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Harmonic Filter Design - Summary of Presentation

Medium voltage harmonic filters are used on all power systems at all voltage levels, but they are primarily used onlipowstrigystems at
the mediumvoltage level where large ndinear loads are in use, to improve power factor, prevent harmonic resonance, andtaitigrmonic
distortion. Their design is not widely known or understood, and because of this, the task of design and specificatiotefs iofthe hands of
the drive/rectifier supplier or electrification equipment packager. Because of this approach, due to margin stackingtetienlimber of
drive/rectifier suppliers, and the captive nature of the procurement process, the customer/EPC pays more and gets less.a Deéer
approach, and that is to break the filter package from the drive/rectifier supplier or electrification packager, createwdiltrer design and
specification, and bid it out to vendors who specialize in harmonic filter design and manufacturing.

In this presentation, NEPSI demystifies harmonic filter design, paving the way for the EPC to break the filter packhgeliotrification
packager and/or drive/rectifier supplier. NEPSI discusses the basics of filter design, filter topology, most prevalypesit¢heir
advantages/disadvantages, component selection and rating, vendor review, typical protection and control schemes, arfusiwaa T
interactive and technical L&L where engineers can ask questions and receive answers from a NEPSI engineer who sfiteiatizeggim
specification, and manufacturing.
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Harmonic Filter Design i Presentation Outline

Corporate Introduction (5 Minutes)
Abot{LQa YS& tNRRdzOG 2FFSNAy3
A Breaking the package
Filter Design Presentation
A Basics of Harmonic Filters, what they are, what they do
A Configuration Options
A Metal-Enclosed
A Open Air
A EHouse
A KeyFilterRatinggV,1, I, Q. TuningPoint,etc.)
A Howis harmoniccurrentratingis determined
A Filter Types Topologyof each,advantages/disadvantages each
A Notch
A HP(Dampingactor)
A GHP(Dampingfactor)
A Single/Multistage
A Tuningcalculation(calculatingkg, L,C,R)
A NEPSSpreadsheetool (amusthavetool)
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Harmonic Filter Design i Presentation Outline (Continued)

Filter Design Presentation (Continued)
A Component selection
A CapacitoRating Procedure, applicable standards
A Heavy Duty Vs. Standard Duty (beware of claims), Specification, Vendor Review
A TuningReactor Rating Procedure, applicable standards
A Types: AiCore | IronCore (Advantages/Disadvantages, Specification, Vendor Review)
A Damping Resistor Rating Procedure, applicable standards, types, # of series elements, specification, vendor
A Switching Device (Breaker/Switches)
A Typical Protection
A Capacitor protection (internally fused vs. externally fused)
A Blown Fuse Detection
A Reactor Protection
A Overload protection / thermal protection
A Resistor Protection
A Short Circuit Protection (50/51 phase/ground), arc flash
A Overvoltage, ¢/l nq OverTemperature, Fan failure
A Typical Control
NEPSI Resources
Questions/Answers
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NEPSI - Background

A Established in 1995
A Based in Queensbury, NY
A Key products designed and manufactured by NEPSI
A Mediumvoltagemetatenclosedproducts (2.4kM 38kV) 200 kV BIL Max

Shunt PoweCapacitor Banks (capacitive vars)
Harmonic Filter Banks
Shunt Reactor Banks (inductive vars)
Hybrid Shunt Capacitor & Shunt Reactor Banks
a ct i ViAHRdE Switching Capacitor Banks/Harmonic Filter Banks (2.41\8.8kV) for motor
starti an alternate to large VFD drives and RVSS
Medium Voltage Surge Protection Products

A RC Snubbers

A Motor Surge Protection

A MediumVoltage Transient Voltage Surge Protection

o I

o To o Io

A Service
A Startup | Commissioning | Maintenance
A Power System Studies
A Harmonic Analysis, Power Factor, Motor Start
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Large Harmonic Filter Systems Designed & Manufactured by NEPSI

Rep CHris MINE - BriTisH CoLumMBIA

C-High Pass, High Pass, and Notch Filter Branches
23 MVAR, 24.9 kv, 5-Stage, All-Inclusive Harmonic Filter System

Large Harmonic Filter System 1 of 2lfne to follow)




Large Harmonic Filter One-Line Diagram
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NEPSI Sells Into All Major Markets

A Mining (copper, gold, diamond, oil sands, limestone, lithium, rare earth metals)
A Renewable energy (wind & solar power )
A Oil/Gas, PetreChemical

AEl ectric Utilities
A steel

A Pulp & Paper

A Institutions (hospitals, universities, military bases, data centers, financial institutions)

A Private Label Supplier of product to nearlgll oft h e fimaj or s o
A Others

A semiconductor, scrap recycling, pharmaste water

e ) o T W

Solar wind Petro  Chemical Utility Mining
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Largest Installed Based On The Globe

North & Central America South America Africa, Asia, Europe, Australia

With an installed base of over 2000 systems over the last 24 years (more than 140 in mining and 800 in Oil/Gas)
NEPSIis the leading world supplier of medium -voltage metal -enclosed capacitor banks and harmonic filter banks

NEPSI also brand labels for ABB, GE, Schneider, Eaton and other large electrical brands
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Harmonic Filters T What Are They and What Do They Do?

What They Do -

A

Correct Power Factor (Reactive Compensation)
A Usually to avoid power factor penalties or
comply with interconnect agreement
Reduce Harmonic Current / Voltage Distortion
A By providing a low impedance path for
harmonic currents
A To Become compliant with harmonic
standards
A IEEE519
A IEC 61000-3-2 (EN 61000-3-2)
A Many others
Prevent Harmonic Resonance
A Harmonic filters installed for the
prevention of resonance are often

cal ldetduMiedo capacitor
A Applied when high-pulse drives

are used.

What They Are - %

A Most Simply Stated i
A

A

ban

A capacitor bank with a tuning reactor CFO(x g%
The inductive reactance is a fraction of the &0
capacitive reactance of the capacitor bank.

As aresult, they are, in many ways, a

capacitor bank.

ks C%Q‘z& T
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[ OpenAir

When all costs are considered, including engineering & procurement, integration, site
preparation, installation, commissioning, maintenance, and liability,
the Metal-Enclosed configuration
provides the lowest cost of ownership

This presentationcontains confidential and privileged information for the sole use of the intended NE' SI

recipient Distribution,disclosureto otherthird partiesis prohibitedwithout prior consent Northeast Power Systems, Inc.



Harmonic Filter Configuration Options

Not Widely Used'In i
South/North Amerlca Li A

||Hv Hrrerme

MetalEnclosed A E-House
When all costs are considered, including engineering & procurement, integration, site
preparation, installation, commissioning, maintenance, and liability,

the Metal-Enclosed configuration
provides the lowest cost of ownership
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T —
Key Filter Ratings [ armor\AR ’

DATE; 112017 REACTIVE POWER RATING 2. ,6OBKVAR
SYSTEM RATING TOTAL CURRENT: 444
MAX.:110% | CONNECTION: UN-GRDLJNDED WYE

A Reactive Power Rating (KVAR / MVAR, 3-Phase Value) : o i |

A . . 0(\\0 IEIJ%EI‘J:LT;éC%DwTHESum’:BMIM‘ BOkY %
Usually based on reactive power requwemgnt of load = o Blerior dmcomgenion | PO TUERIAK
A May be determined by harmonic duty requirements %\‘5% ﬂ%\e AN FUSING, NONE EOATION: DONGE. PANAIA
STAGE DETAILS 1 2 3 4 § 6 T 8
A Voltage, based on system voltage (KV/,) ,“QQ A e‘ \{b\ w5 [5551265 ’5?;;“" s .%3:50

P HP
TUNED| 30 | 50 110 | 130

A Insulation Level (KV)
A BIL/1 Minute Withstand m IR

: . || 43| 8
A Based on standard rating for voltage class of equipment L I el ”;' :
+pollution level, + elevation, + consideration for increased N R R N
reliability and arc flash mitigation °";g;”"”‘5§ £o |52 £ 80| 88

. . - . (o] TY/PH| 30 30 30 30 30 o]
A Tuning Point (Hertz or Harmonic Number, i.e. 282 Hertz or 4.7t el b b | | i
. kv| 285 | 385 | 385 | 385 | 385
Harmonic for 60 Hertz System [Fl o 87 | 87 | 87 | &7 | &

A Filter Type (Notch, C-HP, HP) i A
For C-HP, HP m{*::;tﬁ:ﬁ s;%:,s BEEERE
A Damping Factor (R/X,, 4.0 at tuning frequency) T A e e
A Resistor Rating (Ohms, KW) 9 % e %
A Fundamental Current Rating, I,, (Amps), at 10% Over-voltage j

o
H H . e EACH STAGE
A Harmonic Current Ratings (Amps), Include all significant %, el el 0= -
harmonics Under worst case conditions Lo| o| Lo Ao
A 10,05, 1,6. etc. (be very conservative) Noriesst Power Systems, Inc

e
Giansbiry . 12608

Prons; §16-7924778

Wabpage! www.NEPSLcom

() NEPSIREFERENCE o
MINA DE COBRE 34.5kV, 60Hz, 150kV BIL, 75.31MVAR, 5-STAGE FILTER BANK
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How Are Harmonic Filter Ratings Determined?

Filter Ratings

A Power System Studies

A Load Flow Analysis
A Determines reactive power rating of filter (MVAR)

A Harmonic Analysis
A Determines filter tuning
A Determines expected harmonic current flow into filter branch(s)
A Filter type (Notch, C-HP, HP)

A Based on above studies, L, R, C Filter Parameters, and reactive power ratings are determined. The

equipment specification is not normally developed from the study.

Filter Component Ratings (Capacitors | Reactors | Resistors)

A Harmonic Analysis Programs
A Spreadsheet Tools (NEPSI offers such a tool at: http://nepsi.com/resources/spreadsheets))

This presentationcontains confidential and privileged information for the sole use of the intended NEI SI
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Harmonic Filter i

Basic Concepts

/~ SECONDARY BUS
/ SOURCEEQUIVALENT
Z.+2Z, / e
/ 10 (XIR)
80 f 8KA
10 (X/R)
TOTAL K
HARMONIC N
source IMPEDANCE o CURRENT SOURCEBUS ( &‘3’
7Qt Q) REA R ;NJEEEIEN e 1
CAPACITOR REACTANCE (17.23kV RATED Ifilter I — 6.0A
1.49MVAR = -j199.47Q Il : 3 A
REACTOR REACTANCE Pats E)(-/lls 67 MVA
4,7th TUNING = 19.03Q -j a—Y 138-13.8 KV
TOTAL FILTER BRANCH REACTANCE @ 60Hz 2% fC BANK 1,.=0.72A 7.5%
19.03 -j199.47 = -j190.4Q i Q
SECMAIN Pee &0
oven ) | )
Harmonic Impedance Scan o
Filter Bus (No Source Impedance) / Main Bus (No Filter)
60
FILTERVMPEDANCE q;"A
50 M-1 M-5 CAPBUS &
E ====== SOURCHBPEDANCE 1000 HP 1000 HP
§ 1 Induction Induction oren open open
S 16.7% 16.7%
8 HARMONIC
£ 30 = 3M
“g’ e 3 MVAR
- 20 —
s |\ /J - Harmonic Current Injection
E T T T T
3
° 3 5 7 9 1 13 15 17 19 21 4 MVAR 4 Stage/4 Step Capacitor Bank 1.491 MVAR 1491 MVAR 1491 MVAR 1.491 MVAR
4 Stages of 1 MVAR 23.953mH  23.953mH  23.953mH  23.953 mH
Harmonic Number
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Harmonic Filter T Basic Concepts

/~ SECONDARY BUS
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Most Common Filter Types Used at Medium Voltage Level

Notch High-Pass g Pess Application Considerations

A Notch Filters are preferred due to low cost, low
£ losses, and simplicity
A Most common on industrial power systems
3 A HP and C-HP Filters are common in projects
where norcharacteristic harmonics might be
% present, on systems with large drives, and where
- gk

there is stray capacitance concerns
A Most common in mine applications and
where large drive applications (LCI /
Cycloconverter)
A Projects with significant amounts of cable
capacitance (wind farms)
A Filter types, tuning point, reactive power rating, and
guantity can be grouped together to create multi
staged harmonic filter systems

i Xit
Increasing Cost / Complexity

This presentationcontains confidential and privileged information for the sole use of the intended NEI SI
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Notch Tuned Filter
Key Characteristics

~ NotehFilter A Low impedance at tuning point
Filter Impedance Vs. Harmonic Number A L fund tal |
. ow fundamental losses
i - A Less filtering at siddand
_— harmonics
" g A More susceptible to inter
® / harmonic resonance

/ A Lowest cost filter

/

=]

w
S

Filter Impedance (ohms)

1= S
L
]

<

-

20 5 . 30 35 40 45 50
Harrfionic #
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High-Pass (HP) Tuned Filter (Damped Harmonic Filter)

HighPass Filter

Filter Impedance Vis. Harmonic Number

—
=)

——Q=0.5, 27TKW/PHASE LOSSES

@
3

——Q=1.0, 15 KW/PHASE LOSSES
~=Q=3, 5KW/PHASE LOSSES

53
S

——Q=5, 3.2KW/PHASE LOSSES
——Q=10, 1.6KW/PHASE LOSSES /

~
S

/

S
Iy

_—

Filter Impedance (ohms)
[

=
o

0 5 10 15 20 35

Harrfonic # ¥

40 45 50

Key Characteristics

A Attenuates higher order
harmonics

A Dampens resonance

A Provides less filtering than notch
filters at tuning point (as Q or
Damping Factor (R/X) decreases)

A Has higher fundamental losses
than notch filters

A Has higher cost when compared
to Notch filters

A Commonly used in large drive
projects and where inter
harmonic resonance is of
concern.
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C-High-Pass (C-HP) Tuned Filter (Damped Harmonic Filter)

Tuned to
Fundamental
Frequenc
Tuned t a y
Desir
Frequen
™

Key Characteristics

A Same benefits as standard hjgassfilter

A Impedance profile is the same as standard-high
pass filter

A Resistor has near 0 losses at fundamental
frequency

A Higher dampening capability due to lower losses

A Harmonic losses are nearly the same as standarc
high-pass filters

A Higher Cost than &P and Notch Filters

A Commonly used in large drive projects and where
inter-harmonic resonance is of concern.

A Most often applied only at tuned frequencies belo
the B" harmonic (i.e. 2, 39, 4", harmonics)
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High-Pass Vs. Notch Filter Impedance Scan Comparison

SOURCE EQ SOURCE E
== gkA ———n Q
15 (X/R
sa 15 ()
15
(X/R) - 15 (X/R)
5* &
BUS2 \\ BUS-2 N

Aj/\/ TX-1

) o 15 MVA
i 115-13.8kv
5.75%
BUS-1

M-1 M-1_A
T 5000 HP 5000 HP
g Induction Induction
4773 MVAR T ’ 116.7% 16.7%
4.589 mH

4.884 MVAR T

: Avi TX-1
%@ Iy
o3
Mo BUS-1

T

4.773 MVAR
4,580 mH T

4884 MVAR = T
2228 mH . 2.228 mH
191 VAR Notch Filter 494 AR

Application

. M_l.

15 MVA
115-13.8kV {}
5.75% r,;b
N\
01

|
M- 1A

5000 HP 5000 HP
Induction m Induction

16.7% 16.7%

" High-Pass Filter
Application
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25

20

15

Ohmsat 13.8kV

10

Impedance Scan - 13.8kV Bus

- Notch Filter

—— High-Pass Filter, Q=4

5 10 15
Harmonic #

20

High-Pass Vs. Notch Filter Impedance Scan Comparison

A High-Pass filters dampen resonant

peaks between tuning points on
multi-tuned harmonic filters
A Important in cycloconverter
and large drive applications or
where interharmonics exist
High-Pass filter tuning tolerance is
less critical
High-Pass filters help dampen
unwanted resonance form remote
capacitor banks or stray capacitance
High-pass filters are better for
attenuating higher frequencies
harmonics
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High-Pass Filters (C-HP & HP) Dampen Resonance Conditions

12.47 kV Bus Impedance

(Ohms)
N
8

g

A
8

g

8

o

Harmonic Impedance Scan
12.47 kV Bus

Impedance Scan w ith Notch Filter Show ing

~ Problem Resonance Near the 45th Harmonic \

Impedance Scan w ith High-Pass Filter Resistor
Installed. Problem Resonance is eliminated.

0 5 10 15 20 25 30

ke

3 40 45 50

Harmonic Number

High-Pass filters also help to dampen
resonance from stray cable capacitance
and other remotely located power
capacitor banks
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Tuning Calculation (X, Xq, L, C) T Notch Filter Design
(13.8kV, 1000 kvar, 4% Tuned Notch Filter Type)
% QQi " lomQw i

0 0 0 0 Do 'Y MO "VETWG 0 O+ p8td WO 'Y
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IX ko OQA B Q6 QD ME Q¢ O QWY & O WNQE XN p @QW
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@ (—)w (ohms) =( 88 )190.4(ohms)=199.47(0hms)

- 8 AR
w —= Bt Qai N
8 . p " w

O(QE Q6 OP GEO'Q TIHATO —— p T 1EATO= 23.95 mH

9% i} C 5 ) (p 1)X ™ VPO QI Q
T 0 5 T[T[T[L T @ yWaén i
P& 0 Qw P PX O p @ e f

© .,B © ‘O Currentin Amps at Each Harmonic

This presentationcontains confidential and privileged information for the sole use of the intended NEI SI

recipient Distribution,disclosureto otherthird partiesis prohibitedwithout prior consent

Northeast Power Systems, Inc



Tuning Calculation (X, Xq, L, C, R) T HP Filter Design

(13.8kV, 1000 kvar, 4% Tuned HP Filter Type)
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T —
Tuning Calculation (X, X¢, L, C, R) T C-HP Filter Design

(13.8kV, 1000 kvar, 47 Tuned GHP Filter Type)
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Spreadsheet Tools Speed Up & Confirm Design 7
iﬁ@)
Q

How filters are really designed: 3%

A Spreadsheet tools are most often used to confirm ratings and
do design work.

A Required values: System voltage, reactive power
rating, tuning point, system frequency, expected
harmonic current duty (don

A Harmonic analysis programs calculate expected performance
(IEEE 519 compliance, Vthd, Ithd, etc..).

A Expected harmonic current flow into filter is used as input to
spreadsheet tools for validating component duty rating
against standards.

A NEPSI Spreadsheet tool available at:
http://nepsi.com/resources/spreadstteels/

A Spreadsheet tool provides calculation for all major
filter types: Notch, High Pass (HP), aneHiyh-Pass
(C-HP)

NEPSI
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