minor negligible charge on the capacitor bank. 

You need to however ensure that your enclosure/operating area is sufficiently earthed, and that this earth is bonded 
to ground so that in the event of any insulation failure or arcing during a fault, the fault can be disposed of. This is 
especially important if the cap banks are discharging onto a fault in the now isolated system/equipment. 

This is crucial for Delta systems, as you do not have a direct path to ground in most designs. This means that there 
will still be a charge on the three phases up until the discharge resistors have carried out their task. 
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Figure 26: MV-Rated Fuse Cut-Out 
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The same analogy of selecting adequately rated fuses to meet design requirements apply. The only design factor 
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protection approach. 
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You need to however ensure that your enclosure/operating area is sufficiently earthed, and that this earth is bonded 

to ground so that in the event of any insulation failure or arcing during a fault, the fault can be disposed of. This is 

especially important if the cap banks are discharging onto a fault in the now isolated system/equipment.  

This is crucial for Delta systems, as you do not have a direct path to ground in most designs. This means that there 

will still be a charge on the three phases up until the discharge resistors have carried out their task.  
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At this point remember, that most metal cap structures also have dedicated bonding studs that should always be 
grounded to the earth of the system. There are several possibilities when it comes to providing a ground on Delta 
type systems, pending multiple design considerations, you need to factor this in. Usually however, any faults that 
would occur on a delta system once isolated, will be related to insulation defects, in which case your standard 
grounding of equipment will be able to dissipate key faults. 

On a delta type system, we essentially have a "neutral" that in laymen terms, provides a protection path to ground. 
In this case, it is important to ensure that your system is properly grounded. 

There are two options available to ensure this: 

1. Tie the star point directly to ground; 
2. Run a "neutral" conductor from the star point connection of your system back to the source's bonding point. 

I prefer option one. However, this can be tricky. In most cases the engineer who undertook the entire distribution 
system's design will design a proper earth mat. But it is unwise to assume that an engineer was consulted at time of 
design, installation and commissioning. 

In many cases, you get unqualified people/inexperienced engineers designing systems, who do not understand the 
importance of, let alone the how-to of designing a proper earth mat at MV/HV distribution/transmission level. Further 
to this, new installations pose additional considerations discussed further into this section. 

If you bond your system by means of your own "isolated" earth mat, and a fault occurs that is not properly dissipated, 
the liability falls directly on you as the design engineer/contractor. This risk/responsibility relationship is however 
controllable through proper design consideration of the system. 

The other key consideration is the cost involved. Even though you could ground your system independently at the 
point of installation, you need to weigh up the cost and operational differences between running a line back to the 
source and grounding your system locally at the point of installation. 

In an indoor installation you will usually always use the existing earth mat due to installation constrictions. Further it 
is not likely that you can chop up the client's infrastructure to install a new ground mat on the slight chance that the 
original system was poorly designed and cannot handle your design's requirements, or that the dedicated bonding 
point is far away resulting in additional costs not factored in by the estimator and/or sales person who sold the system 
to the client. 

However, in an indoor installation, should you believe (after sufficient testing of course) that the existing ground mat 
is not suitable, simply tie your star point in to the dedicated point of the substation and ensure that you notify the 
client of the problem. They can then decide if the problem should be rectified. It would also be unethical not to inform 
the client of such a severe problem. 

More importantly, when tying into a client's existing earth mat, you need to make sure that your user interface side 
of the protection and control of the PFC system was properly designed. If for example your system is not designed 
properly, and the operator manages to close a charged capacitor bank onto ground, you will cause huge transients 
that could possibly damage various equipment on the client's system(s). If you had an isolated, remote earth mat, 
this event would be discharged but not onto a system that is immediately bonded to various other equipment on the 
network. 

Most systems have suitable earth mats and you can tie your star point directly to ground via the substations earth 
mat. In any event, make sure the earth mat is adequate, it is important and conducting an earth resistivity test relevant 
to the grounding point is simple and inexpensive. When conducting this test, ensure that you reference soil and area 
conditions and do not just work on a "rule-of-thumb-reading" basis. 
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client of the problem. They can then decide if the problem should be rectified. It would also be unethical not to inform 
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More importantly, when tying into a client’s existing earth mat, you need to make sure that your user interface side 

of the protection and control of the PFC system was properly designed. If for example your system is not designed 

properly, and the operator manages to close a charged capacitor bank onto ground, you will cause huge transients 

that could possibly damage various equipment on the client’s system(s). If you had an isolated, remote earth mat, 

this event would be discharged but not onto a system that is immediately bonded to various other equipment on the 
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Most systems have suitable earth mats and you can tie your star point directly to ground via the substations earth 

mat. In any event, make sure the earth mat is adequate, it is important and conducting an earth resistivity test relevant 

to the grounding point is simple and inexpensive. When conducting this test, ensure that you reference soil and area 

conditions and do not just work on a “rule-of-thumb-reading” basis. 
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The key concern comes into play on new substations more than old. A poor earth mat in an old installation would 
probably have caused a problem during its lifespan and would have been rectified. In a new installation however, the 
problem may not have come to light yet. 

In a new system, it is also not a matter of blaming the designer of the system, but checking the contractor. Many 
contractors take shortcuts that are not always visible during general milestone checks. They are also usually quite 
good at covering up shortcuts, if they are not a reputable contractor. The test here is important, as if what the engineer 
designed is not implemented, you are going to sit with a problem on your system. 

Outdoor installations can become tricky. If you say have a large substation, but your capacitor structure(s) needs to 
sit quite a distance away from the point of supply, it would not be wise to run a dedicated earth line back to the point 
of supply, and rely solely on this line to dissipate any faults. Touch-Potentials also play a role when factoring the 
design of this type of installation. 

You also need to consider the size of your system when making this choice, through evaluating what is being 
protected and what needs to be dissipated in the event of a catastrophic failure. If your system(s) are a distance 
away from the main point of supply, your cost alone to run a centralized earthing and/or neutral conductor will be 
high. 

In addition to cost, if this line is ever damaged or broken after installation, you lose all protection on your installation. 
Don't be naive and assume because you use a BCEW grounding conductor back to the source, that its minimal 
exposure to ground during the cable run, if bare, constitutes an earth mat. 

In such a scenario, creating a localized earth mat for your installation is obvious. It is obvious that you want the 
shortest path to ground in order to dissipate a fault. 

It is also however important to consider how your protection scheme is configured on your system when doing this. 
It is no good that your protection relays are sitting at the main substation and require a reference to the grounding 
system for tripping earth faults. To run a CT connection for say 120m is irrational, as you run the risk of human 
negligence/environmental factors damaging cables and losing the reference in addition to creating an open circuit on 
your control scheme. 

It is wiser to keep all control and protection local to the such an outdoor installation. It is preferable to have a network 
back to the source, that could supply an adequately timed trip signal to the main feeder breaker and status updates 
to any kind of management system maintained by the client. 

Another thought in this regard is to only utilize one adequately rated feeder breaker to supply your PFC system. 
Multiple breakers feeding a PFC system, means a more complicated control and protection philosophy/system, which 
is directly proportional to an increase in system cost. 
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In a new system, it is also not a matter of blaming the designer of the system, but checking the contractor. Many 

contractors take shortcuts that are not always visible during general milestone checks. They are also usually quite 
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sit quite a distance away from the point of supply, it would not be wise to run a dedicated earth line back to the point 
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You also need to consider the size of your system when making this choice, through evaluating what is being 
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away from the main point of supply, your cost alone to run a centralized earthing and/or neutral conductor will be 
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In addition to cost, if this line is ever damaged or broken after installation, you lose all protection on your installation. 

Don’t be naive and assume because you use a BCEW grounding conductor back to the source, that its minimal 

exposure to ground during the cable run, if bare, constitutes an earth mat. 

In such a scenario, creating a localized earth mat for your installation is obvious. It is obvious that you want the 

shortest path to ground in order to dissipate a fault.  

It is also however important to consider how your protection scheme is configured on your system when doing this. 

It is no good that your protection relays are sitting at the main substation and require a reference to the grounding 

system for tripping earth faults. To run a CT connection for say 120m is irrational, as you run the risk of human 

negligence/environmental factors damaging cables and losing the reference in addition to creating an open circuit on 

your control scheme.  

It is wiser to keep all control and protection local to the such an outdoor installation. It is preferable to have a network 

back to the source, that could supply an adequately timed trip signal to the main feeder breaker and status updates 

to any kind of management system maintained by the client.  

Another thought in this regard is to only utilize one adequately rated feeder breaker to supply your PFC system. 

Multiple breakers feeding a PFC system, means a more complicated control and protection philosophy/system, which 

is directly proportional to an increase in system cost.  
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Testing required for power factor correction systems 

Testing the PFC system fails into two categories, namely; Routine Tests and Type Tests. Typically, the company 
supplying the solution will conduct routine tests. Type tests are usually obtained from the manufacturer of the various 
pieces of equipment unless you have designed a new/unconventional piece of equipment that has not been type 
tested. 

These tests are of course not the only tests that need to be carried out on a system, they are simply the additional 
tests required when commissioning and testing a PFC system. 

Routine tests comprise of the following tests: 

1. Capacitance Measurement; 
2. Measurement of the tangent of the loss angle of the capacitor; 
3. Voltage test between terminals; 
4. AC Voltage test between terminals and the container; 
5. Test of internal discharge device; 
6. Sealing Test; 
7. Discharge test on internal fuses. 

Type tests usually comprise the following tests: 

1. Thermal stability test; 
2. Measurement of the tangent of the loss angle of the capacitor at elevated temperature; 
3. AC Voltage test between terminals and the container; 
4. Lightning impulse voltage test between terminals and the container; 
5. Short-circuit discharge test; 
6. Test of an external fuse in combination with a capacitor; 
7. Disconnecting test on internal fuses. 

The proper procedures and methods on how to conduct the aforementioned test, can be found in the following 
standard: 

I EC 6871-1; "Shunt Capacitors for a.c power systems having a rated voltage above 1000V — Part 1: General —
Performance, testing and rating — Safety requirements — Guide for installation and operation." 
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Commissioning power factor correction systems 

Various protection equipment and philosophies have been discussed up to now. But the discussion has dealt with 
various possibilities and more hardware related design capabilities of your PFC system(s). It is however another story 
when it comes to programming and commissioning the system. 

There are obviously many various configurations and ways of protecting the system depending on the architecture 
of your capacitor bank (wye/double-wye/delta/series/parallel), these need to be evaluated and catered for 
accordingly. 

When it comes to actually setting protection schemes at time of commissioning, and testing that they work properly 
through observation the following faults are non-negotiable and will remain almost constant through all types of PFC 
systems with minor adjustments for differing architectures: 

1. Overload; 
2. Short-Circuit; 
3. Frame Faults; 
4. Capacitor Component Short-Circuit; 
5. Reclose timeout (BENA timer previously discussed); 
6. Local/Remote Lockout. 

Each of these will be discussed in this section to ensure that you understand the basics of what you need to actually 
achieve. However, note that the advice given in this section is not cast in stone. It takes experience both theoretical 
and practical to specify the parameters of a proper protection scheme. It will take time to master this. With this being 
clarified let us look at each of the above fault conditions as well as how to mitigate them: 

Overload 

Overloads occur through temporary/permanent over-currents, typically caused through: 

a. Power supply over-voltages which result in bank over-voltage; 
b. The flow of harmonic currents caused by non-linear loads on the on the distribution system; 
c. When capacitor banks (steps) are energized within the system. 

Overloads are generally associated with overheating which affects the di-electric withstand of the capacitor(s), which 
significantly diminish the lifespan of the capacitor(s) comprising the system. 

Over-current conditions are mitigated through the implementation of over-voltage protection, usually monitored by 
the main incomer/busbar VT. In some cases, where wye bank architecture is utilized, an additional VT is installed 
within the capacitor bank itself to obtain very precise readings for the prevention of bank over-voltage conditions. 

The accuracy of the VT utilized for this application should be relatively good to ensure realistic readings; maximizing 
system protection. A class 0.5 VT with an adequate voltage factor and burden should suffice. 

The industry norm is that a capacitor should be able to handle 110% of its rated voltage, giving the system in laymen 
terms, a 10% contingency, for prolonged periods. This voltage is the RMS voltage. 

VRMS= 1.1(An2 (UN ) 
Equation 13: Calculating the RMS voltage as a % of the Primary System Voltage 

Where: 

VRMS = Root Mean Square Voltage 
1.1 = your percentage factor (e.g. 120% would be 1.2) 
UN  = System nominal (primary) Voltage 
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Commissioning power factor correction systems 
Various protection equipment and philosophies have been discussed up to now. But the discussion has dealt with 

various possibilities and more hardware related design capabilities of your PFC system(s). It is however another story 

when it comes to programming and commissioning the system. 

There are obviously many various configurations and ways of protecting the system depending on the architecture 

of your capacitor bank (wye/double-wye/delta/series/parallel), these need to be evaluated and catered for 

accordingly.  

When it comes to actually setting protection schemes at time of commissioning, and testing that they work properly 

through observation the following faults are non-negotiable and will remain almost constant through all types of PFC 

systems with minor adjustments for differing architectures: 

1. Overload; 

2. Short-Circuit; 

3. Frame Faults; 

4. Capacitor Component Short-Circuit; 

5. Reclose timeout (BENA timer previously discussed); 

6. Local/Remote Lockout. 

Each of these will be discussed in this section to ensure that you understand the basics of what you need to actually 

achieve. However, note that the advice given in this section is not cast in stone. It takes experience both theoretical 

and practical to specify the parameters of a proper protection scheme. It will take time to master this. With this being 

clarified let us look at each of the above fault conditions as well as how to mitigate them: 

Overload 
Overloads occur through temporary/permanent over-currents, typically caused through: 

a. Power supply over-voltages which result in bank over-voltage; 

b. The flow of harmonic currents caused by non-linear loads on the on the distribution system; 

c. When capacitor banks (steps) are energized within the system. 

Overloads are generally associated with overheating which affects the di-electric withstand of the capacitor(s), which 

significantly diminish the lifespan of the capacitor(s) comprising the system.  

Over-current conditions are mitigated through the implementation of over-voltage protection, usually monitored by 

the main incomer/busbar VT. In some cases, where wye bank architecture is utilized, an additional VT is installed 

within the capacitor bank itself to obtain very precise readings for the prevention of bank over-voltage conditions.  

The accuracy of the VT utilized for this application should be relatively good to ensure realistic readings; maximizing 

system protection. A class 0.5 VT with an adequate voltage factor and burden should suffice.  

The industry norm is that a capacitor should be able to handle 110% of its rated voltage, giving the system in laymen 

terms, a 10% contingency, for prolonged periods. This voltage is the RMS voltage. 

𝑉𝑅𝑀𝑆 = 1.1(√2)(𝑈𝑁) 
Equation 13: Calculating the RMS voltage as a % of the Primary System Voltage 

Where: 
 
𝑉𝑅𝑀𝑆 = 𝑅𝑜𝑜𝑡 𝑀𝑒𝑎𝑛 𝑆𝑞𝑢𝑎𝑟𝑒 𝑉𝑜𝑙𝑡𝑎𝑔𝑒 
1.1 = your percentage factor (e.g. 120% would be 1.2) 
𝑈𝑁 = 𝑆𝑦𝑠𝑡𝑒𝑚 𝑛𝑜𝑚𝑖𝑛𝑎𝑙 (𝑝𝑟𝑖𝑚𝑎𝑟𝑦) 𝑉𝑜𝑙𝑡𝑎𝑔𝑒 
 



Power Factor Correction Basics I of II © 2020 

Your protection scheme should thus realistically incorporate this factor into its philosophy. Long duration overloads 
are usually detected through utilizing thermal overload monitors and/or time-delayed over-current schemes. Thermal 
overload monitoring can become tricky in outdoor applications due to erratic solar radiation exposure pending local 
climatic conditions. 

Thermal overload monitoring and time-delayed over-current protection devices are in general, only permissible if your 
protection device is capable of analyzing harmonic frequencies in order to obtain a realistic approximation of harmonic 
currents within the system via an algorithm. 

Overload is typically protected through the employment of either a "stock" or customized (user-programmed) 
algorithm. An example of a stock algorithm, is the patented overcurrent protection algorithm by Strike Technologies 
implemented on their RLC-04 Capacitor Protection Relay. 

An algorithm usually comprises measuring a factor of the system voltage by means of a VT along with the 
fundamental frequency current flowing to the capacitors via CTs. The relay on which the algorithm is running usually 
considers up to the 50th harmonics to ensure that a real representation of harmonic currents that could lead to 
transients are considered. 

The algorithm then analyses all of this data to be able to calculate the peak voltages travelling within the system. 
Typically, system-integrators and protection engineers do not develop new algorithms to carry out this task, unless a 
very specialized system is being designed. 

The relay itself after determining the peak voltages on the system, compares the measured (actually calculated) peak 
over-voltages and precisely demarcated time intervals, to user-defined system threshold values programmed into 
the relay at time of commissioning. 

On a PFC system, you would usually have three critical thresholds, each with a resulting action, namely: 

a. Alarm threshold; 
b. Low-set threshold; 
c. High-set threshold. 

The alarm thresholds trigger a binary output on the relay to create a signal notifying the user locally and remotely 
that there is instability being picked up on the system. The low/high set thresholds again trigger binary outputs after 
a user-defined IDMT delay. The time delay chose by the system integrator/protection engineer is heavily dependent 
on system and load characteristics. The triggering of the last two binary outputs form your trip signal which will trip 
your PFC system(s) feeder breaker, in turn isolating your system from the "unstable" power source. 

You may be wondering why you would have a low-set threshold when we are concerned with overloads. The reason 
for this is that if your system characteristics fall well below the norm, you want to isolate your PFC system immediately. 
If you do not do this, you are going to have a possibly severe transient back-feed from the capacitor bank(s) which 
could be detrimental to other system linked on the distribution network. Your high-set threshold, is obviously the 
setting that forms the basis for your overload protection. 

The IDMT delay mentioned above forms a crucial variable of your overload protection scheme. You need to know 
what you are doing when you specify inverse time delays. It is not just a matter of guessing a time, and careful 
analogy of system and load characteristics needs to be carried out when doing this. Why not have an instantaneous 
trip you ask? Switching Transients. We do not want every short-duration switching transient to initiate a trip. We do 
try and mitigate this phenomenon at component level by introducing CLR's and surge arresters, but these may fail, 
or not be as finely tuned, sensitivity wise, as your protection scheme. 
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considers up to the 50th harmonics to ensure that a real representation of harmonic currents that could lead to 
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The relay itself after determining the peak voltages on the system, compares the measured (actually calculated) peak 

over-voltages and precisely demarcated time intervals, to user-defined system threshold values programmed into 
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On a PFC system, you would usually have three critical thresholds, each with a resulting action, namely: 

a. Alarm threshold; 

b. Low-set threshold; 

c. High-set threshold. 

The alarm thresholds trigger a binary output on the relay to create a signal notifying the user locally and remotely 

that there is instability being picked up on the system. The low/high set thresholds again trigger binary outputs after 

a user-defined IDMT delay. The time delay chose by the system integrator/protection engineer is heavily dependent 

on system and load characteristics. The triggering of the last two binary outputs form your trip signal which will trip 

your PFC system(s) feeder breaker, in turn isolating your system from the “unstable” power source.  

You may be wondering why you would have a low-set threshold when we are concerned with overloads. The reason 

for this is that if your system characteristics fall well below the norm, you want to isolate your PFC system immediately. 

If you do not do this, you are going to have a possibly severe transient back-feed from the capacitor bank(s) which 

could be detrimental to other system linked on the distribution network. Your high-set threshold, is obviously the 

setting that forms the basis for your overload protection.  

The IDMT delay mentioned above forms a crucial variable of your overload protection scheme. You need to know 

what you are doing when you specify inverse time delays. It is not just a matter of guessing a time, and careful 

analogy of system and load characteristics needs to be carried out when doing this. Why not have an instantaneous 

trip you ask? Switching Transients. We do not want every short-duration switching transient to initiate a trip. We do 

try and mitigate this phenomenon at component level by introducing CLR’s and surge arresters, but these may fail, 

or not be as finely tuned, sensitivity wise, as your protection scheme.  
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Your typical system overload protection settings are as follows: 

Typical Overload Protection Settings 
Over-voltage: 
	 <= 110% VRMS 

Over-Current (Thermal Overload 
	

<= 1.3 In at an IDMT of 10s 
Table 9: Typical Overload Protection Seftings for Commissioning 

As for your thresholds, you could set your pu's at say 1.1 for alarm, 1.2 for high and 0.8 for low. If your relay allows 
for it, you could even have a high and low alarm and set your low alarm at a pu unit of 0.9. 

Depending on your system design, you may want to consider more overload conditions and norms which can be 
found on pages 43 and 44 of I EC standard 60871-1, Second Edition, 1997-10 which was consulted while compiling 
this white paper. 

Some relays offer programmable reset timers on system conditions and faults, that incorporate increment-based time 
algorithms to handle the possible memory effect of capacitors. However, unless you are very experienced at defining 
protection scheme settings, leave this function set at 0, and stick to the above basics. 

Short Circuits 

A short-circuit if obviously an internal or external between live conductors, phase-to-phase or phase-to-neutral 
depending on whether or not your capacitor bank is connected in delta or wye formation. 

When a short-circuit occurs, the appearance of gas within the capacitor's housing can lead to an over-pressure 
condition. Depending on the severity of the over-pressure condition, the capacitor housing may rupture resulting in 
the leakage of di-electric from the capacitor. 

Short-circuits are also protected by implementing a time-delayed over-current protection device. This device allows 
you operate the system at maximum permissible load current, while retaining the ability to switch multiple banks in 
the form of steps. 

However, when a short is experienced, we do not want to waste time over-analyzing the short-circuit condition in 
relation to switching transients for example. A short is a short. This analogy keeps the protection setting simple for 
this type of fault: 

Typical Short-Circuit Protection Settings  
Short Circuit Current Setting: 	

+ 
1  ±10% of system In  

L  Reaction time setting: 	1  ±0.15s  
Table 10: Typical Short-Circuit Protection Seftings for Commissioning 

Frame Faults 

A frame fault is an internal fault between a live capacitor component and the frame created by the capacitor's metal 
housing, essentially, your entire assembly, as your system structure is directly affected through system bonding. 

i.e. We are considering earth-faults. As with overload faults, severe earth faults can cause overpressure and leakage, 
and catastrophically, explosion of the capacitor(s). 

Earth faults are obviously dependent on the grounding system as previously discussed. You should immediately 
realize that this segment of protection system would not typically be implemented on delta configured banks, as they 
do not have a commonly earthed point/neutral. However, when a wye configured bank is tied of too ground form the 
resulting neutral, we need to implement a time-delayed earth-fault relay. This relay is typically very sensitive, allowing 
the relay to detect a multitude of faults in relation to the scale of the fault. 
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Your typical system overload protection settings are as follows: 

Typical Overload Protection Settings 

Over-voltage: <= 110% VRMS 

Over-Current (Thermal Overload): <= 1.3 In at an IDMT of 10s 
Table 9: Typical Overload Protection Settings for Commissioning 

As for your thresholds, you could set your pu’s at say 1.1 for alarm, 1.2 for high and 0.8 for low. If your relay allows 

for it, you could even have a high and low alarm and set your low alarm at a pu unit of 0.9. 

Depending on your system design, you may want to consider more overload conditions and norms which can be 

found on pages 43 and 44 of IEC standard 60871-1, Second Edition, 1997-10 which was consulted while compiling 

this white paper.  

Some relays offer programmable reset timers on system conditions and faults, that incorporate increment-based time 

algorithms to handle the possible memory effect of capacitors. However, unless you are very experienced at defining 

protection scheme settings, leave this function set at 0, and stick to the above basics.  

Short Circuits 
A short-circuit if obviously an internal or external between live conductors, phase-to-phase or phase-to-neutral 

depending on whether or not your capacitor bank is connected in delta or wye formation.  

When a short-circuit occurs, the appearance of gas within the capacitor’s housing can lead to an over-pressure 

condition. Depending on the severity of the over-pressure condition, the capacitor housing may rupture resulting in 

the leakage of di-electric from the capacitor.  

Short-circuits are also protected by implementing a time-delayed over-current protection device. This device allows 

you operate the system at maximum permissible load current, while retaining the ability to switch multiple banks in 

the form of steps.  

However, when a short is experienced, we do not want to waste time over-analyzing the short-circuit condition in 

relation to switching transients for example. A short is a short. This analogy keeps the protection setting simple for 

this type of fault: 

Typical Short-Circuit Protection Settings 

Short Circuit Current Setting: ±10% of system In 

Reaction time setting: ±0.15s 
Table 10: Typical Short-Circuit Protection Settings for Commissioning 

Frame Faults 
A frame fault is an internal fault between a live capacitor component and the frame created by the capacitor’s metal 

housing, essentially, your entire assembly, as your system structure is directly affected through system bonding.  

i.e. We are considering earth-faults. As with overload faults, severe earth faults can cause overpressure and leakage, 

and catastrophically, explosion of the capacitor(s).  

Earth faults are obviously dependent on the grounding system as previously discussed. You should immediately 

realize that this segment of protection system would not typically be implemented on delta configured banks, as they 

do not have a commonly earthed point/neutral. However, when a wye configured bank is tied of too ground form the 

resulting neutral, we need to implement a time-delayed earth-fault relay. This relay is typically very sensitive, allowing 

the relay to detect a multitude of faults in relation to the scale of the fault. 
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We usually implement an additional monitoring CT within this configuration to monitor for earth faults (as previously 
noted in this paper). This CT is installed on the line connecting the star point to earth on a single-wye configuration. 
In the event of a double-wye configuration, this CT is installed at the mid-point of the link connecting the two banks' 
star points. 

On a single-wye configuration, the CT simply detects any leakage current flowing to ground and compares this 
reading to the user-defined threshold. On a double-wye configuration a similar analogy applies, but the relays 
philosophy is aimed at detecting any unbalance resulting between the two banks' star points that also in laymen 
terms, leaks to ground. 

Based on this understanding, we can now look at the typical settings for this type of fault: 

Typical Earth-Fault Protection Settings 
Earth Fault Current Setting (Dedicated CT): <= 20% of maximum permissible earth-fault 

current of system  
>= 10% of the CT's current rating, provided that 
the ratio of the CT's was accurately specified for 
the system at hand.  
±0.1s 

Earth Fault Current Setting (Where the three 
CT's at the incomer of the PFC system are used): 

Reaction time setting: 
Table 11: Typical Earth-Fault Seftings for Commissioning 

Capacitor Component Short-Circuit 

After reading this sub-section, you should negate this setting from your protection scheme. It was previously 
recommended to always order capacitors with internal fuses. Now it is time to understand why: 

Protection considerations and protection of capacitor component-level short circuit when external fuses are used, is 
very difficult. Do not at this stage confuse external fuses with the "main-line" protection fuses discussed in the fault 
isolation and protection section of this document. We are not talking about fuses that protect the "internal 
components" of a capacitor. 

To prevent headaches, it is always wise to procure capacitors with internal fuses, as your component level unbalance 
protection schemes will then remain simple, and more importantly reliable. 

A component level short-circuit is usually caused by a flashover of an individual sub-unit (one of several circuits 
comprising the overall, single capacitor you see). When you do not have internal fuses, the parallel-wired sub-units 
are shunted by the faulty sub-unit. When this happens: 

a. The overall capacitor impedance is modified; 
b. The capacitor's supply voltage is essentially supplied to one less sub-unit within the overall capacitor 

assembly; 
c. This results in each healthy sub-unit being exposed to greater operational stresses which can cause 

cascading flashovers, leading to a full-blown short-circuit and possible explosion of the capacitor housing. 

However, if you order internally fused capacitors, each sub-unit is essentially protected through fusing. Therefore, 
when a component level short-circuit occurs, the sub-unit's fuse will melt; isolating the faulty sub-unit from the overall 
capacitor assembly. The evacuation of the faulty sub-unit means that your capacitor remains fault free and can still, 
technically, operate. 

The overall impedance of the capacitor is obviously still adjusted, but in laymen terms, the isolation of the faulty sub-
unit means that there will no longer be an internal fault that causes fluctuating system stresses within the capacitor. 
Thus, you mitigate the possibility of multiple flash-overs, a dead-short and possible explosion of the capacitor unit. 

To highlight how difficult system protection can become when utilizing capacitors that are not internally fused, let us 
have a look at what protection of unfused units' entails: 
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We usually implement an additional monitoring CT within this configuration to monitor for earth faults (as previously 

noted in this paper). This CT is installed on the line connecting the star point to earth on a single-wye configuration. 

In the event of a double-wye configuration, this CT is installed at the mid-point of the link connecting the two banks’ 

star points.  

On a single-wye configuration, the CT simply detects any leakage current flowing to ground and compares this 

reading to the user-defined threshold. On a double-wye configuration a similar analogy applies, but the relays 

philosophy is aimed at detecting any unbalance resulting between the two banks’ star points that also in laymen 

terms, leaks to ground.  

Based on this understanding, we can now look at the typical settings for this type of fault: 

Typical Earth-Fault Protection Settings 

Earth Fault Current Setting (Dedicated CT): <= 20% of maximum permissible earth-fault 
current of system 

Earth Fault Current Setting (Where the three 
CT’s at the incomer of the PFC system are used): 

>= 10% of the CT’s current rating, provided that 
the ratio of the CT’s was accurately specified for 
the system at hand. 

Reaction time setting: ±0.1s 
Table 11: Typical Earth-Fault Settings for Commissioning 

Capacitor Component Short-Circuit 
After reading this sub-section, you should negate this setting from your protection scheme. It was previously 

recommended to always order capacitors with internal fuses. Now it is time to understand why: 

Protection considerations and protection of capacitor component-level short circuit when external fuses are used, is 

very difficult. Do not at this stage confuse external fuses with the “main-line” protection fuses discussed in the fault 

isolation and protection section of this document. We are not talking about fuses that protect the “internal 

components” of a capacitor.  

To prevent headaches, it is always wise to procure capacitors with internal fuses, as your component level unbalance 

protection schemes will then remain simple, and more importantly reliable.  

A component level short-circuit is usually caused by a flashover of an individual sub-unit (one of several circuits 

comprising the overall, single capacitor you see). When you do not have internal fuses, the parallel-wired sub-units 

are shunted by the faulty sub-unit. When this happens: 

a. The overall capacitor impedance is modified; 

b. The capacitor’s supply voltage is essentially supplied to one less sub-unit within the overall capacitor 

assembly; 

c. This results in each healthy sub-unit being exposed to greater operational stresses which can cause 

cascading flashovers, leading to a full-blown short-circuit and possible explosion of the capacitor housing. 

However, if you order internally fused capacitors, each sub-unit is essentially protected through fusing. Therefore, 

when a component level short-circuit occurs, the sub-unit’s fuse will melt; isolating the faulty sub-unit from the overall 

capacitor assembly. The evacuation of the faulty sub-unit means that your capacitor remains fault free and can still, 

technically, operate.  

The overall impedance of the capacitor is obviously still adjusted, but in laymen terms, the isolation of the faulty sub-

unit means that there will no longer be an internal fault that causes fluctuating system stresses within the capacitor. 

Thus, you mitigate the possibility of multiple flash-overs, a dead-short and possible explosion of the capacitor unit.  

To highlight how difficult system protection can become when utilizing capacitors that are not internally fused, let us 

have a look at what protection of unfused units’ entails: 
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Internal faults are monitored by reading system impedance and implementing an algorithm to analyze change in 
impedance by comparing the system impedance to a user-defined threshold, defined from a healthy capacitor with 
no defects. 

This algorithm along with associated equipment used to measure system readings, would need to be accurate 
enough in order to comply with the industry norm of tripping a system that experiences a component-level fault within 
±1.0 s after a fluctuation of <1 A relative to the set threshold is experienced. 

Hence you should understand the complexity and possible associated costs when not utilizing internally fused 
capacitors in your design. Obviously if you use internally fused capacitors, this segment of system protection is 
negated. If you however need to protect a system comprising of capacitors that are not internally fused, it is advisable 
that you research this method of protection in enough detail to confirm that your hardware side and protection setting 
side of the system is properly designed/defined respectively. 

Reclose Timer 

When the supply (feeder) breaker of your system is tripped or opened for any reason whatsoever, the bank should 
not be re-energized for fixed, pre-defined period of time. This time period needs to be set in your protection scheme. 

i.e. A binary output on your relay, usually in the normally closed position will actuate after a trip/close and activate 
the "VCB inhibit close" within your breaker control circuit. The relay, when actuated essentially breaks your control 
circuit line within your breaker, ensuring that even if a close signal is generated somewhere in your system, it will not 
reach your breaker control circuit until such time that timeout period has lapsed. 

The reason for this protection feature, is to prevent severe transients from being generated on the overall distribution 
system when you close a charged capacitor bank onto a live system. 

Some relays offer several variants when it comes to implementing this protection philosophy. However, if 
unexperienced, do not venture into these, stick to the basics. More importantly all breakers already have an easily 
accessible inhibit close point within their control circuit; why reinvent the wheel when a standard for preventing a 
breaker from closing already exists. 

Will all protection aspects of your PFC system stick to the KISS (Keep it simple Stupid) philosophy. This will ensure 
that you do not compromise integrity and in turn the reliability of your system, because you were trying to prove a 
point in terms of how complicated you could make your design. 

The reclose timer basically functions in the same way as your user access control timer circuit. The operator can only 
get a series of access keys to complete tasks before accessing the designated capacitor chamber/area, after the 
capacitors are discharged. The reclose timer is just a dedicated, relay-internal based function to ensure that 
protection is never compromised. With this being said, do not try and bridge all timing function off of this single timer. 

On the GE Multilin C70 relay, you do not only have one "dedicated" timing relay, but several depending on what you 
order. Thus, my previous statement of having one unit to control all aspects of the system, is not contradicted. 

We can now look at the typical reclose timer settings: 

[ Typical Reclose Timer Settings  
I  Fixed, no-override time delay: 	1  5m <= reclose time delay <= 10m , 

Table 12: Typical Reclose Timer Settings for Commissioning 
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Internal faults are monitored by reading system impedance and implementing an algorithm to analyze change in 

impedance by comparing the system impedance to a user-defined threshold, defined from a healthy capacitor with 

no defects.  

This algorithm along with associated equipment used to measure system readings, would need to be accurate 

enough in order to comply with the industry norm of tripping a system that experiences a component-level fault within 

±1.0 s after a fluctuation of <1 A relative to the set threshold is experienced.  

Hence you should understand the complexity and possible associated costs when not utilizing internally fused 

capacitors in your design. Obviously if you use internally fused capacitors, this segment of system protection is 

negated. If you however need to protect a system comprising of capacitors that are not internally fused, it is advisable 

that you research this method of protection in enough detail to confirm that your hardware side and protection setting 

side of the system is properly designed/defined respectively.  

Reclose Timer  
When the supply (feeder) breaker of your system is tripped or opened for any reason whatsoever, the bank should 

not be re-energized for fixed, pre-defined period of time. This time period needs to be set in your protection scheme.  

i.e. A binary output on your relay, usually in the normally closed position will actuate after a trip/close and activate 

the “VCB inhibit close” within your breaker control circuit. The relay, when actuated essentially breaks your control 

circuit line within your breaker, ensuring that even if a close signal is generated somewhere in your system, it will not 

reach your breaker control circuit until such time that timeout period has lapsed.  

The reason for this protection feature, is to prevent severe transients from being generated on the overall distribution 

system when you close a charged capacitor bank onto a live system.  

Some relays offer several variants when it comes to implementing this protection philosophy. However, if 

unexperienced, do not venture into these, stick to the basics. More importantly all breakers already have an easily 

accessible inhibit close point within their control circuit; why reinvent the wheel when a standard for preventing a 

breaker from closing already exists.  

Will all protection aspects of your PFC system stick to the KISS (Keep it simple Stupid) philosophy. This will ensure 

that you do not compromise integrity and in turn the reliability of your system, because you were trying to prove a 

point in terms of how complicated you could make your design.  

The reclose timer basically functions in the same way as your user access control timer circuit. The operator can only 

get a series of access keys to complete tasks before accessing the designated capacitor chamber/area, after the 

capacitors are discharged. The reclose timer is just a dedicated, relay-internal based function to ensure that 

protection is never compromised. With this being said, do not try and bridge all timing function off of this single timer.  

On the GE Multilin C70 relay, you do not only have one “dedicated” timing relay, but several depending on what you 

order. Thus, my previous statement of having one unit to control all aspects of the system, is not contradicted.  

We can now look at the typical reclose timer settings: 

Typical Reclose Timer Settings 

Fixed, no-override time delay: 5m <= reclose time delay <= 10m 
Table 12: Typical Reclose Timer Settings for Commissioning 
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Local/Remote Lockout 

This is not a setting. It is simply a safety procedure. 

When your breaker is set in remote position, it means the breaker is basically controllable from a remote operator 
and/or control system. I.e. when your control system is running, the breaker will be in the remote position to allow all 
of your protection features to work properly. 

However, when a technician is working on a panel, or wants to manually isolate the PFC system, they will place the 
breaker into local mode. This means that only they can control the breaker, at the breaker. The external system(s) 
cannot operate the breaker while they are busy. This ensures the intrinsic safety of the operator or technician. 

Usually, depending on the type of local/remote switch operated on the breaker, there will be spare contacts on the 
changeover switch. You would then run your trip and/or close signals through this switch. Hence when in remote, 
your PFC system can open/close the breaker, when in local, it can't. 

You could for example run a binary input signal from this switch into your relay in the form of a kind of breaker control 
status watchdog. But again, KISS. The chances of failure on a software bugs compared to the failure of industry 
tested, trusted mechanical switches are high. Don't risk your credibility and professional indemnity by experimenting 
with untried techniques, unless you have thoroughly tested and exposed your modification/idea to the possible 
associated risks. 

This essentially wraps up the basics of what you need to know, in order to commission your PFC system. For a basic 
summary of the key protection areas within your capacitor bank, Figure 27 can be referenced. 

Figure 27: Single Line Example of Capacitor Bank Protection 
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Local/Remote Lockout 
This is not a setting. It is simply a safety procedure.  

When your breaker is set in remote position, it means the breaker is basically controllable from a remote operator 

and/or control system. I.e. when your control system is running, the breaker will be in the remote position to allow all 

of your protection features to work properly.  

However, when a technician is working on a panel, or wants to manually isolate the PFC system, they will place the 

breaker into local mode. This means that only they can control the breaker, at the breaker. The external system(s) 

cannot operate the breaker while they are busy. This ensures the intrinsic safety of the operator or technician.  

Usually, depending on the type of local/remote switch operated on the breaker, there will be spare contacts on the 

changeover switch. You would then run your trip and/or close signals through this switch. Hence when in remote, 

your PFC system can open/close the breaker, when in local, it can’t.  

You could for example run a binary input signal from this switch into your relay in the form of a kind of breaker control 

status watchdog. But again, KISS. The chances of failure on a software bugs compared to the failure of industry 

tested, trusted mechanical switches are high. Don’t risk your credibility and professional indemnity by experimenting 

with untried techniques, unless you have thoroughly tested and exposed your modification/idea to the possible 

associated risks.  

This essentially wraps up the basics of what you need to know, in order to commission your PFC system. For a basic 

summary of the key protection areas within your capacitor bank, Figure 27 can be referenced.  

 
Figure 27: Single Line Example of Capacitor Bank Protection 

http://electrical-engineering-portal.com/wp-content/uploads/double-star-connected-capacitor-bank.gif 
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Critical mathematical formulae required for the design of power 

factor correction systems 

Up to now, the basic formulae have been discussed throughout the paper. However, in many of the last "more-
detailed" sections, there have been several variables listed for consideration when designing a PFC system. 

To prevent confusion, and unnecessary repetition through constantly referencing the formulae, they are all listed in 
this section for easy reference as well as to not break chains of though when reading through some of the longer 
sections. 

When working with these formulae, I recommend utilizing a decent scientific calculator that you are familiar and 
comfortable with using to ensure that your answers are accurate. 

The first formula is to work out the output of three-phase capacitors based from three single-phase capacitance 
measurements. i.e. If you use three single phase capacitors in star configuration or delta configuration, you could 
use this formula to calculate the resulting capacitance of the banks as a whole: 

2 
Q= 3 ( Ca  + Cb  + Cc )(coUN 2  * 10-6) 

Equation 14: Computation of three-phase capacitors comprised of three single-phase capacitance measurements 
Where: 
Q = megavar rating; 
Ca /Cb /Cc  = the microfarad reading of capacitors a, b, c respectively (L1/L2/L3); 
UN = System primary voltage in kilovolts; 
co = natural frequency derived from frequency. 

To make life easier, the following equation and conversion constants are listed in order to be able to use Equation 
14: 

co = 2n(f) 
Equation 15: Formula to calculate Natural Frequency 

Where: 
co = natural frequency derived from frequency; 
f = expected system frequency (i.e. 50Hz in South Africa). 

1kVAr = 1000 VAr 
1mVAr = 1000 kVAr 

Equation 16: Conversion Factors between VAr/kVAr/mVAr Ratings 
Where: 

VAr = Volt-Ampere-Reactive ("Var"); 
kVAr = Kilovolt-Ampere-Reactive ("Kilovar"); 
mVAr = Megavolt-Ampere-Reactive ("Megavar"). 

In some cases, a capacitor may be in resonance with a harmonic, in accordance with the following equation: 
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Critical mathematical formulae required for the design of power 
factor correction systems 
Up to now, the basic formulae have been discussed throughout the paper. However, in many of the last “more-

detailed” sections, there have been several variables listed for consideration when designing a PFC system.  

To prevent confusion, and unnecessary repetition through constantly referencing the formulae, they are all listed in 

this section for easy reference as well as to not break chains of though when reading through some of the longer 

sections.  

When working with these formulae, I recommend utilizing a decent scientific calculator that you are familiar and 

comfortable with using to ensure that your answers are accurate.  

The first formula is to work out the output of three-phase capacitors based from three single-phase capacitance 

measurements. i.e. If you use three single phase capacitors in star configuration or delta configuration, you could 

use this formula to calculate the resulting capacitance of the banks as a whole: 

𝑄 =  
2

3
 ( 𝐶𝑎 + 𝐶𝑏 +  𝐶𝐶)(𝜔𝑈𝑁

2 ∗ 10−6) 

Equation 14: Computation of three-phase capacitors comprised of three single-phase capacitance measurements 

Where: 
𝑄 = megavar rating; 

𝐶𝑎/𝐶𝑏/𝐶𝑐 = the microfarad reading of capacitors a, b, c respectively (L1/L2/L3); 

𝑈𝑁 = System primary voltage in kilovolts; 
𝜔 = natural frequency derived from frequency. 
 

To make life easier, the following equation and conversion constants are listed in order to be able to use Equation 

14: 

𝜔 = 2𝜋(𝑓) 
Equation 15: Formula to calculate Natural Frequency 

Where: 
𝜔 = natural frequency derived from frequency; 
𝑓 = expected system frequency (i.e. 50Hz in South Africa). 
 

1𝑘𝑉𝐴𝑟 = 1000 𝑉𝐴𝑟 

1𝑚𝑉𝐴𝑟 = 1000 𝑘𝑉𝐴𝑟 
Equation 16: Conversion Factors between VAr/kVAr/mVAr Ratings 

Where: 
 
VAr = Volt-Ampere-Reactive (“Var”); 
kVAr = Kilovolt-Ampere-Reactive (“Kilovar”); 
mVAr = Megavolt-Ampere-Reactive (“Megavar”). 

 

In some cases, a capacitor may be in resonance with a harmonic, in accordance with the following equation: 
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r= 

Equation 17: Determining the harmonic level for which a capacitor may be in Resonance with a Harmonic 
Where: 

r = the harmonic number that is the ration between the resonant frequency (Hz), and the network 
frequency (Hz) [e.g. the 5th Harmonic]; 
Q = megavar rating of the capacitor bank; 
S = the short-circuit power in MVA (fault-rating) at the point where the capacitor bank is to be 
connected. 

Fault levels are generally specified either in MVA or kA. If you have a kA value and want to know what it represents 
in MVA, the following equation can be utilized: 

MVA 
kA = _ 	 

V3 * UN  
Equation 18: kA-MVA Fault-Level Conversion Formula for a Three-Phase System 

Where: 

kA = the fault rating in kilo-amperes; 
MVA = the fault raring in mega-volt-amperes; 
UN  = system primary voltage in kilovolts; 

When you connect a capacitor bank to a system, you will experience a permanent voltage increase for the duration 
during which the capacitor bank is connected to the system. To determine this voltage increase, the following 
equation can be used: 

AU Q 
U s 

Equation 19: Approximating the voltage increase on a system when Capacitor Banks are Connected 
Where: 

AU = approximate voltage increase; 
Q = megavar rating of the capacitor bank; 
S = the fault rating in MVA at the point where the capacitors are to be connected; 
U = system primary voltage in kilovolts before connection of the capacitor bank. 
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𝑟 =  √
𝑆

𝑄
 

Equation 17: Determining the harmonic level for which a capacitor may be in Resonance with a Harmonic 

Where: 
 
r = the harmonic number that is the ration between the resonant frequency (Hz), and the network 
frequency (Hz) [e.g. the 5th Harmonic]; 
Q = megavar rating of the capacitor bank; 
S = the short-circuit power in MVA (fault-rating) at the point where the capacitor bank is to be 
connected. 

 

Fault levels are generally specified either in MVA or kA. If you have a kA value and want to know what it represents 

in MVA, the following equation can be utilized: 

𝑘𝐴 =  
𝑀𝑉𝐴

√3 ∗ 𝑈𝑁

 

Equation 18: kA-MVA Fault-Level Conversion Formula for a Three-Phase System 

Where: 
 
kA = the fault rating in kilo-amperes; 
MVA = the fault raring in mega-volt-amperes; 
𝑈𝑁 = system primary voltage in kilovolts; 
 

 

When you connect a capacitor bank to a system, you will experience a permanent voltage increase for the duration 

during which the capacitor bank is connected to the system. To determine this voltage increase, the following 

equation can be used: 

∆𝑈

𝑈
 ≅  

𝑄

𝑆
 

Equation 19: Approximating the voltage increase on a system when Capacitor Banks are Connected 

Where: 
 
∆𝑈 = approximate voltage increase; 
Q = megavar rating of the capacitor bank; 
S = the fault rating in MVA at the point where the capacitors are to be connected; 
U = system primary voltage in kilovolts before connection of the capacitor bank. 
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The next important equations for the design of a PFC system(s) is to be able to calculate the inrush transient currents 
effects when switching in capacitor banks into a power system. We will consider two scenarios, each with their own 
equations: 

1. Engaging a single capacitor bank; 

Engaging a capacitor bank in parallel with energized bank(s)./s  •• IN ( 

Equation 20: Formula to calculate the inrush current effect of switching a single capacitor Bank 
Where: 

Is = the crest of the bank inrush current expressed in A; 
In = rated RMS bank current in A; 
S = the fault rating in MVA at the point where the capacitors are to be connected; 
Q = megavar rating of the capacitor bank. 

II-V2 	 1 	1 
Is  = 

	

	 and Xc  = 3U2 (
Q1

+ 
Q2

) *10-6 
IX * X, 

Equation 21: Formula to calculate in the inrush current effect of switching in a capacitor bank in parallel with 
already energized Capacitor Banks 

Where: 

Is = the crest of the bank inrush current expressed in A; 
U = the phase-to-ground voltage in V; 
Xc = the series connected capacitive reactance per phase in 0; 
XL = the inductive reactance per phase between the banks in 0; 
Q1 = megavar rating of the capacitor bank that is to be switched in; 
Q2 = the summated megavar rating of all the capacitor banks already energized. 

When procuring your capacitors, you may feel the need to provide the specific resistance of the discharge resistor(s) 
to be utilized in your cans. This may be required for specialized projects, but in general, you will mostly provide a 
time requirement to the manufacturer and they will adhere to it, with proof provided to you in the manufacturer's test 
certificate. 

If you wish to calculate the specific resistance to be utilized, or want to check the manufacturer's design if a poor-
quality test certificate was delivered, you can use the following formula: 

t 
R < 	

((U N) (An 

UR 
Equation 22: Calculating the discharge resistance required per single-phase capacitor Unit 

Where: 

t = the time in seconds to discharge the capacitor unit from the RMS operating voltage to the 
permissible residual voltage; 
R = the discharge resistor's resistance expressed in m0; 
C = the capacitance of the unit if NF; 
UN = the rated voltage of the unit in volts; 
UR = the permissible residual voltage expressed in volts. 

For your protection time outs, many texts refer to acceptability of allowing access to a capacitor bank, when it reaches 
10% of its rated voltage. You might want to then use this time variable to define your time delays within your protection 
scheme. The following formula can be used: 
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The next important equations for the design of a PFC system(s) is to be able to calculate the inrush transient currents 

effects when switching in capacitor banks into a power system. We will consider two scenarios, each with their own 

equations: 

1. Engaging a single capacitor bank; 

Engaging a capacitor bank in parallel with energized bank(s).𝐼𝑆 ≅ 𝐼𝑁(√
2𝑆

𝑄
) 

Equation 20: Formula to calculate the inrush current effect of switching a single capacitor Bank 

Where: 
 
Is = the crest of the bank inrush current expressed in A; 
In = rated RMS bank current in A; 
S = the fault rating in MVA at the point where the capacitors are to be connected; 
Q = megavar rating of the capacitor bank. 
 

 

𝐼𝑆 =  
𝑈√2

√𝑋𝐶 ∗ √𝑋𝐿   
 𝑎𝑛𝑑 𝑋𝐶 = 3𝑈2 (

1

𝑄1
+ 

1

𝑄2
) ∗ 10−6 

Equation 21: Formula to calculate in the inrush current effect of switching in a capacitor bank in parallel with 
already energized Capacitor Banks 

Where: 
 
Is = the crest of the bank inrush current expressed in A; 
U = the phase-to-ground voltage in V; 
Xc = the series connected capacitive reactance per phase in Ω; 
XL = the inductive reactance per phase between the banks in Ω; 
Q1 = megavar rating of the capacitor bank that is to be switched in; 
Q2 = the summated megavar rating of all the capacitor banks already energized. 

 
 

When procuring your capacitors, you may feel the need to provide the specific resistance of the discharge resistor(s) 

to be utilized in your cans. This may be required for specialized projects, but in general, you will mostly provide a 

time requirement to the manufacturer and they will adhere to it, with proof provided to you in the manufacturer’s test 

certificate. 

If you wish to calculate the specific resistance to be utilized, or want to check the manufacturer’s design if a poor-

quality test certificate was delivered, you can use the following formula: 

𝑅 ≤  
𝑡

𝐶(𝐼𝑁) (
(𝑈𝑁)(√2)

𝑈𝑅
)

 

Equation 22: Calculating the discharge resistance required per single-phase capacitor Unit 

Where: 
 
t = the time in seconds to discharge the capacitor unit from the RMS operating voltage to the 
permissible residual voltage; 
R = the discharge resistor’s resistance expressed in mΩ; 
C = the capacitance of the unit if µF; 
UN = the rated voltage of the unit in volts; 
UR = the permissible residual voltage expressed in volts. 
 

For your protection time outs, many texts refer to acceptability of allowing access to a capacitor bank, when it reaches 

10% of its rated voltage. You might want to then use this time variable to define your time delays within your protection 

scheme. The following formula can be used: 
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t1 = 2.65RC = 

4( 
 UR 

(uN )61-2)  
) 

Equation 23: Formula to calculate the discharge time of a single-phase capacitor to 10% of its rated Voltage 
Where: 

t = the time in seconds to discharge the capacitor unit from the RMS operating voltage to the 
permissible residual voltage; 
UN = the rated voltage of the unit in volts; 
UR = the permissible residual voltage expressed in volts; 
t1 = the discharge time in seconds, to 10% of the rated voltage. 

These formulae should provide you with all of the basic parameters to carry out a proper system design. They do 
however at times need to mathematically manipulated and applied to designs through common sense. 

Additional system design considerations 

The following basic design considerations are briefly discussed: 

1. Auxiliary Control Voltage; 
2. Thermal Management; 
3. General Mechanical Features; 
4. System reticulation, busbars vs. cable. 

Auxiliary Control Voltage 

Based on the fact that your contactors operate at a control voltage of 230VAC, it makes common sense to run all 
system control voltages at 230VAC. In some cases, you will need a DC control voltage for electronic control 
components and this can be derived with the required redundancy considerations from the 230VAC supply. 

The supply voltage should be supplied from a redundant source from the existing LV reticulation network on-site. In 
some special cases, you could even consider putting in an adequately sized auxiliary transformer in outdoor units, 
where the nearest point of supply is far away. When doing this however, you need to be careful, as if your main 
feeder breaker trips, you will lose your auxiliary voltage and this could pose detrimental consequences on your 
protection and control system. You need to evaluate this option with great perspicacity. 

Thermal Management 

For very harsh operating environments in terms of climate, you can incorporate temperature sensors into your design 
to engage forced cooling systems to maintain safe operating temperatures for you PFC system(s). 

Your thermal management system could also be used to initialize system trips in sever thermal-overload conditions. 
This method of protection ensures redundancy and, in some cases, faster response times that utilizing only the 
overload protection scheme discussed earlier in this document. 

0 LAS 
	

65 

2.65(t) 

Power Factor Correction Basics I of II © 2020 

 

 

 65 

𝑡1 = 2.65𝑅𝐶 =  
2.65(𝑡)

𝐼𝑁(
(𝑈𝑁)(√2)

𝑈𝑅
)

 

Equation 23: Formula to calculate the discharge time of a single-phase capacitor to 10% of its rated Voltage 

Where: 
 
t = the time in seconds to discharge the capacitor unit from the RMS operating voltage to the 
permissible residual voltage; 
UN = the rated voltage of the unit in volts; 
UR = the permissible residual voltage expressed in volts; 
t1 = the discharge time in seconds, to 10% of the rated voltage. 

 

These formulae should provide you with all of the basic parameters to carry out a proper system design. They do 

however at times need to mathematically manipulated and applied to designs through common sense. 

Additional system design considerations 
The following basic design considerations are briefly discussed: 

1. Auxiliary Control Voltage; 

2. Thermal Management; 

3. General Mechanical Features; 

4. System reticulation, busbars vs. cable. 

Auxiliary Control Voltage 
Based on the fact that your contactors operate at a control voltage of 230VAC, it makes common sense to run all 

system control voltages at 230VAC. In some cases, you will need a DC control voltage for electronic control 

components and this can be derived with the required redundancy considerations from the 230VAC supply.  

The supply voltage should be supplied from a redundant source from the existing LV reticulation network on-site. In 

some special cases, you could even consider putting in an adequately sized auxiliary transformer in outdoor units, 

where the nearest point of supply is far away. When doing this however, you need to be careful, as if your main 

feeder breaker trips, you will lose your auxiliary voltage and this could pose detrimental consequences on your 

protection and control system. You need to evaluate this option with great perspicacity.  

Thermal Management 
For very harsh operating environments in terms of climate, you can incorporate temperature sensors into your design 

to engage forced cooling systems to maintain safe operating temperatures for you PFC system(s).  

Your thermal management system could also be used to initialize system trips in sever thermal-overload conditions. 

This method of protection ensures redundancy and, in some cases, faster response times that utilizing only the 

overload protection scheme discussed earlier in this document.  
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General Mechanical Features 

The following mechanical characteristics are often overlooked. Be sure you consider them from the start: 

a. Water, dust and rodent ingress protection; 
b. Natural/forced ventilation; 
c. Tropical roofs; 
d. Safety and convenience lighting; 
e. Explosion hatches; 
f. Plinth design vs. installation area; 
g. Bolt cages for mounting; 
h. Cable entry and crutch placement; 
i. Treatment of steel used in fabrication vs. site installation conditions. 

System reticulation Busbar vs. Cable 

In most PFC designs, use of busbar is preferable. It is easy to work with and is versatile when it comes to design 
specification at MV level. 

In the lifespan of a system, busbars allow for simpler, cheaper maintenance, additions and modifications. 

Correctly insulated cable, is often only available in diameters which are complete overkill for the system you are 
designing. MV single-core cable is expensive and depending on the diameter of the cable, difficult to work with in 
confined spaces, especially when bending radii of possibly different sized cables needs to be considered. 

A major cost implication when using MV rated cable, is minimum ordering requirements. This cable is specialized 
and not always held as a stock item by suppliers in the diameter ranges you are most likely to utilize on MV PFC 
design. If you order say a 35mm2  cable you would look at having to order a minimum quantity of ±500m. 

Everyone has their preference of course. When utilizing busbars, you need to make sure that they are properly 
insulated if required, and that your creepage distances and support distances are maintained, in-line with your system 
characteristics. If installed in enclosures, you need to factor in the relevant mechanical considerations to ensure that 
the enclosure can withstand typical fault conditions if experienced. 

Conclusion 

Power factor correction is a specialized field. It takes many years of experience to be able to design a PFC system 
properly. You cannot know everything, and to be a jack of all trades yet a master of none, will not stand you or your 
company in good stead. 

After studying this paper, you should be able to have a general idea as to the various requirements and factors that 
need to be considered when specifying, designing and fabricating a PFC system. 

This paper has focused on revisiting basic electrical theory and calculations so that it can be used as a desktop 
reference for various persons who may be looking at designing PFC systems for the first time, based on the shortage 
of sufficient local PFC turnkey solutions providers within Africa. 

Vol-II of this paper, will investigate the implementation of harmonic filtering in PFC systems. Now that there is a 
sufficient foundation that has been formed for PFC design, this volume will be more concise and will reference the 
basics discussed in this paper accordingly. 
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General Mechanical Features 
The following mechanical characteristics are often overlooked. Be sure you consider them from the start: 

a. Water, dust and rodent ingress protection; 

b. Natural/forced ventilation; 

c. Tropical roofs; 

d. Safety and convenience lighting; 

e. Explosion hatches; 

f. Plinth design vs. installation area; 

g. Bolt cages for mounting; 

h. Cable entry and crutch placement; 

i. Treatment of steel used in fabrication vs. site installation conditions. 

System reticulation Busbar vs. Cable 
In most PFC designs, use of busbar is preferable. It is easy to work with and is versatile when it comes to design 

specification at MV level.  

In the lifespan of a system, busbars allow for simpler, cheaper maintenance, additions and modifications. 

Correctly insulated cable, is often only available in diameters which are complete overkill for the system you are 

designing. MV single-core cable is expensive and depending on the diameter of the cable, difficult to work with in 

confined spaces, especially when bending radii of possibly different sized cables needs to be considered.  

A major cost implication when using MV rated cable, is minimum ordering requirements. This cable is specialized 

and not always held as a stock item by suppliers in the diameter ranges you are most likely to utilize on MV PFC 

design. If you order say a 35𝑚𝑚2 cable you would look at having to order a minimum quantity of ±500m. 

Everyone has their preference of course. When utilizing busbars, you need to make sure that they are properly 

insulated if required, and that your creepage distances and support distances are maintained, in-line with your system 

characteristics. If installed in enclosures, you need to factor in the relevant mechanical considerations to ensure that 

the enclosure can withstand typical fault conditions if experienced. 

Conclusion 
Power factor correction is a specialized field. It takes many years of experience to be able to design a PFC system 

properly. You cannot know everything, and to be a jack of all trades yet a master of none, will not stand you or your 

company in good stead.  

After studying this paper, you should be able to have a general idea as to the various requirements and factors that 

need to be considered when specifying, designing and fabricating a PFC system.  

This paper has focused on revisiting basic electrical theory and calculations so that it can be used as a desktop 

reference for various persons who may be looking at designing PFC systems for the first time, based on the shortage 

of sufficient local PFC turnkey solutions providers within Africa. 

Vol-II of this paper, will investigate the implementation of harmonic filtering in PFC systems. Now that there is a 

sufficient foundation that has been formed for PFC design, this volume will be more concise and will reference the 

basics discussed in this paper accordingly.  
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