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Outline

* VED benefits and working principle at a glance.

* |ntroduction — Power Line Disturbances in VFD
applications.

* About this Case Study: Paper Industry
* Client Pain, Events

* Observations & Findings in Root Cause Study
— Power Quality Study
— Earthing System Study

e Recommended Practices and Solutions.
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Beneﬁts of VFD

» Saves Energy by controlling speed rather
than flow.

* 20% speed reduction yields 50% energy
savings.

* Eliminates the need of separate controllers in
process control applications.
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VFD: Working Principle

Sine Wave Variable Mechanical
Power Frequency Power
Power
_[_\7.. Variable AC Motor
Frequency
Controller
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Power Line Disturbances in
VED applications

A Quick Look
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Power Line Disturbances —
General Classification

FREQUENCY

Usually in isolated
@ FREQUENCY diesel groups

CHANGES 42,5 t0 57,5 Hz

AMPLITUDE

® SLOW VOLTAGE +10% -10%

CHANGES

[ TRANSIENTS I=-1 o OVERVOLTAGES _ *10% +25%
- TIME > 1 CYCLE ® DROPOUTS -10% -100%
[ N ® FLUCTUATIONS Modulation
PERIODIC | ® FLICKER 0.5Hz to 30Hz
® FAST VOLTAGE Steps with
CHANGES high dV/dt
[—" TRANSIENTS | e TRANSIENTS -
Spikes & Notch Pulses with
pikes & Notches high dW/dt
> TIME < 1 CYCLE

THREE PHASE
SYMETRY

® UNBALANCE gn:get:::ce
® LEAKAGE Zero sequence

30 mA ., 500 mA
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in VFD installations
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Power Line Disturbances
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THREE PHASE

Usually in isolated
FREQUENCY »- ® g:i?ql(];EE';CY diesel groups
42,5 to 57,5 Hz
® SLOW VOLTAGE +10% -10%
CHANGES
[ TRANSIENTS I--1 o GVERVOLTAGES _ +10% +25%
| > ® FLUCTUATIONS Modulation
PERIODIC | Hz
( AMPLITUDE ® FAST VOLTAGE Steps with
CHANGES high dV/dt

[ " TRANSIENTS L o TRANSIENTS e
Spikes & Notches high dV/dt
TIME < 1 CYCLE
~| PERIODIC |l @ HARMONICS  fitae S100%

100Hz to 2500Hz
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Inverse
_Sequence

SYMETRY ® LEAKAGE gzr?niqugsce !




— NN

Amplitude: Time<lcycle (Transients)
Fast voltage changes
Steps and Pulses with high dv/dt
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VFD Noise Generation:

1.

Common Mode (Line-
Line)

Differential Mode (Line-
Ground)

Electromagnetic: 0.5 MHz
to 1.7 MHz (EMI)

Radiofrequency: 1.7 MHz
to 30 MHz (RFI)



Amplitude: Time<1cycle (Periodic)
Harmonics, signals from 100Hz to 2500Hz

R o - %  Harmonics: Voltage
vl and Current amplitudes
I« vectors thatinclude
- { fundamental + higher
order frequency signals
ro v . and create a complex
L T e Waveform which is non-
sinusoidal or non-linear.

L] L)
e/ﬁ‘c'ef,ferg’ © 2014 Efficienergi Consulting Pvt Ltd. All rights reserved



s\ \\‘_.A(&‘ S

Three phase symmetry in Line (DOL/
Soft-starter) driven loads

* Motors powered by
sine wave ac power
may have a shaft/
bearing-to frame
voltages of about 1
V to 2 V. Because of
Linear relation
between source
voltage and motor
current.
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Three phase symmetry challenges in
VFD driven loads

* Motors powered by PWM
may have a shaft/bearing-
to frame voltages > 15V,
along with High
frequency  dv/dt pulses
and bursts at 650+V

« Resulting unwanted
voltage signals migrating
from rotor to shaft.
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Three phase symmetry challenges in
VFD driven loads...contd.

* High Voltage noise signals
> 8V can overcome the
insulating properties of
bearing grease, and the
resulting sparks can cause
pitting, fluting and fusion
craters, eventually,
premature failure of the
bearings and motor.
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CASE STUDY

Paper Industry
Writing and Printing Paper Manufacturing Facility
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* This facility is one of the
largest manufacturer of
writing and printing
(W&P) paper in India.

* Having six manufacturing
units, that covers most of
the domestic market with
a dominant share of the
high quality coated paper
segment.
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Client Pains and Problems

 Area: Winder Section

— Failures of SLITTER MOTORS within first 6 months of
operation.

— Frequent Failure of I/0O Control Card Power Supply
Modules.

— Heating and short circuiting of Control Cables
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Events and Troubleshooting — at Client End

* Events: Tripping of VFDs for couple of Slitter Motor Drives
with an earth fault alarm indication.

* Root Cause diagnosis by Client: Failure of those Slitter
Motors caused VFD tripping in earth fault.

Troubleshooting:

» Operator isolated the faulty Slitter Motors and re-started the
VFDs which were working healthy.

» Those two motor units were replaced.
» Power restored to VFDs after routine elect network test.
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Events and Troubleshootmg
at Client End...contd.

* Few days later one more Slitter Motor failed and Drive tripped on earth
fault. Then client approached VFD supplier and service provider.

* VFD supplier and service provider suggested to replace 600V VFD with

400V VFD.

* Asadvised by VFD supplier 600V Slitter drive was replaced with 400V
drive.

» After replacement of 600V VFD with 400V VFD, Failures of Slitter Motors
stopped.

« However above troubleshooting did not stop failures of I/O control card
power supply modules and short circuits in control circuits. Then client
approached ECPL team.
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Efﬁaenergl - Broad Approach -

1. Diagnosis: Electrical Network Root Cause Analysis to find

out coupling channels behind failures.

* Are these failures because of Electrical wiring and installations, Power
Quality and Earthing? Or Drive internal problem?

2. Recommendations of Solutions: to reduce/stop failures

and improve efficiency.

* What rectifications and precautionary measures can be implemented to
mitigate the power line disturbances, failures, malfunctions and
irreqularities at load end??
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Diagnosis:
Electrical Network Root Cause Analysis

1. Power Quality Study
2. Earthing System study

[ ] [ ]
eﬁc’e’lerg’ © 2014 Efficienergi Consulting Pvt Ltd. All rights reserved



N S— ~
N S, T—
_ \‘4"“}_ S0\

Understanding Electrical
Distribution

Single Line Diagrams of Earthing and Power Distribution

[ ] [ ]
eﬁc’e’lerg’ © 2014 Efficienergi Consulting Pvt Ltd. All rights reserved



- Na—t= NN

Winder Machine Section

Typical Electrical Schematic
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Dual Winding Transformer
Winder Machine

delta connection

Winding 1

Delta winding output bus ™** Star winding output bus

(" Load
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Slitter Motorl Slitter Motor2 Slitter Motor3 Slitter Motor4 Slitter Motor5 Slitter Motor6

Failures in above 3 motors/
drives were experienced

Typical Electrical SLD — Winder Machine Section
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Electrical Singe Line Diagram: Typical
Slitter Motor Drive Panel

E— L 2
I i P
Separate
Slitter P I Power
Motor VFD P4 and Control
Oower Cable tD Bus Cable bus
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Cables
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Power Quality Study

Variable Frequency Drive Input
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Pomts of Measurements

 Feeder 1: Winder Machine Transformer LT
mains incomer (star winding - feeding to

SM4, SM5, SMé6).

* Feeder 2: Slitter Motor VFD Panel — VFD input
mains incometr.

* Feeder 3: Slitter Motor VFD Panel - VFD
output mains incomer.
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Feeder #1

 Winder Transformer

e LT Mains Incomer
(Star winding)
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V& A - RMS

GRAPHIC RMS
wn L1 {log _Winder Ty 1C_AS50) Un L2 (logs1_Windar_Te_IC ASID) Wn L3 {log#l_\Wimaser Tw_ 1S ASD
Im LA (logs1_Winder T 1C.AS) I L2 {log#1_\Winder T IC_ASI) Im L3 (ol _Winder_Tx_1C_AS1)
400+
A
- 2001
1004 %
- i".

15

100
£
a
1]
15:52 15053 1554 1554 1556 1557 15:58 1559 16:00 16:M1 1602 16:03
fMan 16 Mar 20049 Date of sample
Sedacted Varsbla: In L3 (o1 _Windar_Tx_1C A3
At - 16-059-200%9 155700 Fram - 16-03-2009 15:46:38 T © 16-03-2009 16:04:00
Act - 137 (A) Maxirmuam - 137 (4) Mimimumm -0 {A)
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V & A - Waveforms

WAVE FORM (log#1_Winder Tx_IC.A5l)
16-03-2009 15:52:00

Win F1: 398 (V) YWin F2: 400 (V) W F3: 3858 ()
THD: 3.2 % THD: 3.4 % THD: 3.1 %
Maximum: 589 (V) MMaximum: 584 (V) Maximum: 589 (V)
Minimum: =574 (V) Minimum: =587 (V) Minimum: =572 (V)
E ._H_\-‘ = s fr_}-"'-i_?h{_-._x ..J__.-"-"Hh.xw
C . s -
- k\-\\ -
oo ﬁl‘"\-. / -'ff ", .-"'I \
5
on E
In F1: 149 (&) In F2- 111 (&) In F3: 86 (&)
THD: 28.4 % THD: 34.8 % THD: 46.1 %
Maximum: 318 (A) Maximum: 245 (A) Maimum: 202 (A)
Mimimum: -231 (&) Minimum: -222 {4) Minimum: -221 (&)
Act: 531 (V) Maxirmum : 588 \) Minimum : -574 (W)
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V & A -%THD: Total Harmonics Distortion

TOTAL HARMONIC DISTORSION (log#1_Winder_Tx_IC AS5l)

daifm L1 Thn L2 T L3 Sl L1 Balm L2 %in L3
ol
] s T
- T e
E — il e —
& - I — -
E -
n:
1004
- ———
80+ a R ’ :
F hY ; _,.-"‘__‘_‘—‘-\—._\_\_\_\_\_'_'_ e —,
2 / \ 4 m——
E 8T / : A A
£ o —_—— N
. _.-""- T .— .,
a4 - L
- Bt
o Hf’; v
20+
1552 1553 15354 15055 1556 15497 1358 1559 16:00 1611 16:02
fan 16 Mar 2009 Date of sample
Sedactad Varksbla: ovin L3
Act : 16-03-2009 155500 From : 16-03-2009 154638 To - 1E-03-2009 16:04:00
Aot 34 (3 THD) fdaxirom @ 653 (%Y THO) fdimimem - 0.0 (%Y THD)
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Observations:
Winder Transformer Secondary Mains Incomer

e V-THD: 3.4% < 6.0%

* |-THD: 28% < 80%
 CrestFactor:V-1.45,1-2.12
 Predominant Harmonics: 5, 7

* Neutral to Earth Voltage: 30V (floating neutral). This
was due to common neutral-earth grid for all
transformers.
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 Winder VFD Panel

 Sub-mains Incomer
(Input side of VFD)
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V& A - RMS

GRAPHIC RMS
[ ] [ ] [ |
Win L1 (kg Winder_IC ASI Win L2 (oge?_Winder_|C_ASI) Wi L3 (k%2 _Winder_IC ASI)
| [ | |
I L1 (Qogéa2 _Vnder1CASH In LZ (kg2 _Winder_|C AS In L3 (loge? Winder_IC ASH

LR

KIS
= 2004

1004

0
EE
- ]

M-
{' -

2001

1004

i
1700 16:00 19:00
Man 16 Mar 2009 Date of ampke
Sedacted Variabla In L2 (oge2 _Windar_IC AST

Bt o 16-03-2009 172500 From : 16-03-2009 161500 To o A6-05-2009 191200
Aol 340 (A Maxirnum - 349 (&) Bimirurm -0 {A]
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(Drive Input)

WAVE FORM (log#2_Winder_IC.A5l)

16-03-20089 17:26:00

Win F1: 397 (V) Wn F2: 308 (V) Vm F3: 398 (\)
THD: 3.8 % THD: 4.4 % THD: 3.9 %
Maximum: 583 (V) Maximum: 614 (V) Maximum: 578 (W)
Minimum: =585 (V) Minimum: =578 () Minimum: =587 (V)

o S

[N k]

[PR1]

In F1: 59 (&) In F2: 54 (&) In F3: 30 (&)
THD: 669 % THD: 70.8 % THD: 86,7 %
Maximurm: 178 (A) Masimum: 200 [(A) Mawirnurm: 135 (A)
Minimum: -188 (A) Minimum: -178 (&) Minimum: -145 (A)

Act : 458 (V) Maximum © 583 {\) Mirirmum ; -585 (V)
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V & A — Waveforms: Line-Earth

WAVE FORM (log#3_Winder IC.A5I)
17-03-2008 10:35:28

Wi F1 141 (W) VWn F2: 167 (V) Yin F3 131 (V)
THD: 75.9 % THD: 71.6 % THD: 81.9 %
Maximum: 218 (V) Maximuwm: 382 (V) Maximum: 358 (V)
Mimimum: =447 (V) Minimum: =283 (V) Minimum: =311 ()
-~ |}'f-. :
X A N Ml
0 ) Ly b ﬂ.r‘ H‘ WJ‘\}Wlﬂ.fﬂ n ‘ |'| hh IJHH( |ﬂ;I
v [ T T L P L s T
I WY LA N B A T

oo
In F1: 0 (&) InF2: 2 (&) In F3: 1 (&)
THD: 88 8 % THD: 99.0 % THD: 99.4 %
Maximum: 28 [A) Maxirmurm: 47 (A) Mawirnum: 46 (A)
Mininnum: -7 (A Minirmumn: -41 (&) Nimimum: -0 (&)
Act ;=384 () Maxirnum : 218 () Mimdmum 44T (V)
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V & A -%THD: Total Harmonics Distortion

TOTAL HARMONIC DISTORSION (log#2_Winder_|C.ASI)

doiim L1 Hahn L2 o\ L3 Hlm L1 Bulm L2 tln L3

] i L o P . . B . . o o . . ) .
g e M&‘*"&-ﬁagﬂ-&&nﬂ%ﬁ;&ﬁg&wﬂ%ﬁﬁ:ﬁ»&%ﬁﬁ\_.,ﬁﬁimﬁf HQW% |

.-:r_:;l"-. "_,_..-' ;-‘—-a,_..-.."_';‘] /

“f

Tl THD
e [=i]
= =
1 L)
.I._,—I—'_
{._-"_
—_—
sy

204
0
1730 18:00 18:30 19:00
ian 16 kMar 2009 Date of sampke
Sadactad Varsbla: ovn L3
Act : T6-03-2009 18:06:00 From : 16-03-2009 161500 T AE-03-2008 191200
Bt 3T (el THD) Maxirmurm - 4.7 (Y THD) imamum 2.8 (%Y THID)
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Observations

e V-THD: 3.4% < 5.0% (3 phase without Earth)
* V-THD: 70% <85% (3 phase with Earth)
 CrestFactor:V-1.45,1-3.5t04.0

* Predominant Level of Harmonics: 2"d, 5th | 7th
* Neutral to Earth Voltage: 30V

* Unbalance condition of 3 phase voltages with high dv/dt pulses with
reference Earth indicates presence of common and differential mode
noise signals in the circuit.
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* Slitter VF Drive
* Qutput Mains
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Waveforms: Line-Line

WAVE FORM (log#5_Stilter_output_LL.ASI)

17-03-2008 10:54:15

Win F1: 128 (V) Wn F2: 128 (V) Y F3: 110 (V)
THD: 37.4 % THD: 38.7 % THD:; 38.1 %
Maximuwm: 236 (V) Maximum: 264 (V) Mandimum: 244 (W)
Minimum: =258 () Minimum: =258 () Minimum: =214 {\/)
5, "\f Ti{'x 1/
PN | A ¥ | \M'.I,-“-,II
B Vel YL Y ‘ J M ™

o

V ‘q‘ A J\f\%"ﬁf

l"

0o

In F1: 49 (&) In F2: 48 (&) In F3: 48 (&)
THD: 21.4 % THD: 21.1 % THD: 19.2 %
Maximumn: 73 (A) Maximum: 75 (A) Marimum: 74 [A)
Mindnmum: -840 (&) Minimurn: -289 (4) Minimum: -78 (A)
Act B4 (V) Maxirmum @ 236 () Mirimum ;=259 (V)
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Waveforms: Line-Earth

WAVE FORM (log#4_Stilter_output_LE.A5I)
17-03-2008 10:46:45

Vi F1: 18 (V) Vn F3: 16 (V)
J-ImERa i

: THD: 89.4 % THD: 89.8 %
Maximuem: 361 (V) Maimum: 351 (V)
I Minimum: =354 (\1) Minimum: -381 (\)

i

h ™\ A S s Wa a
[ a A" ‘ LN ‘nr" ! ! M |
| ILJ'\J g

w
| -

an

TTTTTTTTIITTTTITTT T TTTTTITITTITTITT
s

In F1: 6 (&) InF2: 8 (A) In F3: 6 (&)
THD: 99.0 % THD: 89.0 % THD: 99.0 %
Maximum: 83 (A) Maximurm: 63 (A) Pawimum: 77 (A)
Minimum: -61 (A) Minirmumm: -T8 [(A) Minimum: -71 (A)
Act: =11 (\W) Maxirmurm - 377 () Minimurm © -335 (V)
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Harmonics: Drive output Line-Earth

HARMONICS (log#4_Stilter_output_LE AS5l)

17-03-2009 1004445

[ ] [ | [ | [ | . |
avn L1 %n L2 G L3 Baln L1 Soln L2 aln L3
1T
800
a00-+
EEE -
400
l:l_:
G
5004
4004
- R
F W00+
200+
)+
ol
7 3 4 S5 B F @& ® 10 11 12 13 14 15 18 1f 16 18 20 21 327 23 24 35 28 27 3B 28 a0
Wm F1: 38155 (W) Wm F2: 30220 (W) W F3: #1321 (0
In F1: 6831 {A) In F2: 6788 [A) In F3: 6.@E2 (A)
Salectod Variable: %in L2
Act o 2 From : 2 To: 30
Bl SEE.TID (Yl Mzomupm ;| 582 739 (%in) Iinrmm © 3,783 (%in)
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Harmonics: Drive output 3phase

HARMONICS (log#5_5Stilter_output_LL ASI)
17-03-2009 105445
| [ L [ - -
%\ L1 b L2 3\n L3 il L1 3l L2 %ln L3

80

il

40

T

2014

a0

e

A0

20

taln
TTT I T T T I T T T I T T T T T

2 3 q 5 L T 8 g 1 11 12 13 14 15 & 17 18 18 20 3 22 231 24 25 HB ¥ HE 2| I
Wi F: 111457 W) wn F2: 112593 (W) wn F3: 133219 00
In F1: 300637 {4) In F2: 27 686 (4) In F3: 30986 (A)

Salectad Varable %%l L2

Act - From : 2 To : 30
Act - 07 476 (Bln) Maximum 97 428 (%In) Minirism - 1 488 {%ln]
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Observations:

Power Quality Slitter Drive Output

* Feeder 3: Slitter Drive Output — Observations Summary
e V-THD: 98.5% < 101% (with earth reference)

e V-THD: 37% < 62% (without earth reference)

* Crest Factor: 1.41 upto > 20

* Predominant Level of Harmonics: 2nd (with & without earth
reference) indicates differential mode noise signals.

* Voltage peak (with reference Earth): 377V, when RMS is 19V.
Indicating severe leakage potentials in ground path.
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Observations: Power Line Disturbances

* Presence of High frequency common mode &
differential mode noise signals at VFD input and
output between 3 phase and Reference Earth: 167V
(at no-load), 377V to 600V (at loading condition)

« 2"d Harmonics (100Hz) in Voltage and Current found
predominant at Drive input and output during
loading conditions.
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Findings: Mechanical Failures of Motors

« Common and differential mode noise signals in
3phase Power Lines which periodically exceeds
dielectric strength of air gap between stator
windings and rotor laminates, migrate from rotor to
shaft looking for a ground path for discharge.
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Findings: Failures of Motors...

* The stray voltages find opportunities to overcome
dielectric strength of lubricating oil film between
bearings and shaft.

 Relatively large discharge in a small area causes
damage that starts with Pitting.

* Progressive Pitting leads to Frosting and Fluting.

* Added friction in the bearing raceway leads to
heating and finally failure of the motor.
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Findings: Failures of Control Module Power Supplies

* Fai
Su
Vo

lure of Control Cards’and Control Module Power
oply’s electronics component was due to stray
tages and noise pollution from common ground

(al

ground connected together and termed as

equipotential bonding)
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Earthing System

Observations and Findings
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Findings: Earthing Conﬁguratlon contd.

* VFD POWER PANEL:

— PE and Body earthing — connected to common Body
Earth Gl Bonding conductor - forming multiple ground
loops.

* VFD Output Slitter Motor Earthing

— Body Earthing — connected to Body Earth Gl Bonding
Conductor - forming ground loop.
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 Power Quality Disturbances:
— Common and Differential mode noise signals.

* Coupling Channels:

— Formation of Multiple ground loops between Neutral, PE
and Bonding Conductors.

— Absence of Noise Mitigation Techniques & Devices.
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Remedial Measures and
Solutions

g Recommendations
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Rx-1: Earthing Recommendatlons

* Separation of Transformer Neutral Earth (from grid and
from each other)

» Separation of Transformer Body Earth (from grid and
from each other)

» Separation of Circuit Protective Conductor (PE) from
Bonding Earth Conductor at VFD Power Panel.

» Spark Gap Surge Arrestors for Equipotential Bonding
between following Earth Grids / Points.

— Neutral Earthing and Body Earthing for transformers

— Circuit Protective Conductor (PE) and Bonding Earth
Conductor for Drive panels.
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* Eliminate multiple Ground loops:

UL UL

* Correct loops

L
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Rx 2. Noise Mitigation:

VED Input
ke * Isolation Transformer
== | == ~ =) to isolate power
DA () R (e . .
: circuits from control
o = modules and control
circuits.
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Rx 3. Noise Mitigation:
VFED Output

Differential Mode

- : Differential-mode current (signal)

e== : Magnetic flux of red coil
e== : Magentic flux of blue coil

l:> : Differential-mode flux
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Toroidal Core series
reactor to mitigate
differential mode
noise signals.
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Rx 4. Noise Mitigation:
VFED Output

* Provide suitable dv/dt
filter
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Rectification and Corrective
Actions (RCA)

Variable Frequency Drive input and output
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RCA: Ea rthing

* Earthing Recommendations — implemented.

— Separation of Neutral Earthing and Body Earthing of all 8
transformers from the Earth Grids.

— Separation of VFD Panel Body Earth and PE (Circuit
Protective Earth) Conductors

— Elimination of ground loops formation.
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RCA VED

* Noise mitigations — implemented.

— Instrument grade isolation transformer for I/0 control
modules Power Supply and control circuit wiring.

— dv/dt filters to mitigate high frequency reflected or
resonated amplified voltage signals by output cable
length R-L-C tuning circuit components.

— Toroidal core reactors to mitigate Diff. mode noise
signals.
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Post Rectification Audit

WINDER - VFD - INPUT & OUTPUT
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Power Quality Study

Variable Frequency Drive Input & Output
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Feeder #2

 Winder VF Drive Panel
 Sub-mains Incomer
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Observations: Slitter VFD input

After Before

e V-THD: 20%-30%  V-THD: 70% <85%
(3ph-Earth) (3ph-Earth)

* Predominant  Predominant Level of
Harmonics: 2, 5, 7 Harmonics: 2, 5, 7

* Neutral to Earth * Neutral to Earth
Voltage: 2.5V < 6.9V Voltage: 2.5V to 30V
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Feeder #3

e Slitter VFED
* Qutput Mains
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Observations: Slltter VFD Output

After

efficierjergi

V-THD: 15% < 35% (with earth
reference)

V-THD: 10% < 30% (without earth
reference)

Crest Factor: <5

Predominant Harmonics: 2"
(with & without earth reference)

Voltage peak: 25V, when RMS is
19V.

© 2014 Efficienergi Consulting Pvt Ltd. All rights reserved

Before

V-THD: 98.5% < 101% (with earth
reference)

V-THD: 37% < 62% (without earth
reference)

Crest Factor: > 20

Predominant Harmonics: 2nd
(with & without earth reference)

Voltage peak: 377V, when RMS is
19V.
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VED

Ground Noise
Pollution
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