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The ideal voltage supply does not exist
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Introduction to Harmonics
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Harmonics in electrical systems increase business operating 
costs…….
Increased system downtime 

• Nuisance tripping of overloads and circuit breakers

• Bus failures

• Distortion of control signals

Increased maintenance

• Excessive heat places burden on electrical infrastructure from 
transformers to cables and bussing 

Lower Quality and Efficiency

• Interrupt production causing downtime, rework and scrap

Reduced system capacity

• Requires costly equipment upgrades to support expansion

Harmonics are a circumstance of progress and they effect 
almost every business in today’s environment…



Harmonics: Fundamentals

Definition:
Harmonics are integer multiples of the 
fundamental frequency that, when added 
together, result in a distorted waveform



Harmonics: Fundamentals

Sinewave of a
specific

frequency supplied by the 
utility (a “clean” sinewave) :

f(x) = sin(x)

…plus a “5th”
Harmonic

Sinewave :

f(x) = 
sin(5x)

5 

…results in a harmonic 
rich, non-linear wave 

shape : f(x) = sin(x) + sin(5x)
5 



What produces “Non-linear”

Current?

• Computers

• Copiers

M • AC or DC drives

• Electronic
Ballasts

Harmonics: Fundamentals 

Nonlinear loads:

Diode

Thyristor

MOSFET

BJT

AC

DC

AC

Power 
electronics 
switches



Page 8Confidential Property of Schneider Electric |

Harmonics: Fundamentals 

Single phase

full-bridge rectifier

circuit

DC bus voltage U

DC bus capacitor 
current (I C)

Supply 
voltage (V)

Supply 
current

(i)

V = E - Zsi

iC

i

V

U

iC

Requiring 
Neutral 
Compensation

NO need 
neutral 
compensation



Harmonics: Fundamentals
●Nonlinear loads draw harmonic current from source

●Does no work

InverterConverter
DC bus

M

A
B
C

Current: high TDD 
between  90-100%

Voltage: flat topping 

of waveform

Basic three phase 

PWM VSD



Harmonics: Fundamentals
●Characteristic harmonics are the predominate 

harmonics seen by the power distribution system

●Predicted by the following equation:

– HC = characteristic harmonics to be expected
– n = an integer from 1,2,3,4,5, etc.
– p = number of pulses or rectifiers in circuit

●Amplitude is inverse of harmonic order (perfect world)

Harmonic FrequencySequence
1 60Hz +
2 120Hz -
3 180Hz 0
4 240Hz +
5 300Hz -
6 360Hz 0
7 420Hz +
: :

19 1140Hz +

Fundamental

3
rd

Harmonic

5
t1h

Harmonic

7
th

Harmonic

Waveform seen with 
oscilloscope

1±= npH c



Harmonics: Fundamentals

Hc = np +/- 1

Hc = characteristic harmonic order present

n = an integer

p = number of pulses

Multi-pulsing (ie: 12 & 18 pulses): 

Elimination of lower order harmonic

removes largest amplitude harmonics

Harmonic signature

Hn
1 phase 
4-pulse

2 phase 
4-pulse

3 phase 
6-pulse

3 phase 
12-pulse

3 phase 
18-pulse

3 x x
5 x x x
7 x x x
9 x x
11 x x x x
13 x x x x
15 x x
17 x x x x
19 x x x x
21 x x
23 x x x x
25 x x x x
27 x x
29 x x x
31 x x x
33 x x
35 x x x x x
37 x x x x x
39 x x
41 x x x
43 x x x
45 x x
47 x x x x
49 x x x x

Harmonics present by rectifier design
Type of rectifier



Harmonic voltages (Vn):
• Develop as the harmonic current traverses the electrical system.  

• Each harmonic order has its own system impedance (Zn) and thus develops its own 
harmonic voltage.  

• The root-mean-square (rms) of all harmonic orders equals the total amplitude of 
harmonic current or voltage.

• Ohm’s Law applies:  Vn = In * Zn

• To reduce Vh: Reduce system impedance (Zsh & Zch) or reduce current (Ih)

Harmonics: Fundamentals 

LoadVs

Zsh Zch Ih

Vh

Vh = Ih * (Zsh + Zch)

Vh = Harmonic voltage 

Ih = Harmonic current

Zsh = Source impedance for harmonic current

Zch = Cable impedance for harmonic current



Harmonics: Fundamentals

A
C

D
C

+

-

3 Phase thyristor 
rectifier

3 Phase thyristor rectifier 
(parallel, phase to phase)

Converts AC to controlled DC

Max harmonics at full load

Best PF at full load

Harmful characteristic

Causes voltage notching (THDv)
> Requires input line reactors (inductance) to 

reduce notch depth

Notch created by a momentary short circuit 
when SCR commute from one phase to the other



3 Phase Series 
Controller

3 Phase controller (series)
Opposing (anti-parallel) thyristors per 
phase (not a rectifier)

AC to AC (variable volts)
No harmonics at full output
PF is load dependent

i.e. AC Motor

Solid State Starters (SSS) 
Transition harmonics only
During acceleration and deceleration
• Transition lagging PF

• At full voltage – AC motor 
characteristics apply

• Thyristors are full ON or Bypass 
contactor used to bypass

No snubbers (R-C) on thyristors

Transitions are short duration (2-3 seconds)
PF according to AC motor design

Harmonics: Fundamentals



Harmonics: Fundamentals

3 Phase Series 
Controller

Harmonics and PF increase and decrease 
together

Resistive & Inductive Heaters

Same thyristor configuration as SSS
Different use as compared to SSS

• Designed to control current 
through resistor banks or 
inductive coils to control heating

• High harmonics - except at full 
load

• Poor PF – except at full load



Harmonic Standard

IEEE 519-2014

16



Harmonic Standard
IEEE 519-2014

●Defines current distortion as TDD (Total Demand Distortion)
● Largest amplitude of harmonic current occurs at maximum load of 

nonlinear device – if electrical system can handle this it can handle all 
lower levels of amplitudes

●Always referenced to full load current
●Effective meaning for current distortion

●Defines voltage distortion as THD
● Total harmonic voltage distortion

●Does not use THD(I)
● Total harmonic current distortion
● Instrument measurement (instantaneous values)
●Uses measured load current to calculate THD(I)

fV

V
THDv

h∑=
2

)(

2

FLAfI

I
TDD

h∑=

fI

I
THDi

h∑=
2



Harmonic Standard

IEEE 519-2014

%THDv limits  
on suppliers

%TDD limits 
on users



Harmonic Standard

IEEE 519-2014
Harmonic distortion terms used

Note: THDi is not used in IEEE 519-2014



Harmonic Standard

IEEE 519-2014
Supplier standard for THDv

New category for <1.0 kV (applies at 480 & 600 VAC)

New voltage class



Harmonic Standard

IEEE 519-2014
USER standard for

TDD limits

Same as 519-1992

Limited to 
50th order 



Total I, 
rms

Fund I, 
rms

Harm I, 
rms THD(I) TDD

Full load 936.68 936.00 35.57 3.8% 3.8%
836.70 836.00 34.28 4.1% 3.7%
767.68 767.00 32.21 4.2% 3.4%
592.63 592.00 27.23 4.6% 2.9%
424.53 424.00 21.20 5.0% 2.3%
246.58 246.00 16.97 6.9% 1.8%
111.80 111.00 13.32 12.0% 1.4%

Measured

Example: with AccuSine PCS+ operating

As load decreases, 
TDD decreases while 
THD(I) increases.

•TDD and THD(I) are not the same 
except at 100% load

TDD versus THD(I)



Examples of grid code 
requirements

23



PQ Guidelines - What does Alliant Energy have to say?



PQ Guidelines - What does Oncor have to say?

https://www.puc.texas.gov/agency/rulesnlaws/subrules/electric/25.51/25.51.pdf

Request for Proposal
Sachem, Inc., 

Cleburne, Texas



PQ Guidelines - What does Rio Grande have to say?

https://www.riogrande.coop/info/Tariff/RGECTariff2018BoardApproved04.18.18.pdf



Relationship between 
capacitors and harmonics

27



How Harmonics Affect Capacitors:

Capacitors are naturally a low impedance to high frequencies:

• Caps absorb harmonic in current

As capacitor absorbs harmonic in current, the capacitor heats up

• Reduced life expectancy

Voltage harmonics stress the capacitor dielectric

• Reduced life expectancy

Parallel combination of capacitors with motor or tr ansformer can cause 
resonance.......



Capacitors Absorb Harmonic in current

M M M

Utility

VFD

� capacitor diverts flow of 
harmonics

� Harmonic current increases
� capacitor absorbes harmonic 

current
� capacitor overheats & can fail 

over time

or worse......

The capacitor has lower impedance than the utility, 
therefore it absorbs the harmonics



You use the principle of resonance every day!

How Harmonics Affect Capacitors:



A Radio uses Resonance to Capture a Radio Station:

AMP

Antenna

Spkr

Variable Capacitor

f1

f2
f3

How Harmonics Affect Capacitors:



Resonance:

X flL = 2 π

X
fc

C = 1

2 π

XL

XC

Z

Resonancefr f
X

X

L

C
= 1

fr

( XL-Xc )

How Harmonics Affect Capacitors (Resonance)



How Capacitors “Tune” a circuit:

XLIh

fr
kVA

kVAR Iz
= × ×

×
60

100 e.g... 1500 kVA
225 kVAR
5.5% Iz

∴ = × ×
×

= =fr hz h60
1500 100

225 5 5
660 11

.

G

M M M

h
I

Equivalent circuit:Standard
Network:

How Harmonics Affect Capacitors:



� Resonance:

� Amplification of current 
between capacitor and 
transformer

� Current distortion rises

� Voltage distortion rises

� Main transformer &/or 
capacitor fuses blow

� Equipment damage
M M M

Utility

VFD

Parallel Resonance and harmonic magnification



Magnification of Harmonic Current and Voltage when Standard Capacitor are Added to the Network

Resonant Point likely to amplify dominant 
harmonic (typically 5th, 7th and 11th)

Parallel Resonance



Effect on Harmonic Current and Voltage when De-Tuned Capacitor Bank 
is Applied (AV6000 & AT6000)

Resonant Point where no Harmonic 
Content present (3.7th typical)

De-Tune to Avoid Resonance

4.2 Harmonic Tuning)



Low Voltage Automatic Capacitor Bank with De-tuning 
reactors

De-Tuned (DR) automatic capacitor bank :

• Same as automatic capacitor bank
with c/w De-Tuning reactors.

• Works like a standard automatic
capacitor bank

• Avoid resonance between the 
capacitors and the supply
transformer.

To Plant
Loads

To Plant
Loads

Controller

De-Tuning Reactor



De-tuning a network:

• “Force” the resonant point away from naturally occurring harmonics

Ih5

I<h5>

Z

f

A

f 5f 3 f 7 f 9f 1

4.2 Harmonic (252 Hz)

We control the impedance 
of these two elements

Power Factor Correction With Harmonics:
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Harmonic mitigation methods

40



Applied per device

• Inductance

• 5th harmonic trap filters

• Broadband filters

• Multi-pulsing

• Active Front End converter

Applied per system

• Active harmonic filter(AHF)
+

-

DC Bus
Load

Delta

Delta

Wye
AC Line

+
C

E

C

E

C

E

C

E

C

E

C

E

C

Line

Inductor

Filter
Board

Pre-charge 
Contactor

Inductor

Fuse

Fuse

Fuse

AC
Lines

S4

S5

S6

S1

S2

S3

Various type of harmonic filtering solutions 



Inductors/Transformers/DC Bus Chokes

Description:

Converter-applied inductors or isolation 
transformers.

Pros:

• Inexpensive & reliable

• Transient protection for loads

• 1st Z yields big TDD reduction (90% to 35% with 
3% Z)

• Complimentary to active harmonic control

Cons:

• Limited reduction of TDD at equipment terminals 
after 1st Z

• Reduction dependent on source Z

3% line reactor

5% DC bus choke



5th Harmonic Filter (Trap Filter)

• Inductor (Lp) and Capacitor (C) provide low 
impedance source for a single frequency (5th)

• Must add more tuned filters to filter more frequencies

• Inductor Ls required to detune filter from electrical 
system and other filters

• If Ls not present, filter is sink for all 5th harmonics 
in system, that can result in overlaod.

• If Ls not present, resonance with other tuned 
filters possible

• Injects leading reactive current (KVAR) at all times –
may create leading PF and/or issues with back up 
generator

LoadVs

Zs

Lp

C

Ls



• Mitigates up to 13th order or higher
• Each inductor (L) > 8% impedance

• V drops ~ 16% at load
• Trapezoidal voltage to load

•Can only be used on diode converters
• Prevents fast current changes (only good for 
centrifugal loads)
• When generators are present, re-tuning may 
be required

• Capacitor (C) designed to boost V at load to proper 
level (injects leading VARs)
• Physically large
• High heat losses (>5%)
• Series device

Broadband Filters

Load

Source

L L

C

~
Lp



Multi-Pulse Drives

Description:  Drives/UPS with two (12 pulse) or three (18 pulse) input bridges fed by a transformer 
with two or three phase shifted output windings.
●Pros:

● Reduces TDD to 10% (12 pulse) & 5% (18 pulse) at loads
● Reliable

●Cons:
● High installation cost with external transformer
● Large footprint (even w/autotransformer)
● Series solution with reduction in efficiency
● One required for each product
● Cannot retrofit



Harmonic mitigation methods
VFD mitigation topologies

6-Pulse converter

“C-less” or 3% reactance min (if included); 
small footprint, simplified cabling

Current waveform distorted
TDD 30% to 40% with 3% reactor 
(depending on network impedance)

Externally mounted 3 winding 
transformer; more wire and
cabling; complicated

Current slightly distorted
TDD 8% to 15% (depending on network 
impedance)

12-Pulse converter 18-Pulse converter

Large footprint, more steel
& copper (losses)

Current wave form good
TDD 5% to 7% (depending on network 
impedance)

0

100

A

6  p u lse

0

1 0 0

A

1 2  p u ls e

0 .0 s 0 .0 2 s

0

1 0 0

A

1 8  p u ls e

+

-

DC Bus Load

Delta

Delta

Wye

AC Line

A

B

C

DC+

DC-

Line
Reactor

Rectifier Assembly

Transformer
Tertiary

Multipulse
Transformer

A

BC

1

2

3

4

56

7

8

9

DC Link
Reactor

M



Active Front End (AFE) Converters

Used in UPS and VFD

Replaces diode converter with IGBT converter

Pros

• Permits current smoothing on AC lines (< 5% TDD)

• Permits 4-quadrant operation of VFD

• Maintains unity TOTAL PF 

• Meets all harmonics specs around the world

A
C

S
o
u
r
c
e

LCL Filter Converter Inverter

DC Bus

AC 
Motor

IGBT IGBT

VFD

Input Filter 
Required to limit 
THDv to <5%



AFE Converters

Significant harmonics above 50th order

American Bureau of 
Shipping (ABS) 
requires examination 
to 100th order when 
AFE applied

Higher frequencies yield 
higher heating of current 
path & potential 
resonance with capacitors



AFE Converters
Cons

• Larger and more expensive than 6 pulse drives

‒ Approximately twice the size & price

• Mains voltage must be free of imbalance and voltage harmonics

‒ Generates more harmonics

• Without mains filter THD(V) can reach 40%

• Requires short circuit ratio > 40 at PCC

• Switched mode power supplies prohibited

• Capacitors prohibited on mains

• IGBT & SCR rectifiers prohibited on same mains 

‒ No other nonlinear loads permitted

200 KVA 
rated

PWM 
VFD

DC 
Drive

PF caps

100 KVA 
rated

AFE 
VFD



Active Harmonic Filter
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OFF ON
Order % I fund % I fund
Fund 100.000% 100.000%
3 0.038% 0.478%
5 31.660% 0.674%
7 11.480% 0.679%
9 0.435% 0.297%
11 7.068% 0.710%
13 4.267% 0.521%
15 0.367% 0.052%
17 3.438% 0.464%
19 2.904% 0.639%
21 0.284% 0.263%
23 2.042% 0.409%
25 2.177% 0.489%
27 0.293% 0.170%
29 1.238% 0.397%
31 1.740% 0.243%
33 0.261% 0.325%
35 0.800% 0.279%
37 1.420% 0.815%
39 0.282% 0.240%
41 0.588% 0.120%
43 1.281% 0.337%
45 0.259% 0.347%
47 0.427% 0.769%
49 1.348% 0.590%
% THD(I)   35.28% 2.67%

Harmonic Mitigation with AHF 

AccuSine injection

Source current

At VFD Terminals
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Electrical system with Nonlinear loads (True or Total Power Factor)Electrical system with ONLY linear loads (Displacement Power Factor)

Page 55Confidential Property of Schneider Electric |

Power Factor and Harmonics. What is "True " Power Factor?
With linear vs. nonlinear loads 

P = kW (Real Power)

D = kVAH

(Distortion Power)

Q = kVAr (Reactive 
Power)

S = kVA
(Apparent Power)

θTPF (True/Total Power Factor)

( ) 222 DQPIVkVAS rmsrms ++==

)()( FactorDistortionntPFDisplacemeTPF ∗=

fKVA

KW
CosDPF == φ

))(1(

1
2THDi

CosDF
+

== δ



Active Harmonic Filter
PF correction 

Ias = rms output current of AccuSine 
PCS

Ih = rms harmonic current

If = rms fundamental current

Ias Ih If
100.0 10.0 99.5
100.0 20.0 98.0
100.0 30.0 95.4
100.0 40.0 91.7
100.0 50.0 86.6
100.0 60.0 80.0
100.0 70.0 71.4
100.0 80.0 60.0
100.0 90.0 43.6
100.0 95.0 31.2

Examples

22
fhas III +=

When PF mode is activated
● Assign priority to Harmonic or PF (fundamental) 

modes.
● AccuSine injects fundamental current (60 Hz) to 

correct the Power Factor.
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Load Balancing with some Active Harmonic Filter

Principle of load balancing
The principle of load current balancing is to inject a system of negative 
sequence current into the circuit (i1n, i2n, i3n), so that only the system of positive 
sequence current (i1p, i2p, i3p) has to be generated by the power supply.



Load Balancing with some Active Harmonic Filter

Voltage unbalance standards:
ANSI C84.1: 3%
PG & E: 2.5%
NEMA MG-1-1998: 1%

Note: 1 % voltage unbalance can cause 6% to 10% 
current unbalance. Some motor manufacturer tried to 
require less than 5% current unbalance for a valid 
warranty.

Example of unbalance voltage calculation on a 480 V  
electrical distribution system:

Average voltage (Ph to PH): (475 + 473 + 455) / 3 = 468 V

Voltage deviation: 468 – 455 = 13 V

Voltage unbalance: 100 x (13 / 468) = 2.78%



Example of Active Harmonic Filter ratings & performance
AHF ratings:

• Dynamic Harmonic mitigation form the 2nd to the 51 st

harmonic order

• Can meet a THD(I) of 3%, THD(V) and THD(I) target set 
point

• Standard Voltage, 208,240, 480, 600 and 690 V, 50-60 Hz

• Wall Mount or Free Standing, Main Lugs or Main Brea ker 
incoming 

• 60, 120, 200 and 300 A @ 480 V or 47, 94, 157 and 235 A @ 
600 V per cubicle

• Enclosure type: NEMA 1, NEMA 2 and NEMA 12

• 3 levels IGBT design with optimized losses

• Closed loop c/w FFT digital logic

• 2 cycle response time for harmonic correction and ¼ of a 
cycle for reactive power injection

• cULus and CE certified

• And much more…



Questions ?


