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The courses and qualifications mentioned in this presentation are offered by separate legal entities
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Please keep discussion lawful and respectful; follow the moderator’s directions.

Do not share illegal or abusive content. Recording is not permitted unless authorised.
Breaches may lead to removal.

To protect intellectual property, confidential information, and the privacy of presenters and
attendees, the use of Al note-taking bots, recording bots, or automated meeting assistants is

not permitted during this webinar. Any unauthorized Al agents may be removed from the
session at the organizer's discretion.
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Learning Objectives

By the End of This Session Participants will be able

to:

Explain the purpose of capacitor banks

Understand common capacitor bank
failure modes

|dentify harmonic-related risks
Explain resonance phenomena
Investigate unusual asset failures
Develop mitigation strategies

Enjoyment

i

Inspiration

Learning

(\ Roadmap /
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Progress
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What Happened?
An 11 kV capacitor bank suddenly failed inspection.

Observations:
v/ No protection trip
v/ No explosion heard
v No fire
v No visible external damage

Yet:

X Several capacitor units were internally
destroyed.
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Initial Clues

Site Conditions

Industrial facility
e Large VSD installations
e Arcfurnaces
* Non-linear loads
e Significant harmonic distortion

Capacitor bank:
* |Installed 7 years earlier
e Rated for expected reactive demand
* No major modifications reported
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Why do capacitor banks exist?

Primary Functions

Capacitor banks:

Improve power factor
Reduce network losses
Increase voltage support
Release transformer capacity
Reduce demand penalties

Engineering Institute of Technology.
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Power Triangle

Apparent Power
Measured in VA

S=VI

S
S = I(Pz+02)

KVA = VkW *+ kVAR?

Phase
Angle P

Active, Real or True Power
Measured in Watts

P=VICosb

Q

Reactive Power
Measured in VAR

Q=V1Sinb

www.electricaltechnology.org
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Typical Capacitor Bank Construction

Main Components:

+ Capacitor units What is a Capacitor Bank
* Fuses
e Switching devices % Discharge
* Protection relays Resktors
 Current transformers
Capacitors
* \oltage transformers
Discharge resistors e
1 Contactors
N \ =
iy
Switches/ Power Factor

Contactors Controller
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Normal Failure Modes

Common Causes:
* Dielectric breakdown
* Qvervoltage
* QOvercurrent
* Ageing
* Moisture ingress
* Manufacturing defects
e Switching transients
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Inspection Findings

Internal Examination

Engineers discovered:
* Bulging capacitor cans
* Ruptured dielectric layers
* Discoloured internal components
e Elevated temperatures

No evidence of:
* Lightning
* Major switching surge
e External short circuit

IDC

Technologies
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Why Didn't Protection Operate?

Protection included:
* QOvercurrent
e Earth fault
* Unbalance detection

No recorded trip events. Overcurrent Directional Differential

Relay Relay Relay

Distance
Relay
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First Investigation Hypothesis

Was It Overvoltage?

Measurements showed:
* System voltage within limits
* No significant utility disturbances
* No recorded voltage excursions

Conclusion:

Overvoltage unlikely.
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Thermal Investigation

Temperature History

Infrared inspection records showed:
* Slight temperature increase
* Progressive worsening
* No alarm thresholds exceeded

ing Institute of ‘ ineering College of Technology. ‘ Engineering College of Science and Technology. ‘

Reflected IR radiation
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Harmonic Measurements IMPEDANCE-FREQUENCY RESPONSE OF DETUNED CAPACITOR BANKS
Power quality survey revealed: e S R St famoric 7t Harmeric T 1t Harmeric
* High 5th harmonic T ‘ :

Undetuned Capacitor Bank
(Red Dashed Line, 350 Hz Peak)

(Orange Line, 210 Hz Peak)

e Significant 7th harmonic
 Elevated THD

14% Detuning
(Blue Line, 134 Hz Peak)

7% Detuning
(Teal Solid Line, Emphasized, 189 Hz Peak)

Danger Zone
(200-400 Hz, Red Shaded)

Impedance magnitude (ohms)
A<

o s .

Safe Region
(Below 200 Hz, Teal Shaded)

I
I -
I

I I

I 1

L 1 1 : 1 1 1 1 : 1 1 1

50 50 100 150 200 250 300 350 400 450 500 550 600 650 700 750
Frequency (Hz)
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Sources of Harmonics

Harmonic-Producing Equipment
* Variable speed drives
* UPS systems
e Arcfurnaces
* Rectifiers
* Switching power supplies

»IDC

Technologies
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Capacitor Reactance PEIT DECT
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Capacitors and Frequency

Capacitive reactance decreases with frequency.

C [
E [
= '
° Xc | - X
The Reactance Formula - I ’ L
. I
This inverse relationship is governed by the standard mathematical formula for 8 i
capacitive reactance (X): @ = |
] I
B ==
oo 1 Q i
¢~ 2xfC O :
o B
Where: I
|
+ X isthe capacitive reactance measured in Ohms (£2) 1
]
+ fis the frequency of the signal in Hertz (Hz) 1 f_
» (s the capacitance in Farads (F) ¢ O A

frequency

21



Harmonic Current Amplification PEIT DECT | RECST +>1DC

nnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnn Technologies

A Hidden Problem |
6
Higher harmonic frequencies can produce: Sp— \/I N
: \

e Excessive current

* Excessive heatin wereiom
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The Resonance Concept

Electrical Resonance

Power systems contain:
* Inductance
* (Capacitance

Together, they can form resonant circuits.

! Engineering College of Technology. ‘ Engineering College of Science and Technology. ‘
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What is LC Circuit?

it) ¢

i(t)
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The Critical Frequency
When inductive and capacitive reactance balance:

Resonance occurs.

6
Consequences:
* High currents N R S U0 S R maxima
- -~ T=0.0
* High voltages — =01
e Equipment stress 4r — 7=0.2
— (=0.3
o — 7=0.5
¢=1.0
2}
1
0

0.0 0.5 1.0 1.5 2.0 2.5 3.0
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System Modelling
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Detailed Simulation Yetap

_ Harmonic Sources & Software Modeling
Engineers created:

5 Neswierk medls] * Typical current spectrum for a 6 Pulse drive
* Harmonic model ' i ' E '
 Capacitor bank model ', |

Results indicated resonance near the 5th _
harmonic. i1,

25
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What Resonance Did? 2EIT RECT

hnology.

Harmonic Magnification

The capacitor bank became a sink for amplified harmonic currents.

Consequences: Parallel X,
. . Z : . =
* Increased dielectric stress resonance:  fr X, + X
source
* Internal heating
. p . . X
rogressive degradation SR T
Ih XC

T Harmonic number h

Series resonance: hs

26



Why Failure Was Quiet? PEIT DECT
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Gradual Damage Process

B -a--. phase C
Damage accumulated through: : - > Y
* Continuous overheating 8 \/<\/
* Dielectric ageing S B i
1 1 p

* Internal pressure increase

three-phase
voltage(kV)

*Stagel Stage3 4
. Stage ‘

-

No dramatic event occurred.

A

- p— 0
2% 14
bR 1.
Q..: - =
o © 4]
Qt -
= = i
-

5 10 15 20 25 30 35 40
n(ms)
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Capacitor Internal Physics PEIT DECT | RECST +>1DC
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Inside the Capacitor

No Diectric With Dieectric
Failure mechanisms: (Vacuum) (Material “@”)
 Dielectric deterioration — i
* Partial discharge 4?;1_\*\}1 ' | ‘H/’;

* (Gasgeneration

R S ‘l
S Viis - \':u’ - —>
S T RS L
—”///////,' ‘A\> N -~ ’///.l % \\\ i
. THRARST A/’/ AN 'S i
. _ CSERRS 7
e Pressure build-up w7 T IR ' + I d
7 I
7

C, = ,Ald C =2.Co=myAld

Introducing a didectric material
increases the capacitance (C' > ()

28
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Laboratory Findings

o 'Eﬂf“»g- T
. i £ 9 £

Testing revealed:
* Local insulation breakdown
e Carbonisation tracks
e Dielectric erosion

29
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Protection Blind Spots . .
Capacitor Bank Protection

(Circuits & Relay) souron /-

Protection monitored:
v' Faults

v Short circuits
v" Unbalance
But not:
X Progressive harmonic heating

BREAKER

LINE — OVER CURRENT
CTs ¢ PROTECTION
L e oo

CAPACITOR
BANK

OVER VOLTAGE AND
TIME DELAY RELAYS

g -~ & Electrical 4U
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Asset Management Lessons 2EIT | DECT

Monitoring Requirements

Monitor:
* Harmonic levels
 Temperature trends
* (Capacitor current
e THD
 Unbalance

31




Modern Power Systems Challenge PEIT RECT | ECST |.>1DC
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More Electronics = More Harmonics

Growth drivers:
 Renewable energy
« EV charging
* VSDs
* Data centres

—. o | U
NTELTAS . - - .
Wi \ S

J | CEREETE B a8
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PRATRE AR
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Engineering Investigation Process 2EIT RECT
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Structured Root Cause Analysis

1. Gather evidence
Form Team

2. Eliminate assumptions 1
Identify Problem

3. Examine trends

4. Model system Gather & Verify Data

Validate findings Determine Causes

+ 4 [
Direct Root Contributing
v

Determine Corrective Actions
(Specific & Preventive)

1
Mistake Proofing |

+

| Implement & Followup |
Loop Back
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Possible Mitigation Options PEIT | ECT | DECST
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Solutions Likelihood

e Harmonic filters

* Active filtering

* |Improved monitoring Transfer Reduce the impact
e System redesign

Impact

Moderate

Low

pooy!|ay1| 3y1 3anpay
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Protection Blind Spots . .
Capacitor Bank Protection

(Circuits & Relay)

Protection monitored:
v' Faults
v" Short circuits

OVER VOLTAGE AND

TIME DELAY RELAYS

‘ BREAKER
¥ Unbalance I== ae | L omane
But not: Hillt ;
X Progressive harmonic heating '

§ e e 3 —
E:: . &8 Electrical 4 U
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Asset Management Lessons 2EIT

Monitoring Requirements

Monitor:
* Harmonic levels
 Temperature trends
* (Capacitor current
e THD
 Unbalance

36
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More Electronics = More Harmonics

Growth drivers:
 Renewable energy
« EV charging
* VSDs
* Data centres
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Engineering Investigation Process 2EIT RECT
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Structured Root Cause Analysis

1. Gather evidence
Form Team

2. Eliminate assumptions 1
Identify Problem

3. Examine trends

4. Model system Gather & Verify Data

Validate findings Determine Causes

- <+ [
Direct Root Contributing
v

Determine Corrective Actions
(Specific & Preventive)

!

Mistake Proofing |

+

| Implement & Followup |
Loop Back
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Possible Mitigation Options PEIT | ECT | DECST
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Solutions
* Detuned capacitor banks
*  Harmonic filters Helinaod

* Improved monitoring

e System redesign

Reduce the impact

Impact

Moderate

Low

pooyi|ay!]| ay) anpay
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The Most Common Fix
Series reactors:
e Shift resonance frequency

. Prevent harmonic amplification OVERVIEW OF DETUNED CAPACITOR BANK SYSTEM

* Improve reliability L1213 Circuit SENES Qoiniaeacigp..) Dangerous

Breaker Resonance Zone
@_, (near 5th harmonic)
! [
N
N

Resonance Shift
Visualization

System Impedance (Z)

Fundamental

Current Flow
(Blocked by Reactor)

150Hz 250Hz 350Hz
(3rd) (5th) (7th)

Frequency (Hz) / Harmonic Order (n)

0

Capacitor Bank Safe Detuned Zone
Unit (1) (below 4th harmonic)
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Economic Impact

Hidden Cost of Failure

Direct costs:
 Equipment replacement

* Downtime

* |nvestigation
Indirect costs:

* Reduced efficiency

* Reliability concerns
e Production disruption

PEIT | 2ECT | 2ECST |-> IDC
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Calculating Total Cost of Ownership

Purchase Price

15% | FIR,:,$T COST

Hidden Cost
85%
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Broader Engineering Lessons

What Engineers Should Remember
Equipment rarely fails "without reason."

Look for:
* Interactions
e System effects
 Long-term trends
 Hidden operating conditions
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Systems Thinking

! Engineering College of Technology. ‘ Engineering College of Science and Technology. ‘

Design Thinking

Business
Viability
echnology

Feasibility

IDC

Technologies
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Discussion Question 2EIT | ECT | ECST |+>1DC

If You Were the Lead Engineer

Root Node

What would you investigate first? Branch ___
* Protection?
* Harmonics?
e Switching?
* Ageing?
 Manufacturer defect?

O

Decision Node
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Key Takeaways EIT | DECT
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Main Messages:
v Capacitor banks can fail silently
v' Harmonics are often underestimated
v' Resonance can magnify small problems
v Protection may not detect progressive damage

Engineering
Infographics

ering Infographics? impo ineering Com [Msjor s of Engineering
ool — ©
B 2 D & ()
A @a &° D 2 a © o
BB | o Goso | EV
(iamsemges o migheoning [engines petsposa B iaioewig
o e - @
= | T S e o A
o8 o — N
= = 1 o
| wis e R R |
1k T A
] TAS . o
== | X
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Final Reflection EIT
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The Capacitor Bank That Blew Itself Up
Quietly

Engineering Truth

"The most dangerous failures are often the
ones that happen slowly, silently, and
within normal operating limits."
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Upcoming Mysteries Webinars

13 August — The Motor That Wouldn’t Start - Unless It Was Empty

20 August - The Neon Sign That Pulsed with Passing Trucks

10 September — The Battery Bank That Lost Capacity Overnight

17 September - The Streetlight That Kept Turning on at Noon

12 November — The Transformer That Changed Tap Position by Itself

19 November — The Circuit That Lost Half Its Phase Over the Years

10 December — The PLC That Spoke Back - A Control Loop with a Mind of Its Own
17 December - The Resonant Substation - Lights Flicker Without Load Change

27 January - The Induced Voltage That Woke the Cattle


https://www.eit.edu.au/news-events/events/?tribe_events_cat=webinars/
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Please note: Courses listed below are subject to their own regulatory requirements, refer to the relevant

website for further information.

Engineering Institute of Technology (EIT)

Start Date

Australian Accredited Qualifications & Short Courses

52888 WA Advanced Diploma of Applied Electrical Engineering (Power Industry)

1 September 2026

Professional Certificate of Competency in Battery Energy Storage and Applications

8 September 2026

52910WA Graduate Certificate in Hydrogen Engineering and Management

6 October 2026

Professional Certificate of Competency in Circuit Breakers, Switchgear and Power Transformers

13 October 2026

Graduate Certificate in Power System Analysis and Design 4 January 2027
Graduate Diploma of Engineering (Electrical Systems) 4 January 2027
Master of Engineering — Applied Research (Electrical Systems) 4 January 2027
Master of Engineering (Electrical Systems) 4 January 2027

Associate Degree in Electrical Engineering

8 February 2027

Bachelor of Science (Electrical Engineering)

8 February 2027

Doctor of Engineering

8 February 2027
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Please note: Courses listed below are offered by separate institutions in the UK and South Africa, each
subject to their own regulatory requirements - refer to the relevant website for location-specific details.

Engineering College of Technology (ECT)

UK qualifications Start Date
Bachelor of Engineering (Honours) in Industrial Automation 21 September 2026
Bachelor of Engineering (Honours) in Electrical Engineering 21 September 2026
Master of Science (Power System Analysis and Renewable Integration) 5 October 2026
Master of Science (Industrial Automation and Instrumentation Control) 5 October 2026

Engineering College of Science and Technology (ECST)

Start Date

South African accredited qualification & ECSA-endorsed

Bachelor of Engineering Technology in Electrical Engineering 3 August 2026
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Website
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Head Office
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Phone
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Outside Australia: +61 8 9321 1702
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Engineering College of Technology.

Contact Us:

Website
www.ect.ac.uk

Head Office
Whittle Way, Stevenage SG1 2FS,
United Kingdom

Phone
Inside UK: 0208 335 4014
Outside UK: +44 208 335 401

Programmes
https://www.ect.ac.uk/programmes/
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Engineering College of Science and Technology.

Website
WWW. ecst.ac.za

Head Office

Unit 3, Elevation Gardens,

Elevation Close, Water fall

Office Park, Midrand, 1686

Phone
Within South Africa: 010 823 4497
Outside South Africa: +27 11 823 4497

Programmes
WWW.ecst.ac.za/course-
types/bachelor-of-engineering/
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