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Abstract

= The implementation of distributed generation sources with islanding microgrid
capabilities can introduce new challenges for engineers integrating new large
generators to existing power systems. The generator interconnection transformer
winding configuration and the generator winding pitch greatly impacts the flow
of circulating currents and can result in unexpected generator heating as well as
high grounding resistor operating temperatures.

= This presentation presents a case study of the flow of 3rd order harmonic currents
in a microgrid power system and how EMTP was used to design equipment
modifications necessary to reduce the current. A review of generators and how
they can lead to 3rd order harmonic current generation and additional options for
correcting this condition will be presented.
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Goals and Objectives

During design and particularly during
construction, last minute changes and/or
oversights can result in unintended results.
Often these result from “Value Engineering”
efforts intended to reduce costs.

After this presentation you should be able to:

» |dentify a few changes that can make big
differences in system performance

= |dentify when generators can be subject to
high 3 order harmonic currents
L +a*lh+al.

» Understand recommended practices and =3
measures to correct the system if needed ot b+l

By
3
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Introduction — Why is this important?

= |s there a problem?
= 5 recent projects 0.8 — 14MW
» Different interconnection types
— All are three phase, three wire connection types
= All grid parallel operation
= Common symptom:

— Current Flow in the Neutral (Ground Conductor)
— Alarms and/or Tripping (4 out of 5)

» 5 different installers and engineers offer little assistance in
resolution or opinions to correct

L
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Sample Project Listing

: GSU XFMR Neutral / NGR
e ocs Connection SICEN Overheati L) Trippin Resolution
Size (MW) Toe Current " Pitch pping
yp Observed 9
08 Yg-Yg Yes N/A 2/3 Single Phase Utility Yes — 50/51G Transformer
Loads Replacement
. . Utility Re-Distribution
2 Yg-Yg Yes N/A 2/3 gl LP hase Utllity  yoo_ 50/51G,46  of Loads & Settings
oads
Changes
3.9 Yg-Yg Yes N/A 2/3 Single Phase Utility No None (C_urrent
Loads Remains)
1 Direct Connect Yes Yes 4/5 3" Order Harmonics Alarm Only Increase NGR Ohms
14 Direct Connect Yes Yes 4/5 3 Order Harmonics Alarm Only NCI (N.GR
Overheating)

There are many items that could be discussed but we are focusing on project number 4.
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u
P ro e ct S u m m a Study of genesator produced 3rd order harmenics and 3rd order harmenic circulating neutral cument.
1 L3500 Wikesier L2810 Fairrnerit 1

N i o i In normal mode:
Mo R - Measured CTE/TX circulating cument = 274 |

_ 6 Wetmter| yoar i T _LF® hodeled CTBATX circulsting curent = 314
u 1 1 MW CHP Systel I l (2 X 5-6MW) Phiee: QL0 | +W o +rﬁ'ﬁw | Parallel Mode Results:
+ o740 - Maximum recomended CTG NGR = 80A

- Modeled CTG circulating cumrent = BA

— Directly connected 12.47kV 2 Mees T reimg et o |2
— 60Hz ‘ Mk
— 4/5 pitch 3
— 400A NGR

= 15MVA Main Transformers
- D-Yg
- 1000ANGR

" |ssues

— Generator NGR is extremely hot
(180C - Safety Issue)

— Elevated Generator Winding temps
(Control System Alarm)

H H 13 ”
— Client notices “Ground Current o
SKEDO1-01
C | ]
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SEL-700G Date: 1272052017 Time: 11:10:08.452

u u 2B~CIG1 Time Source: Internal
PrOjeCt Review meom o omomx
Mag (A pri.) 250.59 251.8 257.1 2.7 253.2 10.1
Angle (deg} -17.2 101.7 -138.1 163.8 =-17.8% 7.4
IAY I8Y ICY IGY IlY 312y
Mag (A pzi.) 253.0 254.6 257.9 7.0 255.1 14.3
. Angle (deg} 162.0 -79.8 42.8 155.2 161.7 -39.0
* NGR Review
Mag (& pri.)
— NGR enclosure Angie |deg) ®
H VAX vBX Vo VGX Vix vax
- Located In Ele Room Mag (V pzi.) 7557.0 7552.5 7542.7 5.0 T7550.7 7.1
) ) Angle (deg) 0.0 120.1 -120.0 149.6 0.0 -31.9
— High temp burning hazard g . i =
crG_24-1 Date: 12/20/17  Time: 11:08:58.052 ol
: : METER Time Source: int i
» Metering Review .
Fundamental Frequency = €0.0 0.95
— No ground fault current . ) a3
Harmonaic IA IB Ic IN VA va vc
. . . 2 0.088% 0.049%  0.068% £7% 0.010% 0.010%  0.000%
- ngh trlplen harmonics 3 3.281%  2.881% 3.55 3.447%  3.398%  3.428% «———
4 0.0008 0.000% 0.0008—=+—2¢7€ 0.010% 0.000% 0.000%
= G 5 1.855% 1.846% 1.855% 5.479% 0.850% 0.869% 0.898%
enerator ReVIeW & 0.000% 0.000% 0.000% 4.102% 0.000% 0.010%  0.000%
. . G 7 0.283% 0.232% 0.322% 0.000% 0.654% 0.605% 0.615%
— Wlndlng tempS hlgher than 8 0.000% 0.000% 0.000% __0-8008  0.000% 0.000% 0.000%
b 5 0.127%  0.117% D.lD?‘ 0.2B3% 0.273% 0.244%
normal 10 0.000% 0.000% 0.000% —H—E&4E 0.000%8 0.0008 0.010%
11 0.059% 0.049% 0.049% 1.367% 0.205% 0.195%  0.215%
12 0.000% 0.000% 0.000% 1.367% 0.010% 0.010% 0.000%
13 0.039%% 0.039% 0.029% 0.000% 0.049% 0.088% 0.098%
rd : 14 0.000% 0.000% 0.000% 66684 0.000% 0.000%  0.010%
Need to underStand 3 Order harmonICS' R 15 0.078% 0.0€8% 0.055 0.137% 0.137% 0.117%
Whel_’e do they come from, and how can we THD 3.75%  3.41%  4.00%  0.00%  3.59%  3.53%  3.56%
fix this...? THDG 0.00%  0.00% 0.00% 0.00% 0.00% 0.00%  0.00%
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34 Order harmonics — A Quick Review

Is this a new problem? No.. I
= 1898 -Potier’s translation of Maxwell's treatise. ‘.‘: gt tEsttatal JA
» 1927 — Wieseman Graphically demonstrates that

\
\
\
Pole Arc / Pole Pitch = 0.67 will produce Zero 3 \
Order Harmonics ‘«,‘
= 1956 — Oldenkamp Compares 3™ order harmonic '\,‘
voltage calcs to tests. . \
= 2009 — Cardinal Plots harmonic content for various \Tuhl'l ‘
pltCh Sty/es Shaped I;l)lc
Table 6 Generator Harmnni:vbislnrlinln ,\;smi-:.:i_ With I larmonics lator U]nlrss Otherwise Noted)
The shape of the rotor heads influences I~ ]

the voltage waveform. Shaping the pole

reduces efficiency and changes the
harmonic voltage content.

o Harmoni] %

T Pole Alone
I Ty ]
90.53% 000 95 49% NA 100.00%

[ 1,86 A 2.92%
00 .56 A 9.
O 6 A 1

3 2.92%| ==
5 fo5%| =
7 haav| 3
. . 9 12.09%
A fundamental function of the generator pitch. =%
RMS 5.13%
energysystemsgroup.com
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Generator Pitch

(iii) Short 2/3rd winding pitch

2/3rd of full pitch, Figure 3

“Because of standardization, pitch requirements may be s wining pich equels o
B ) . gy . . . For 48 skot = 2/30d of 12 slots = 8 slots {cols span 1 - 8

omitted from generator specifications. Familiarization with

generator pitch can therefore come as a crash course after fesufant Wevefom

equipment data sheets....” — Cardinal

= A few things to consider — 2/3 Pitch

Third Harmanic

Fifth Hrmios

Generators;
— Have no 3™ order harmonics :
— Are more $ and practically unavailable at large
size (>2.5MW) ,

— Are less efficient (minimally)
— If you are not specifying a pitch... You get what
you get.
» The time to study the importance of this
topic is prior to specifying the units, not }

important it must
be in big red
letters...?

during construction.
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Why Does This Matter?

Connection Equivalent Circuit/Admittance Matrix
“While the fundamental frequency voltages in the three phases are Bus  Bus Positive Negative m
displaced 120 electrical degrees in time-phase, the third harmonic Y% Y | P9 —S | P % —S
voltages are displaced 3 X 120 = 360 electrical degrees. Thus the %Y | P B S | P R4 8
three third harmonic phase voltages are in phase with each other ’ yo 230 ’ I,
and their effect is felt only in the zero sequence circuit where it Y A L} L %0 ’;' ] L} " 0 ”'y_ }
appears in the form of a circulating current at the third harmonic v v |op ! Voo ' s | p ! Vs ' s\p
frequency.” — Powell 1973 TAAASTE TOAAATT :
. . Y A { Yp )mﬁ0:| |: Yp _."n14_30j|
» Similar enough to transformer e300y [ w0
A A | PG —8 | P XSS
= Direct Connected Gen
— Yg Gen to Yg Utility XFRMR b b |7 3™ order harmonics are
: C SR S produced in the
= Adding GSU (Yg-D) eliminates the generator voltage
path for current ﬁ waveform. Therefore the
. amount of current that
| | . .
Unless we have 2/3 pitch Gen there flows in the system is
will be the potential for circulating 3™ - dependent on the neutral
harmonics e grounding resistor size.

Fig. 3. (a) Individual resistance grounded power system. (b) Third
L ic zero seq i circuit.
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The Case for Doing Nothing

What happens if we leave this as is?
TIME RATING (ON TIME) PERMISSIBLE TEMP RISE (ABOVE 30°C)
* NGR Heating R o
Ten Minutes (short time) 610°C
- [EEE 32 allows a hot NGR (725F7)
— Move NGR to a place that cannot be
touched?

» Generator Heating
— Near alarm limit continuously
— O&M concerns

» Ground Current

— O&M concerns
— Heating of Transformer

For this project, the
NGRs are in an electrical
room, and we could not
live with high temps.
Client could not live with
current being metered in
the substation ground.

energysystemsgroup.com ©2022 Energy Systems Group, LLC 12




A B [ 0

Study of generator produced 3rd order harmonics and 3rd order harmonic circulating neutral cument.

Modeling - Intent | T >3] 1

In normal mode:
= Measured CT&TX circulating curent = 274 | |
LF# _LF®#—1  _odsled CTGATX circulating cument = 214

+ + Parallel Mode Results:
0
ik 0740 LU - Maximum recomended CTG NGR =80A

Why model this?

= How do we fix the issue of the circulating 2 Moceea T g amen - 682
current? i
— Neutral Current is up to ~30A N

— Intuitively we know if the NGR is higher
resistance, the current will be reduced. 3

— Modeling can verify our intuition
= \What level of increased NGR resistance

can we tolerate and still maintain ground
fault relay coordination?

— lIterative analysis
Need to model the system as connected in

the field, and also under varying NGR : g
Ohms.
- SKE—CO]-T] -
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Modeling - Development

Create EMTP Sub Circuits

B
= Many of the devices are already @3
available in multiple elements -
— Harmonic Source — Series with SM a l A ﬁum‘neem;?;:;:_
— Need to bypass the Harmonic source for LF | & 5 | e =SS
— Metering — 3@ Order Harmonics specifically
— NGR is modeled with different resistances
= Protective Device Coordination T - — e
— EMTP can model 51G, but in this case we just mem EoW W w W T 8=
updated our ETAP model with the derived e N o
NGR resistance to check coordination sl s W e IR
— Higher NGR resistance = lower amps = less =EG 3 L= s
current to use for selectivity. e el et gt s e st o s g T | S

require bypassing and excluding the harmonic voltage sources

= [sland mode operation is the hardest
coordination

— EMTP was used to model TOV during GF
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u u Study of generator produced 3rd order harmonics and 3rd order harmonic circulating neutral cument.
o e I n g - u n I n g 1 43500 Wiskrster 42610_Fairmert 1
e 7 SR ! % Results:

In normal mode:
[ | . . = Measured CT&TX circulating curent = 274 | |
i LF : _LF#—1  _jiodeled CTGATIX circulating cument = 314

Tune harmonic conditions to match ' i )

| i ~pE}_+W -P ::iluirr:f:n::::jed CTE NGR =804
meter readings at Generator and Utility . j ' e e |2
» Model configuration matches as o

constructed NGR configuration H

— Transformer and Turbine NGRs (1000A and ’;’1‘ °°s(°’“9)'m:;2“f -
4OOA) |vm 1259 |1u: “me

= Modeled circulating current is consistent = ,[.., To
with field observations ] fes e b |
~ 31Avs 27A {-coctmney = 0.0
= Allows for What-If analysis IS ric e R 4
— Paralleling of Generators with single | |
transformer. e
A I B I C I a]
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u u Study of generator produced 3rd order harmonics and 3rd order harmonic circulating neutral cument.
ev I ew e es I g n n e n 43500 Wpteser 42810_Feirmert 1
UM 7 AR E % Results:

- - . In normal mode:
L | . - S = Messured CTE& T circulsting curent = 274 | |
. LF@ ’ _LF#—1  _jiodeled CTGATIX circulating cument = 314

. O [ (iigpapeci A s .

n MICrOg rIdS v S e airrmert
= Parallel Mode Results:

- e o7an P - Mavinum fadamended 676 NGR = 50A

— Operate in parallel with the utility , " Modeled T Srutating aoment= 108 |2

g

— Operate in island mode

= Need to Evaluate Both Modes -

Ground fault levels >0

— Ground fault levels = 0 i ’
— During both modes the required GF level
should not be radically changed. B N

— Protective relays

= Using EMTP for this effort “ 4
- TOV levels | |
— Fault currents
— Harmonics 5 5

s | 5
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Modeling — Alternatives

Connection Equivalent Circuit/Admittance Matrix

1 1 H Bus  Bus ositive egative ero

= |evel of circulating current varies based on the P s Pod Negnd Zer
. . Yo Y | PeUlUo—S | PUllo—S | PUllo—S
configuration MY | PeolEo—s | Peudio—s | Pellis o8

_ —y /e Yoo o

— We can use EMTP to model many alternatives YA {_y:i-go y’;fw] {-yi’;go . 30} Rt I
Y Y | PGS | PSS | Pe LS S

= Team Ideas: ) E .
) Y A {—ymé—BO s ] {— ym£30 P } P > S
— Operate Gens at higher kVA A A | e 2 S | Pem 2 s | Pe L es

= Does not address the flow of harmonic current (changes Where: P primary winding, S secondary winding, / star
% of harmonics) connection, %, grounded star connection, A delta

. connection, and =Y, =¥, =V,.,»where y__is the short
Install GSU Transformer with Yg-D DR, B Ty = w7, g
circuit admittance of a transformer.

» Blocks zero sequence path to main transformer

i3%o0z 13%or

* Does not block flow between gens e, % MUST REVIEW THE DESIGN INTENT

Use Reactor instead of Resistor UTILITY

» Similar performance (but higher cost due to replacement)

Unground the Generators

GEN
AY
= Blocks zero sequence path - /;‘
» Protective Device Coordination Concerns Gf % 1
o

F— D

Increase the NGR Ohms
» Reduces flow of current (both harmonic and fundamental)

LOAD

Fig. 3. (a) Individual resistance grounded power system. (b) Third
h ic zero seq i circuit.
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Modeling — NGR Sensitivity

NGR Current - CTG & T4
ntrol

MINGR_Td&/3rd_N3rd_Har_rms@control Bl CTG1/NGR_CTG/3rd_N/3rd_Har_rms@co

= Picking a resistance
— Higher resistance produces lower circulating N o o T o T N .
current R B S e Rt
— To approach zero 3 order harmonics High ~ *[ T A C o T T S D
Resistance Ground is needed. e oo oo o] e o TS 1 rrrrrrrr
= Constructability S H i it A R R s S
— High resistance grounds on 15kV equipment ~ § : ‘ : | -
were not readily available ; : ‘ : | : | | B
— NGR vendor can increase resistance to 100 T - - - T - ‘
Ohms (80A). T o - T 1 A A
_ do T 1 AU R . ;= 7
— Requires additional enclosure extensions for : | : ! : | | | e
larger bank of resistors. e S— S S— A S 7
" Impact """"" S o L """""""""""""""""""""""""""""
— Delays (Which equate to cost) “ .

— Installation Cost ($50k each to fix)
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In Service Situation

Before

After O&M activities and 2 years after NGR
correction
= Generator rehab and reinstallation

— Rewound and completely refurbished

= Operator notes that NGR-2 is cool to the
touch

— Did something change with the refurbished
generator?

— NGR-1 is still warm

= Opening of the NGR shows the NGR is
not connected

— Generator was operating ungrounded

energysystemsgroup.com
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Conclusions

= During development generation system designers must review

the system grounding strategy.
— We must ensure that our plan will not impact the system protection.

= When connecting a DG system to a feeder,

— If both the DG and utility system are configured as Wye-grounded
sources, the two sources (utility and DG) will supply neutral current to the
system or in resistance grounded systems will circulate triplen harmonics.

— If the utility is weak and the generator is large the share of generator
neutral current is high

— If the system is producing triplen harmonics, current flows in all grounds

= Once a system is outlined, a careful review of the use case is

needed.
— Will we have island mode and parallel mode?
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Conclusions Cont.

= |f systems are grounded, and generators are not isolated
by a GSU,
— There will be triplen harmonics unless 2/3 pitch is used.
— If the generator cannot be 2/3 pitch use high impedance
grounding
= Evaluate options for hybrid grounding schemes

— Can use high impedance ground during one mode and low or
solid grounding in other modes.

— For parallel units, consider interlocked grounding to reduce the
number of units grounded while operating.
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