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ABSTRACT

MODELING AND PROTECTION SCHEME FOR IEEE 34 RADIALIBSTRIBUTION
FEEDERWITH AND WITHOUT DISTRIBUTED GENERATION

by
Sidharth Parmar Ashok

The University of Wisconsin-Milwaukee, 2014
Under the Supervision of Professor Adel Nasiri

The existing power system was not designed wittridigion generation (DG) in
mind. As DG penetration is being considered by mdisyribution utilities, there is a
rising need to address many incompatibility issuk&h puts a big emphasis on the need
to review and implement suitable protection schefiifee usual practice for existing
distribution feeders is the Overcurrent scheme wimncludes coordination between fuses
and reclosers. But when DG is added to the digidhueeder, the configuration is no
more radial as there is contribution of fault catsefrom the DG’s and if the existing
protection scheme is applied then this could |leadarious issues like fuse misoperation
or nuisance tripping considering temporary and pemnt fault conditions.

This thesis presents a study on the modeling obtieg IEEE 34 radial
distribution feeder and scaling of the system frafOkV to 12.47kV keeping in mind
the existing conditions and also proposes a priotecicheme with and without the
addition of DG’'s to the feeder nodes. The protectecheme involves providing
appropriate relaying with suitable fuse selectiamd aCurrent transformer settings.

Considerations for proper transformer grounding eayolacitor bank fusing protection is



also simulated and reviewed. When DG’s added, #salts show increase in fault
contribution and hence causing misoperations whigeds to avoided. Relaying

considerations are also provided when an islandedenoccurs. The entire analysis has
been simulated by a combination of various tods Wspen One liner, CYMDist and

Wavewin with occasional simulations and calculadioperformed in MATLAB

environment.
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CHAPTER I: INTRODUCTION

1.1Summary:

Distribution Generation sources like Photovolt&itind turbines, fuel cells, micro
turbines, energy storage technologies, etc ardifahg their importance today to solve
environmental issues and serve as alternatesitg reergy demand. This thesis is to
introduce the modeling of the IEEE 34 radial dizition feeder system structure and
study the impacts of Distribution Resources (DR)ewhntegrating with Distribution
systems and relaying considerations when it is silanded mode. Many different
distribution structures exist like networked or ieddsystems or based on grounding
configurations. Radial distribution systems consibta main substation with multiple
feeders. They key feature about this system iastdnly one source. The nominal phase-
to-phase voltage levels of most primary distribatimrcuits used in the United States
ranges between 4.16kV to 34.5kV or between 120/2dondary voltage levels [1].

For radial power flow on distribution system, fauttan be cleared based on the
magnitude of fault current using fuses and reckdeut if there are multiple sources on
the distribution network, it is no longer radialnature and this would require appropriate
interconnection protection at the point of commaniing (PCC) between the source
and the node at which it is being interconnectétl possible requirement of directional

or distance based relaying depending on the latatiche source.

Faults can be either temporary or permanent inreand when a fault occurs
protection equipment is designed to clear the faithin a few seconds or less. Most of

the faults are temporary in nature and hence rixgjosould be ideal choice to restore



service immediately rather than the fuse operatmgle-energize a permanent fault.
Fuses should be coordinated with other protectigeicgs to clear the fault. If the
distribution network is radial, fuse saving, whishdiscussed in detail later, would be a
good choice but if network is non-radial, then maisgues could arise causing
misoperation of fuses leading to nuisance trippwlgich ultimately affect the customers.
Hence there is a need to decide on a reliable giote scheme with accurate

coordination settings.

1.2Research Objective:

The goal behind this thesis is to model the IEEbQ3g radial distribution

network from scratch with the existing data andeséadown from 24.9kV to 12.47kV
system, based on symmetrical components while kgapiost of the system parameters
unchanged. This is done with the addition of D@ specific feeders which have already
been studied [2]. Then an overall protection schenpoposed based on the addition of
DG’s and the impact study is performed which is paned with the existing protection
scheme that includes fuse saving practice. Thisighimcludes a unique approach to
protection study that involves appropriate transir connection and grounding,
Capacitor fusing and selection of fuses to CT raélzulations. Coordination simulation
results show the accuracy of the relaying scherptad.

1.3Microgrid:

A microgrid is a part of a large utilitypower systén which sources, usually
attached to a power electronic converter, dodds are clustered so that the
microgrid can operate independent of the maiwoet being electrically isolated from

the power system and also continues to energize $spplying power to the loads



connected to it. [3], [4]. Research lab at UnivgrServices Building at the University
ofWisconsin-Milwaukee are progressing to build ktierogrid and controls and thus this
thesis includes DG’s from this project which ingksda 240kW Photovoltaic , two
750kW Wind turbines, one 500kW energy storage abMYA diesel generator and are
connected to the scaled down IEEE 34 bus radiafilnision network. Through email
correspondence, required citation is provided toe tise of Aspen, CYMDist and
Wavewin for the modeling of this feeder with andheut DG's.

1.4 Problem Statement:

Issues created by adding DG’s to thstron network are protective device
coordination, potential formation of islanded systeand ground fault detection. The
problemstatement is defined as to how to mitigataes of these issues when DG’s are
added to the distribution feeder system by the @ggr of interconnection protection and
coordination study. The thesis aims to cover a bieptep approach from modeling the
distribution feeder to coordination of various @cttve devices on various nodes of the

feeder and the impact DG’s can have on the system.



CHAPTER II:1IEEE 34 BUS RADIAL TEST FEEEDER

2.1 Existing IEEE 34 Bus Radial feeder Model:

In order to add DG’s to a distribution network, teesting IEEE 34 bus system was
adopted as a test case. The IEEE Distribution Amlysubcommittee has data for
numerous test cases and hence the data for IEEBu84was chosen for the radial
distribution feeder [5]. The original system is 6GQ24.9kV, 12 MVA with various fixed
loads and distributed loads connected to a malityudubstation. The load type includes
constant current, constant impedance and constaveérpmodels (three phase and single
phase). The line impedances are calculated fronr geometric data and given as
configurations which contains details of impedarmed capacitance matrices in
ohms/mile and Siemens/mile. The entire configuraigoas shown below in figure 1 [6]

and the model details are found in the same degurip

&
&
E

Figure 1: Existing IEEE 34 Bus Radial Distribution Feeder (Adopted from [6])



From the IEEE 34 Distribution feeder committee [H], the information about line
impedances, transformer connection and impedalaas,data is obtained and tabulated

as shownbelow.

Line Segment Da

Node A Node E Length(ft.) Config.

800 802 2580 300
802 806 1730 300
806 808 32230 300
808 810 5804 303
808 812 37500 300
812 814 29730 300
814 850 10 301
816 818 1710 302
816 824 10210 301
818 820 48150 302
820 822 13740 302
824 826 3030 303
824 828 840 301
828 830 20440 301
830 854 520 301
832 858 4900 301
832 888 0 XFM-1
834 860 2020 301
834 842 280 301
836 840 860 301
836 862 280 301
842 844 1350 301
844 846 3640 301
846 848 530 301
850 816 310 301
852 832 10 301
854 856 23330 303
854 852 36830 301
858 864 1620 303
858 834 5830 301
860 836 2680 301
862 838 4860 304

888 890 10560 300



Transformer Data

KVA kV-high kV-Jow  R-% X-%
Substation: 2500 69-D 249-Gr.W 1 8
XFM -1 500 24.9-GrW 416-Gr.W 19 4.08
Spot Loads

Node Load Ph-1 Ph-1 Ph-2 Ph-2 Ph-3 Ph4
Model kW kVAr kW kVAr kW kVAr
860 Y-PQ 20 16 20 16 20 16
840 Y-l 9 7 9 7 9 7
844 Y-Z 135 105 135 105 135 105
848 D-PQ 20 16 20 16 20 16
890 D-I 150 75 150 75 150 75
830 D-Z 10 5 10 5 25 10
Total 344 224 344 224 359 229

Distributed Loads

Node Node Load Ph-1 Ph-1 Ph-2 Ph-2 Ph-3 Ph-3
A B Model kW KkVAr kW kVAr kW kVAr
802 806 Y-PQ O 0 30 15 25 14

808 810 Y-l 0 0 16 8 0 0
818 820 Y-Z 34 17 0 0 0 0
820 822 Y-PQ 135 70 0 0 0 0
816 824 D-l 0 0 5 2 0 0
824 826 Y-l 0 0 40 20 0 0
824 828 Y-PQ O 0 0 0 4 2
828 830 Y-PQ 7 3 0 0 0 0
854 85 Y-PQ O 0 4 2 0 0
832 858 D-z 7 3 2 1 6 3
858 864 Y-PQ 2 1 0 0 0 0
858 834 D-PQ 4 2 15 8 13 7
834 860 D-Z 16 8 20 10 110 55
860 836 D-PQ 30 15 10 6 42 22

836 840  D-I
862 838 Y-PQ
842 844 Y-PQ
844 846 Y-PQ
846 848 Y-PQ O
Total 262 133 240 120 220 114

-
© o

25 12 20 11

o ©
o O U1 O ©
o
o
o
o



Shunt Capacitors

Node Ph-A
kVAr
844 100
848 150
Total 250

Regulator Data

Regulator ID:

Line Segment:
Location:

Phases:
Connection:
Monitoring Phase:
Bandwidth:

PT Ratio:

Primary CT Rating:

Compensator Settings:

R - Setting:
X - Setting:
Volltage Level:

Regulator ID:

Line Segment:
Location:

Phases:
Connection:
Monitoring Phase:
Bandwidth:

PT Ratio:

Primary CT Rating:

Compensator Settings:

R - Setting:
X - Setting:
Volltage Level:

Ph-B Ph-C
kVAr kVAr
100 100
150 150
250 250

1
814 - 850
814
A-B-C
3-Ph,LG
A-B-C
2.0 volts
120
100
Ph-A Ph-B
2.7 2.7
1.6 1.6
122 122

2
852 - 832
852
A-B-C
3-Ph,LG
A-B-C
2.0 volts
120
100
Ph-A Ph-B
25 25
1.5 1.5
124 124

Ph-C
2.7
1.6
122

Ph-C
2.5
15
124



2.2 Scaled down IEEE 34 Bus model for Microgrid

In order to match Microgrid system parameters, ¢Risting IEEE radial distribution
feeder is scaled to 12.47kV, 6MVA with other scglparameters in consistence with the
model developed [7]. The wye-wye grounded transéoria scaled from 24.9kV/4.16kV
to 12.47kV/4,16kV. The voltage regulators are state7.2kV. The power ratings of the
constant power loads and impedance loads are rédadalf. The method involved for
scaling down line impedances is reducing the lelogtines to half and quadrupling the
capacitance matrix [7]. Hence the Wind turbinescamenected to the nodes 840 and 848.
Solar Photovoltaic is connected to node 890. Enstgsage system is connected to node
828 and the Synchronous generator is connectedde 800. The conversion of ohmic
values to sequence values involves symmetrical oot analysis which is shown in
Appendix A and Appendix B. This step is critical @sanges to existing model is been
done. The main tools used for this simulation Aspen one liner and CYMDist. Since
CYMDist has the feature to use geometric data basedine spacing, GMR, etc,
computation of sequence values is accurate asas tato account the effect of mutual
impedances between lines, except for configurai@iy 303 and 304 where it had to be
mathematically computed due to the matrix propefje calculations involving
sequence components and conversion to per unémysd that the equivalent impedance

can be entered in Aspen One liner is shown in AgpeB.

The use of symmetrical components is to obtainesecgicomponents that can be used to model

impedances in both the simulation tools.



Equation (3.2.1) to (3.2.3) represents phase diestrepresented in terms of their
symmetrical components, Il;, |, represent zero, positive and negative sequence
guantities respectively aradis defined as L. 120.
laclo® 11+ 15(3.2.1)
lp=1o+ @% I, + al, (3.2.2)
le=lo+ al,+ a1, (3.2.3)

Equation (3.2.4) represents in a matrix form

I, 1 1 1 Iy
(11,) = <1 a? a) * <11>(3.2.4)
I, 1 a a? I,

Simplifying equation (3.2.4), the following equat® are obtained for conversion to
symmetrical components which are used in MATLABIfne impedance calculations.
(Uape) = (A) * (Ip12)

(Io12) = (A7) * Ugpe)

Iy 1 1 1 I,
I, 1 a a? I,

In the similar fashion, similar procedure is obg&infor conversion of phase to
symmetrical components in voltage domain as shovtha equations below
Vo=Vot+Vi+V,;
V= Vo+ @° Vi + aVv,

Ve=Vo+ avit a’ V,

Va 1 1 1 Vo
Vb = 1 a 2 a * V1
V. 1 a a? v,

(Vabe) = (A) * (Vo12)

(V012) = (A_l) * (Vabc)
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Vo N1 11 Va
V2 1 a a? V.

For unbalanced networks, independent networks wrated and connected where the
unbalance occurs or the fault location. The abawegss is to verify the positive and
negative sequence impedances for the Z and B nizdased on the configurations from
the IEEE 34 bus configuration. Then it is convertedper-unit to be scaled down to
12.47kV system. The scaling method used is thenpternethod. Equations (3.2.5) to
(3.2.7) represent the equations to calculate impezkain per unit (pu) value using base

and actual quantities.

kVApase

I =—= (3.2.5
base V3+kVpgse ( )
_ Vbase _ kaZase X 1000 — kazase 3.2.6
Zpase = I T kva T Mmva (3.2.6)
base base base
actual value
ru =——"—"""—"
base value
Vou=lpu* Zpu
_ Zgctual _ kVApase
Zpu = Zactual(3-2-7)

Zpase B 1000*ka2ase
It is necessary for impedance values to be comyent@ew base quantities from pu system from
an old base quantity calculated in the pu systdm. cbnversion is accomplished in the following

equations.

old
gnew _ zold Zbase
pu - “pu znew

base

2
Znew — Zold kv ;Jltel‘;ve % kaozige
pu pu kVAold k/new

base base

new old szIfS‘Z 2
AISO! Zactual = Zactual * lefld
ase
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Using the above equations [8], the p.u impedanadigined in the scaled down system

and hencehe model is built accordingly.

2.3 Comparison of both models to validate the Modeé\ccuracy:
Once the model is built in CymDIST, it is criticll validate the 24.9kV IEEE 34 bus
system with IEEE results, so that the final modglaiccurate enough to perform
protection studies. The results for comparisonhesé models is shown in the includes
the simulation studies that compares the load 8twdies of the model built in CYMDist
and IEEE results obtained from [9]. Once the maslblilt and verified in CYMDist, the
next step is to extract the same model to Aspenli@ae and perform the protection
schemes for coordination studies. Table 1, TablEaBle 3 and Table 4 are the cases for
the 24.9kV IEEE 34 bus modeled distribution feddem CYMDist Validation cases and
they show the accuracy of this tool when comparétt VEEE results. The error and
average differences in various results validate tbol and have enabled to model the
scaled down version of the IEEE 34 bus network.

The regulators were modeled as fixed taps inrttoglel not for the model in the
scaled down system as the tap settings changédoaddition of Distributedgeneration

(DG) sources which is discussed in the rest ottrapters.
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Table 1: Comparison cases of Line Voltages of IEEB4 Bus from CYME QA Validation test[9]

CYMIDIST | IEEE CYMDIST|  IEEE S CYMDIST|  BEEE
VAl [ VAt | O UMK) | OHIVALNI oy ) [ | OV (ORGP et (Ve e | TV jomveo]
MAIN 103 L0500 0.05000 2 1.05 10500 0, 0000 a 1.0% 10300 0.0000 ]
oz Lo47 | L0472 0.0477 0.000% LOME | LS4 0.0387 00004 1045 | l.oda54 0.0k 0 oo
ROA i DEE LoasT ooz 0-0003 Loa7? 10474 00382 00004 1047 10474 0081 DO
AOR Leas 1oL 2.0395 Q00 103 LOrss D03ER 0 oL Lox9 10269 0.0097 LE-0a
a10 1029 10 00389 00008
L1k 0 | o9na 0.0307 0.0003 1o 1.0000 10,0000 a LO07 | 10069 0.004% 1E-0a
M4 o7 DT 0.0817 0.0063 oFs s 0.0303 D000 0983 0.5853 0.0 Q.00 %
RG10 Loy Lmr 0.029% L0003 L0328 LO8S o.0487 0LO0GS Loz 10203 0.0254 o0l
850 1015 | LOi7 0.0131 0.0004 1006 | 10ISS b.0aE? 0.000% Laz2 1ozo) 0.0 0.0003
il Lo Loun a.QaT Q.00G3 PR LRrEE] B.QR 0T 303 120 .00 o
il Loi6 10063 0.0295 0.0003
L2 0833 | oo9ens 00801 0. 0004
812 oy 0.5533 .00 0.000%
4 1008 10082 0.0193 10,0002 LO18 L0158 0.0157 0.0002 1.012 Lolls 0.0¥9% (i)
A Lo16 Loa%8 00158 0.0004 o
ol 1007 | 100%s 0.0597 d.000d Lons | 1ous1 00053 1E-0a 1o 10109 0.0y 1i-0a
&30 0.5&9 09854 0.0 00004 0.8 05902 00200 00003 0594 0.9334 0.000% o poa
a%4 0.9%9 D.9890 00000 o 0958 oL 00200 00002 0993 .53 0.0803 0o
a5z 0538 | 0581 00104 1E-04 o388 | ousesd 00000 g 0964 | 03637 00511 0 i
RG11 1.0 L0353 0.0057 1E-Cd LG3s 103 00483 0.0005% 1.036 1.0380 00000 o
a3 1L0¥6 LO¥5% 0.0097 104 L.045 Loaas 00483 00005 1.036 10580 0.0000 o
A% 1o | Loade a.owar 0.0004 iod2 | opoand b.0154 0. 8002 1084 | 10434 00193 .00y
#1 100 | L0300 0.0057 184 103 Lo2es 00458 0.000% Loa Loan 0.0051 [l
Latd Lol 1.000% 00057 1E-04 1029 1.0 80383 000 1,081 Lo 0.0093 o000
] 1081 | popMaw Q.am 90003 1039 | Lorsl 0.00%7 1E-04 108 Lokt a.00a7 L4
L) L031 | 1.030% 0.0057 LE-0d L0X9 | L0791 0.00%97 LE-Od 103 | 10313 8.0291 00003
Ll [ R Lo1n 00000 g L0339 Lol 0.0097 1E-0a 1.011 10314 0.0188 B Ll
L 183 1005 0. 0285 00005 1029 10391 00057 1E-04 Lom 10010 . 0000 o
L3 1.03 FR e 0.0r81 0.0003 1029 Lo0a7 00253 00003 1.031 10308 001 0.0
40 103 L0303 0.0291 0.0003 1035 L7 00292 0000 1031 1.0308 0.0134 o Do
262 L0% 1030y 00291 0003 Lo Loxe? 00292 00003 1.051 10308 0.0154 0poa2
a 1029 | 10283 025 0.000
a5y 1.034 20336 0.0387 0001
KPR _NFO 1 09487 0.0300 0.00¢3 0.958 L9581 0.0301 0.0003 ] 1 oo0g 0.0000 o
= 1 D996 0.0400 0004 o | 09983 0.0301 0.0003 1 1.0000 9.0000 0
50 o7 | oo 0.0527 8.00¢3 o | 09238 Bl 0 QoS 0918 | es7? .07 [ler 3|
856 0.558 09977 00301 0.0003%
AvpDif va[%)| 0.0 AvpOIfve(%) | oo A D VE[%) | o
Mar I VA[R) |  ouos M D VB(K) | 0% Man. DI VO[N] o84
| Awg DY VAIpu)!_0.0003 AvgDitf VB{pu) | 0.0003 fwg 0 VE{pu)| 00002
Imax it vajpu)  o.0005 M Diff WBipu) | 00005 M. Diff VC{pu)| 0.0008

Table 1 shows the results of line voltages comptrdte IEEE results and gives
a small error margin of less than 0.5%. It is iesting to note the cases of nodes
890,844,848 as they are one of the few nodes wb&&s are placed as their line

voltages changes.
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Table 2: Comparison cases of Voltage Angles of IEEB4 Bus from CYME QA Validation test [9]

cvmoast | e cYMonT | sl ormaoisT | igEE
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8L 088 408 0.00 ooo | axaer | axer oo [ usss | pass .00 [
anm .08 o0 000 000 22001 | .11 am .00 us® | jam o (.00
.00 .73 0.7 UE H.! -1&!‘! I.Eﬁ o 000 I.I.'I{I_ 118, 5 0.m {LE_
| 1K -1 -1 =K -0
LR ] -1L.57 ~LAT e 0.08 -131.92 -1 85T oo oo 11838 11099 [:X:1§ ol
L1EN ) 215 . ] 002 200 12270 AW o 000 11800 1LEQ1 Q. 0.0%
a1 e ¥ ] 2 0o 0.00 A3 % QLW am .00 11800 1101 Ay [T
Ba ) ) 000 0.0 J3m | anwm P 0.00 i | pam 0. Lo
nem 2 1 o [ -an | ann [ 0.0 urw [ uee [ o
LW EET] T [ 0.00
o 21 232 043 0.0l
[ 21 0 [ 8.00
i 14 | am 7] B3| -ma | iuM B [TTI T T TR ] 8.63
[ a2e | ans e 0.0l
m ETT] 11 .42 0.1 A28 | ane am 0.00 urn | unm 0.08 [
[T 168 14 [ B AN | N [ [ 173 [T s [
L 288 I [ [T 240 | 1240 am 000 nn 1124 0.03 [T
T -1.13 =111 012 0.01 -124.10 -1M18 oo 0.00 11431 1141 ooy a2
nan 11 A1 on [T AMIN | JaMiE am 000 ey 141 [ [T}
FEL0D 313 111 o 0.01 -124.1K 1M 15 oo 0.00 1IET]L 11811 2Xsr] a2
00 e at] 317 0z .ol 12477 1M ol 041 L1830 118 17 0oz 002
B -1 L4 031 0.0 -134.38 R e Bl ool 180T 11509 g [
84200 1M L5 [ET] [ 14w | auw am 000 ues | psos 0.03 om
m 13 E¥] [ET 0. 2841 | el G [ ued | 160 a0z o
S0 3R ] [ TR TR [ 0 | usm | uem [ [TT]
e 333 -5 [ [T -LaaA8 | -1mar i 001 115,44 11408 [T [T
o 1M 1M ooy £.00 2y | aum e [T I T ooy 002
[ A 2 [ 0.1 MM | MM FT 001 uee? | uam e 0.0z
B0 - L1 o 8.0l T al 0.01 1667 | 16 0. 0.0z
[T LM -L1l (Y] 8. T T &l [T LISE7 116,09 [T [
[T i | amm am 0,00
[T 118 413 (¥ 0.

WML X =4 i -AbY 0 ol 12578 13T om g LiA.78 114 K7 003 .08
a0 4 A [ 8,00 ann | anf am 000 an |y a0 003
L 520 5.1 01% 0.0l L2577 -1H7 X4 [R5 115.5% JitE | £ 0.0
600 11341 12141 o 0.00

[ Mg ORIVAIN) | 000 | Mep DHTVEN) | 000 | ApDNVOIN) | o0r
MDA o Man DI VIER) | 0 ManDHf VK] | 000

W o I 000 _| [T
W [ mmm [ Mﬁ 001

Table 2 gives a comparison of voltage angles obthfrom this tool compared to
the IEEE results in order to validate the modelisacy and the motivation behind using

this tool and again the difference in error is lss 0.55%.
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Table 3: Comparison cases of Line currents of IEEB4 Bus from CYME QA Validation test [9]

CYMIDIST | IEEE evmaoist]  bEEE CYMDIST|  IEEE
KODE wia) | 1a(a) DAL IAQS) | i LA(A) wia) | s (a) DIFFIB{) | DI IBda) woia) | wcia) DIMIC %) | DITICiA)
FLAIN 31547 SL56 [ N5 ] 0.01 &4 568 +4.57 0.00 0.00 0523 4055 .07 0.03
Ba2 51.561 SL58 [ 0.02 A4 56T 44,57 .00 0.00 40.917 4053 004 .00
#06 51571 | 51.5% [T 0.0 | ar4ss | 4247 060 ao0 | 37 | i 0.01 0.00
B 51744 LTS 03 0.02 #42.463 42.468 0.01 0.00 39.28 F9.58 0.00 0.00
10 a 0.00 0.00 0.00
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50 A5. 455 &5.47 [ Xk 0.02 40,036 0.0 0.01 0.00 38.172 38.17 0.0l 0.00
#16 45457 | £8.47 003 0.01 | 40036 | 4004 0.01 oo0 | v | 3ma7 0.00 6.00
g8 13.013 | 1309 013 0.02
820 10,607 | 10.62 013 0.01
[+ [ 0.60 000 £.00
#24 35871 | 3587 0.00 oo0 | 3984 | 32 0.0l oo0 | 35048 | 3808 0.01 0.00
826 i 0.00 0.00 0.00
a8 e | asay [X o.00 | sazs | 3593 0.01 0.00 srrr | arwr 0.00 0.00
[ 35435 | 3543 [X 7] 0.01 a1 | o 0.01 o0 | s7ma | avm 001 0.00
254 M6 | MB [T 1 oop | 3sass | 41 0.01 001 | 35486 | 3643 0.00 000
52 FOMET" .00 oo0 | e | 3se0 [ [T ETTET 0.01 0.00
RG11 Mmwy | s 0.00 000 | amsoz | ameo 0.01 000 | sesxa | ses ool 0.00
[ 1F] 31788 1.7 (¥ ] 0.00 33583 3353 ool 000 13578 3358 0.01 o.0a
258 20855 | 2088 002 oop | 23137 | zas 0.01 000 | 2402 | 24 0.0 0.00
[0 2029 | 0.0 [T oob | moass | 22w 0.02 oo0 | e | np 0,00 0.00
212 14.738 M [ X ] 0.00 1é. 298 16,30 0.0% 0.00 15111 15.13 0.0& o.01
M 14.454 1847 LS 0.01 16282 1629 0.05 0.0% 15.1 15.11 007 ilid}
By 9,754 9.7 002 0,00 9,394 940 0.06 0.01 9.77% 9,78 001 0.00
848 ey | A [T 0.0l 9.76 5.77 0.10 001 LTn 5,78 0.0% 0.00
B0 5.B66 55T aaT 0.00 T.678 T.68 oLas 0.00 5.2995 523 0os 0.00
&35 1453 149 027 CLOD 4419 447 Qo3 0,00 13 1L 017 000
B0 0783 .75 038 0.00 0,793 [ %] 0.58 0.00 793 0.7 0.38 0.00
BE2 g 0.00 .00 0.00 2,091 108 0.05% 0.00 L] 000 0.00 .00
B8 a (i8] 0.00 0.00
A4 0 .00 000 .00
xFil xF0 | 69847 | #ss0 [¥ ] .01 .08 | .00 0,01 .01 855 4550 0.00 0.00
BER 69837 &5.90 [N r) 0.01 T0.046 To.08 0.01 0.01 845 &9.50 0.00 0.00
#50 g9.903 | 691 [T 0.01 70.056 | T0.05 0.01 o010 | essia | esss 0.01 0.00
156 0 0L00 000 .00
Avg.DiffIA%) | 005 Avg.Diff 1B(%)| 0.3 AvgDIHIC%) | 0.4
| Max DNITIA[%) | 038 M. DI IB[%) 0.8 Man DIt IC(%) | o.38
| forg DI 1A(A) | 0.1 Avig. DI IB[A) | 0.00 | Avg.DHTIC[A) 0.00
Maw.Diff afa) | ome Man Diff IB{A)| 001 ManDiff icja) | o008

Table 3 is the comparison of results of line cutsesf the CYMDist and IEEE
model and shows that there are very less errothisncase as compared to the other

results and is less than 0.3%.
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Table 4: Comparison cases of Current Angles of IEEB4 Bus from CYME QA Validation test [9]
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Table 4 is the comparison made for voltage angheistie differences in error in
this model is less than 0.3% in this case. The maggimes fixed taps but for the scaled
down model it is not fixed taps but control regathfor the voltage regulators and results
show that the taps don’t exceed the limit of 16ckhare developed from discussion and

equation in Chapter VI.
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CHAPTER IlI: PRINCIPLES OF PROTECTION SCHEME

3.1 Protection Philosophy:

Since at distribution level, the most common typeeatays used are Magnitude
and Directional relays, this thesis focuses ongusirese relays to mitigate the issues
faced when DG'’s are interconnected to this sysi&yrproviding instantaneous and time
delay to the relay settings, coordination issuestmmitigated[8], [10]. The reason being
there can be nuisance tripping due to backfeedioent when DG’s are interconnected
to the radial feeders and that makes the existygjesn more complicated [1]. For
simulation purposes close-in faults are consideredhey are the worst case scenario
situations. Depending on the fault current magmfyatimary and back up protection is
selected by giving a time delayed approach to ¢teéngs. The following terms are used

for the language simplification in performing pratien studies:

e Zones of protectian They are the portions of the electrical powestemn where the
relay operates for a fault occurrence dependinghenoccurrence of the fault in the
zone defined as primary or secondary for backupedrary for load encroachment
[11].

e Minimum fault current magnitudgl|, It is the minimum fault current magnitude seen
by the relay for any fault [12]

e Relay pickuplly |, the current magnitude for which the relay wpkoate and the Pick-
up(PU) setting associated with it or the minimumgmtude of current that will allow

a relayed protective device to operate [12]
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e Relay operating timeT: It is the time associated by the minimum opiagatime of the
relay

e Circuit BreakerA protective device used to open or close thetedad circuit during a
faulted condition or maintenance condition for teattion to be operated. During short
circuit condition which results in rise of currentbe breaker will sectionalize that
particular equipment and feeder sections assocwitédt so as to allow other sections
to operate normally.

e Coordinating Time Interval (CTTyme delay or differences of time between operation
of primary and the next protective element

e DC Offset DC offset is a transient component of AC fault eatrdue to sudden rise of
phase current in a fault condition

e Open Interval:During reclosing operation, open interval is timaet interval till the
device remains open until it goes into lockout.

e Reclosernlike the circuit breaker, the recloser is aniintpting device with reclosing
function and much more economical which can be rotlett by multifunctional
protective devices. It works based on the reclofungtion which operates the breaker
or recloser for the open interval time till it goeslockout which is a set number of
operations it is supposed to operate and trip pleeading device

e Reclosing Reset Timdt is the time delay used by the recloser logies®& after
successful reclose occurs when the recloser okéres closed and no overcurrent is
detected.

e Relaylt is an electromechanical or digital controlledrgmnent that operated the

recloser or breaker or switches



18

Relays can be classified based on input (curreltéfye/etc) or operating principle
(phase/restraint/magnitude/etc) or performanceactaristics

(Overvoltage/Overcurrent/Directional/etc)

Classification by Performance Characteristics:
-Overcurrent

-Over/under voltage

-Distance

-Directional

-Inverse time, definite time

-Ground/phase

-High or slow speed

-Current differential

-Phase comparison

-Directional comparison

3.2 Review of Fault types:

There are four major types of faults [13]:

-Single line to ground (1L-G): Unsymmetrical faulbere the trend is to see a depression
in the faulted phase voltage and sharp rise irectirr

-Double line to ground (2L-G): Unsymmetrical faslhiowing the same trend as 1L-G
fault involving two faulted phases

-Three line to ground (3L-G): Symmetrical fault ghig sharp rise in all three phase

currents and collapse of all three phase voltages.
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- Line to Line fault (L-L): Unsymmetrical fault wihe the trend is to see a depression in
phase voltage and sharp rise in currents on althte= phase voltages and currents and
does not include any zero sequence components

3.3 Overcurrent Protection for radial feeder:

Consider one section of the distribution feedemtaming the main utility and
section 800 onwards. The simulation results forftlee saving scheme as discussed in
[1], [14] is implemented and shown in Chapter INheTthesis aims to understand the

implementation of overcurrent protection with gegs. For instance,

Bus 1 Bus 2 Bus 3
BO B1 B2 B3

O x}— %
R

Figure 2 : Section of Overcurrent Protection explaation for various faults represented

In the above figure 2, Let’s consider coordinati@tween B1, B2.

F1 and F2 represent feeders and BO, B1, B2 irelimagakers or reclosers or fuses
depending on the usage for this example. To set $p2cifying close in fault or
specifying classical fault,|, which is for fault located at bus 3 (maximum adpnce
between source and fault) can be calculated andehigi] can be set to operate faster to
trip.

If |If] > [bu| = Trip

If 1] < |bul = Block

Figure 3 below represents on the current plane
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Im{l}
T Tripping
/ "I. N Region
f /o | Re{l}

[ |

Figure 3: Current plane graph to represent Trip andBlock region for a Protective device to operate

If we have /= 6 pu as one of the results from Appendix A, Bdithen [b| will be

higher because the fault is closer and hence sy Tl pu

But for fault currents pick up set above 7 pu foe tine between 1 and 2 has higher
chance of misoperation as we want B1 to operatg fomlfaults between buses 1-2, so
mitigating between selectivity is useful criteridence we introduce time delay and
instantaneous settings. Same pickupswith diffetiemt¢ delay will not work as both the

relays will operate at different margins

Therefore what we will do is to set B1 to pick upttee same minimum fault current at

b2, with time delay, and then apply decreasing tielay for larger currents [15].

ILine :E’ N>5
I 5

Relay

And there are limited, discrete choices availabla\.
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e Using | as the minimum current level on the line-sidelw CT for which the relay

will operate, we have

1 _N

. STAP=2|
Tap 5 N P

where Tap is the pickup setting, in Amps on thayeide of the CT.
To find the appropriate CT ratios, time dial segfinand tap ratios, the following

scheme is adopted with few modifications from ergscheme from [2],[14].

Possible CT ratios are: 50:5, 100:5, 150:5, 20@5):5, 300:5, 400:5, 450:5, 500:5,
600:5, 800:5, 900:5, 1000:5, and 1200:5. CT ratiod accuracy classes are chosen so

that secondary current is limited to 5A and 100Aemmaximum fault conditions [16]
Possible Taps are 4, 5, 6, 7, and 8.

From correspondence with utility engineers, therdwmation time is specified to be
Tc1=0.3 seconds. To set B1, we have to obtain theesmgucomponents which are
shown in the code mentioned in the appendix ancutalons shown. The line-to-line
voltage: V=12.47/sqrt (3) =7.2 kV. The abc to O1frents can be obtained from the

formulas mentioned above.

Let the minimum fault current beqi,. Let’s take a “safety” factor of 3:

I [13=1

f,min p,desired

So based on Tagidwe have to choose the correct CT ratio and thecutzk pick up

which should be more than load currents in pracfiteis that Tap and pick up current
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becomes Tapuwaand |, 4qeq- The Next step is to select the Time dial which dejgeon

fast it has to operate and the current for whishoperation is slowest which is the
minimum fault current. Now you need to select timeetdial setting (TDS). To do this,
you need two things which is specified By;l/1p actuaAlSO in the above figure if we are
setting relays for B2, then we will consider minimand maximum fault currents in that
zone where we want the time delay. For calculati@smes pickup is considered as a
useful tool to check time dial settings. Therefdregensure we get 0.3 time difference
between the two relays (each relay having its oMt Tand therefore its own time-
overcurrent curve), we should perform the designtlie maximum current (furthest to

the right on the time-overcurrent curves) [17].

Design Summary:
e Choose the taps and CTs (determines relay pickup)
e Then determine the minimum fault current for whtble relay should protect. If
the relay has back-up responsibility, this will foe a fault outside the primary

zone. Employ the safety margin as described above

_ I f,min
,desired
P 3

. Computing the desired tap from for several diffénesdues of N and choosing

the CT ratio that gives TagireqClose to an available Tap, call it Tapu

5

Tapﬂesired: I p,desiredﬁ
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Then recomputed the pickup as

N
| p,actual — (gj-rapactual

and check if it is close tQ desired
e Choosing Total operating time for back-up relayyvy computing maximum fault
current in backed-up zongmhx and calculating operation time for primary rel@y,

the total time delay for the relay is calculated &+Tcr)
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3.4 Coordination Study of Overcurrent Protection:

Overcurrent protection scheme is implemented foordioation of relay of
interest with relays to be coordinated upstreancivinefers to the supply side or higher
voltage side of the system. For radial networkc¢eitne level of fault current is same, the

coordination is done for the feeder protection wigstream protection.

¥-¥ grounded
1 a3 3
Gan. H LW

Side ~ - Side B3 B4
3¢ %
;/

12.47kV

Figure 4: Bus 800 represented as Number 1 to showoG@rdination study approach

The above figure 5 is one part of the 34 bus ratigtlibution feeder that shows
step down of 12.47kV to 4.16kV. So for a fault beén bus 2 and 3, B4 is set to operate
faster than B3 by time delayed approach thus defimrimary and backup protection
zones. The design approach is mentioned in theeapages. Simulation studies show
that coordination is done in only for a set of liexa as faults outside that zone could
affect normal operation of breaker as it adds mone delay. The figure below shows
coordination curves obtained and is compared wahdard curves from various relay

information documented in Appendix D
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Figure 5: Description of Coordination curve from Agpen One-liner

Figure 6 above shows all types of faults and dejpgnoh our interested it can be aligned
for a particular fault type.The graph is a log-lp@ph with time on the vertical axis and
current on the horizontal axis. For coordinatiompmses, the transformer relay curves
should intersect with the fault current line atsie@.3 seconds after the feeder relays and

the transformer damage curves are always on theehgide if there happens to be any
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internal fault.Coordination is also checked foelito line faults as ground curves do not
play in a role in this case.Objective of Overcutrprotection is to protect equipment
from damages due to fault currents and thus maitaeliable distribution system.

Fuse Saving: This approach is followed by manyituttompanies to clear temporary
faults on laterals. When fuses are located in dédemusing these approach temporary
faults can be cleared by breakers or recloserspanianent faults can be cleared using
the fuses. In this thesis fuses are selected basdtne delayed approach rather than
instantaneous settings so that temporary faultdearieared first.

Instantaneous Setting$n general, instantaneous settings are usednt &quipment
damage from high magnitude fault conditions. Unlikee inverse overcurrent curves as
discussed above, they do not follow these chanatits, but will operate immediately
for any value of current set by the user to openaséantaneously. An instantaneous
value of 150% of the magnitude of an expected drmbioe, bolted fault is recommended
if the instantaneous element is sensitive to DGetfi 8].

Load EncroachmentWhen the load current and fault current are simildues then this
approach is used by allowing a tripping region alutking region based on changes in
impedance angle, as shown in figure .Load imped#&ymeally has a lower impedance
angle (higher power factor) than fault impedance.

Transformer Inrush CurrentA transient phenomenon in which there occurs atsho
duration inrush of magnetizing current when an adé&x, or loaded, distribution or
power transformer is energized. The transformprimary protective device must be
capable of withstanding this inrush current withoperating (or, in the case of certain

types of fuses, without sustaining damage to tiusible elements).
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In the case of a fuse, the minimum-melting curveusth be such that the fuse will not
operate as a result of this magnetizing-inrushesurr

To avoid a nuisance operation of the transformangy fuse or relayed protective
device, it must be capable of withstanding the retigimg-inrush current of the

transformer superimposed on the transient ovencuassociated with picking up cold
load current, the expected overload current aswatiaith the total kVA connected.

The transformer primary fuse or relayed protectiegice to must be able to withstand
the combined magnetizing- and load-inrush curr&@j.[With consultation with various

protection engineers in utility industries and kegpn mind various industry practices,
the following guidelines for overcurrent protectigettings is tabulated as shown in

below flowchart and also for the above rules fasrdmation purposes.
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(Pickup value of Phase/Ground ugjtyeam > (Pickup value of
Phase/Ground uniuwnstream

For a 3-phase fault phase pickup should be abttetr the fault in < 1s

Phase settings are set to coordinate with 140Kdnseground settings are
set to coordinate with 100K fuse

For reclosing operation, fuses are set to opefie® recloser foes into
lockout condition by coordinating with fuse’s minim melt and total
clearing tim

Load encroachment settings are recommended inl€&3€ fuses do not
clear the fault less than one second

TCI ( Time coordination interval) between devicesni discussions with
utility practices:

Electromechanical relay with electromechanicayel0.3s (assuming
breaker time <0.1s)

Electromechanical relay to electronic device -<e8onds
Electromechanical device to fuse — 0.2 seconds —
Electronic device to electronic device — 0.2 sesond
Electronic device to fuse — 0.1 seconds

Fuse to fuse — 0.1 seconds
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3.5 Fuse Selection Study:

Fuses are required in any circuit to protect theudi from overcurrent condition
due to short circuit or overloaded conditions. his twork, fuses are selected based on
various parameters like:

- Normal load current and voltage

- Short circuit current

- In rush currents

-Reliability of fuse in order to be reattachablel aesettable

In this thesis, fuses are selected at 135% of ndioad current at standard temperatures.
If the ambient temperatures are extreme then tbe fatings have to be re-rated. Another
important factor in considering fuses is the tafelaring time (Tc) , melting time (Tm)
and arcing time(Ta) and these factors are includddle performing coordination
between the fuses and reclosers.

3.6 Effect of addition of Distributed Generation inRadial feeder:

From the simulation results tabulated in Appendixwhen DG’s are connected
there is a clear increase in fault current at sofrtee nodes and also from the load flow
study it can be seen that adding DG at 890 incseasder voltage at 890 from 0.99 to
0.95 pu. The data used to find the DG impact ordibibution feeder are [18], [20]:
-size and type of DG converter and prime energycsou
-Fault current contribution from the DG
-Location of DG which for this system has been uksed in [7]

-Type of interfacing transformer connection usedhat point of coupling DG with the

distribution feeder
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The below figure 6 shows the configuration of mgeid attached to the 34 bus
radial distribution feeder. Following general paiten scheme and the configuration
adopted from [2],[14], which involves only fuse lexer scheme the results seem

consistent and is discussed in detail in the sitiana

1.5MVA

O

Diesel Gen

802 806 808 3812 814

Utility
Grid
11D

(Island

Interconnection
Device)

250kW
Solar PV

Energy
Storage  |—e"o ¢
System 328 830 854 856

1MWh, 500kW

Figure 6: Topology of Distributed Generation Source added to IEEE 34 Bus network (Adopted from
[7])

In our study, for example at node 890 where PVnigrconnected there is voltage
imbalance and using the existing protection schdrmeee is also coordination issues as

there is increase in fault curreas shown in figure 7
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Figure 7: Snapshot of Cyme Fault study at Bus 89(hewing voltage imbalance

The following figure 8 is adopted for explanatiomrposes from [1], shows the impact of
DG in an understable procedure. The figure shows iticrease in fault current due to
addition of DG causes the fuse to melt for a terapofault before the recloser clears the
fault. This leads to misoperation of the fuse. Tikia classical demonstration to show one
of the main issues while applying Overcurrent Retide for a distribution network and
goes to show that when there is high penetratidd@&% the existing protection needs to

be remodeled and revamped.
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CHAPTER IV: INTERCONNECTION PROTECTION

4.1 Issues discussed in addition of DG’s to exisgrOvercurrent Protection:

-Sensitivity of Phase and ground protection of ézdateakers based on addition of DG’s

-Based on faults on other feeders, it could leaduwent contributions from DG’s and
hence backfeed is an issue

-Out of sync reclosing due to islanding condition.

Impacts of these issues are shown in the simulaéisults in Appendix A and Chapter IV
deals with the methods to mitigate these issuesdertain extent. For instance in one of
the cases considering DG at node 800 as synchragemerator, there is an increase of
current to 3273A. Close in fault on node 800 noly accounts for fault contribution
from DG’s on other nodes but also since it is cabex to low voltage side of the main
utility transformer it has to be implemented whfficient interconnection protection.

4.2 Impact of Fault contributions of DG’s on Laterd Fusing practice:

Without the DG’s the fuse recloser scheme is adbfsten [14],[21] and implemented in
Aspen for the scaled down version of 12.47kV syshterthe below figure 9, the laterals
are defined as the lines that bifurcate from thdesoand some of the loads are fixed
loads and some are distributed loads which ardesamyd three phase as described in the

IEEE 34 bus distribution feeder
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Figure 9: Complete Scaled down model of IEEE 34 Bus distribidn network with DG's in Aspen

The below figur 10 shows a case for minimum fault on node 810 whicto

validate the result from the referen2] , but for the scaled down vers
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Figure 10: Close in fault at Bus 810 of the 34 bus distributio network
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The aim is to achieve the coordination betweenr¢bser and fuse on the lateral
for a minimum classical fault on node 810. As etpd we would want the recloser to
operate first before the fuse melts for the tempofault. As seen in the graph, the
sensitivity is really poor as coordination intertahe for any total fault is below its
operating margin of 0.3s. Overall adjusting timeetidial would yield better coordination.
Simulation performed for the fuse recloser schehwvs similar results as obtained in
[14], [22], [23], with the scaled down version. dilon of DG’s clearly changes the
dynamics of the system as it changes the magnitifdiesilt currents, direction of power
flow , mismatch of fault current leading to misogon of fuses when fuse is

coordinated with fuse or fuse with recloser anddfiect of transients from the DG's.

Figure 10 also shows the lateral modeled as thnasgyas described in the IEEE
description and is particularly important for fuseloser coordination when the DG is
added at node 800. Figure 11 below shows the awatidh curve of a fuse recloser
scheme with emphasis of fuse saving to show thegectrips for a temporary fault and
then the fuse melts for a permanent fault , butagberating margin is clearly less than

0.3s even after improving the time dial settings.
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Figure 11: Fuse Recloser coordination study with cgrating margin less than 0.3s

Hence there is a need to modify the protection mehand settings by choosing
slower phase and ground units while also addinge multiplier to the recloser settings.

These are adopted when interconnection protectberse is implemented.
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From the figure 12 below, if the one line is siripll with DG’s and addition of an

adjacent feeder, then this could lead to nuisanmgping of feeder due to addition of DG.

The fault indicated may cause tripping of both ineakers instead of just the breaker on

the adjacent feeder if the breaker on the maintytiloes not normally have reverse

power flow detection . Hence the fault could leadrtisoperation of both the breakers

leading to the outage of the entire feeder.

Fault
]
el 0. e 10,561 S
W) G 11T T e
WO SR 11 T ey
) G AT R i)

L 1 T B

LAk
el SR g TRLBE dag
WEARE pu S BT
WEE 120 g P VIR g
L 5 AT e

RGN
el S
A S

Ve 12
[CIERT ]
LS B
=T TYH]

L ETR T E T [T TTREE T F=0 T AT 4355 G
Vo | T g [ 1G5 A, #1487 dhag ICmBE AT 14T g
— ) .
LU e s h @ 4 & &—r—
e} _ -_ -‘ * -
a
Wi 8 { BT Gy
VB0 07 pu 13T TN deg

s s

l

WOl 1HE e d 1T 38 g

Liw 5 AT B dag
VBT A
G0y A TRGT g

Figure 12: Nuisance tripping of feeder breaker dué¢o multiple sources of current for a faulted

condition

Hence appropriate settings can help detect thigiasd using fuses and reclosers alone

cannot detect the reverse power flow issues amttibnal issues and hence the breakers

have to upgrade.
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4.4 Grounding study and Transformer Phasing:

Based on the existing configuration, the transtarm wye-wye grounded for step
down of 12.47kV to 4.16kV. The interconnection sBmmers chosen for this work is
delta-wye grounded where the low side which is@ié side is delta connected and the
high side is wye grounded.The distribution feeds¥clis four wire neutral grounded and
IEEE standards suggest that the DG should be eféégtgrounded which is defined
between the ratio of sequence impedances of thergien and transformer combined [1],
[24]. This study involves analysis involved withettransformer connection and generator
grounding. IEEE standard recommends the use oflbbge transformer connection and
hence it is used for this study.

Transformer terminals are usually represented B$1Pi H3 and X1 X2 X3 and
based on the H/X relationship obtained from thendfarmer name plate details and
various combinations allowable for the windingse ttiansformer rotations and field
connections to H and X terminals are tabulatechentaible below after discussions with
utility substation experts. In our case, the higle deads the low side by 30Table 5 is
developed after constructing various possibilitiséng positive and negative sequence
networks for the high side leading the low side3®y. Using the dot convention and
approach of rotation of networks while angles iatatalways in the counter clockwise
direction, Table 5 was developed and were usedewhibdeling the interconnect

transformers.
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Table 5:Transformer Phasing results for High sidegading the low side by 3D
Test H & X Terminal Inputs and Rotation Phase Rotations
Cases Outputs Connections to H | after Phase
& X Terminals Connection
1 H1/H2/H3 | 0 | 120 | 240 ABC A B C ABC
X1/X2/X3 | 330 | 90 210 ABC A B cC ABC
2 H1/H2/H3 | 240 0 120 ABC C A B ABC
X1/X2/X3 | 210 | 330 90 ABC C A B ABC
3 H1/H2/H3 | 120 | 240 0 ABC B C A ABC
X1/X2/X3 | 90 | 210 | 330 ABC B C A ABC

For this work, the interconnect transformer are semo based on various
consultations from different standards like IEEE41925] with various merits and
demerits. Based on the DG location and fault cdrreontribution, interconnect
transformers are chosen as delta on low side amdgrgunded on high side. The table
below formulates various interconnect transfornfersfaults F1, F2 and F3 shown in

figure 13.
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Figure 13: Faults at three locations F1, F2, F3 wlit Interconnect transformer selection
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As seen in figure 13, for faults on various locasipthe choices of selecting the
right transformer was analyzed. This analysis iglisd from various ANSI and IEEE
standards and the 2001 EPRI document for integrdii®’s to distribution network.
Based on discussions from table 6, interconnecistoamer chosen was delta-wye
grounded, with delta on low voltage DG side. Siogervoltage being a main concern
during islanded conditions, delta-wye with propeounding of the DG’s reduces this
risk and hence with appropriate Overcurrent pratactfor our system, interconnection

protection is implemented.

Table 6: Merits and Demerits for choosing Interconect transformer at point of interconnection

High side | Low side || Merits Demerits
A A For faults F1 , F2 and F3 | Overvoltage issues
A Y gr there is no ground fault
Y A current contribution as high
side is delta connected
A Y gr | | For fault F3 there is no Ground current contribution
ground current and no for fault F1 and F2 and

overvoltage for Fault F1 as | hence need Overcurrent
high side is Y grounded and protection for ground fault
DG is sufficiently grounded

LY gr LY gr | | No overvoltage issues as | Fault at F3 could cause
generator neutral is breaker misoperation
grounded.

4.5 Capacitor Bank fusing study and Voltage regulair settings:

In the IEEE 34 bus radial system , Capacitor bakslocated at Nodes 844 and
848 and proper fusing practice is required as Wimkine is connected to Node 848. The
practice adopted in this model is Single wye graech@ap Bank protection. This study is

to show arrangement of the bank and its study pedd in Matlab for fault study.
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Figure 14: Single Wye grounded Capacitor bank arragement at nodes 844 and 848 (Adopted from
[25], [28])

With the assistance from utility companies to knibw calculations involved for
the single wye grounded banks, IEEE standard [[ZH], [27], [28] suggests some
limitations, which are:

-135% of nameplate kVAr

-180% of rated RMS current, including fundamentad Aarmonic currents. Many fuse
manufacturers specify the fuse curve versus fallllourrent and case rupture curves. For
a model developed in Matlab Simulink for the ab@apacitor Bank arrangement of
rating 12.47kV and 150kVAR. The following arrangerhe/as used as shown in figure
15 and 16. With assistance from Protection EngsatUtility industries, single wye
grounded configuration is chosen as the modeliswd&se to avoid ground faults which

is a major concern while practicing capacitor fggmmactice.

Four fuses shown with switches are used to simubédevn fuses for faulty
conditions. Figure 17, 18 and 19 are various curesmd voltages obtained from the

protected elements. Only one parallel arrangementsed in this case. The capacitor
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banks are rated at 250kVar with operating voltagg@247kV. As seen from figure 17,
the first switch opens in 0.1s relating to an opernaof 6 cycles and the successive

elements in multiples of 6 cycles. This study ahd todel were developed with

consultation and citation from Protection EnginaeUtility companies.

Blown Fuses Analysis:

Figure 15: Current and Voltages on Protected Elemen(at t=0.1s)
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Figure 16 uses the fuse operation for the capaoswmtral current 3lo and the
successive intervals it operates. Using CYMDist, dberation of Fuse during a capacitor
fault at node 848 on cap side is simulated andtioedination is performed as shown in
figure 17below . For a specific line to ground fahlere is enough coordination time for
the fuse to operate. The fuses represent the tuSapacitor bank at node 848 and 844
for existing fuse recloser arrangement. As seerthisrarrangement, the capacitor fuses
melt for a three phase to ground fault as theeehggher fault contribution and the aim is
to protect the cap buses from further damage andehfaster melting time operation is

adopted.
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Figure 17: Fuse Recloser coordination for fault omode 848

Voltage Regulator Settings

The system has two voltage regulators and thisystugblves the calculation of
voltage regulator settings to avoid problems duesterse power flow. If generation size
exceeds substation loading, modifying the regulatttings can help disable the line

drop compensation thus giving a crude estimate@fcDrrent contribution.
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Equation represents regulator output voltage :

I*(Rcos2+ Xsin2) VT3
Vout (pw) = ( CT + Vfloat) * V.,

where:

Vout = Regulator output voltage (per unit)

| = Load current (amperes)

R = R setting of regulator (volts)

X = X setting of regulator (volts)

Vioat = Float voltage setting of regulator (volts)
CT = CT high side amperes

VT = VT ratio of regulator

2 = Power factor angle

Vi, = Nominal line to line voltage (volts)

The values are predetermined for the IEEE 34 bdsifathere is any change in
regulator voltage it can be verified from capachiank current with X settings. Based on
this equation the tap settings are derived andlithigs don’t exceed over 16 for the
addition of DG’s at the five nodes for our configtion. Since the tap setting regulation
is not fixed when the DG’s are added, initial siatidn results shows DG addition at 890

as an error which means to change the tap settings.
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4.6 Interconnection Overcurrent (OC) Protection Scleme:

As we discussed earlier about fuse-recloser schema sufficient enough when
DG'’s are added and hence this thesis suggestsltli@a of interconnection
protection[25], [29] at the point of coupling (PCkBtween the DG and feeder network.
The existing fuse recloser scheme is modeled asrshelow in figure 18adapted from

[14]

1247V 8MVA

Yer-Yer
Transformer

Figure 18: Complete Scaled down 12.47kV 6MVA 34 busodel in CYMDist

The results of this scheme and its affects weseudised in some of the chapters
above and some of the coordination results aressiswn in this chapter. On the addition
of DG’s the scheme adopted for protection has lobamged due to the issues discussed
and this work suggests the use of breakers atdim pf interconnection with phase and
ground overcurrent protection along with the impdenation of directional overcurrent
protection at node 800 since there is a possibiftyeverse current flow and hence its

detection is necessary. Also since there is nordatmecting transformer for the
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generator with the bus 800, it is suggested to @b directional overcurrent relay. In
order to simplify this protection, this chapterdisided into further parts only showing

the interconnection protection. Figure 19 belowshthe overall scheme in a simplified

version.
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Figure 19: Interconnection Protection Scheme for D@&onnected to the scaled 12.47kV system

Case 1: Interconnection Protection for Diesel Generator at Bus 800:

Based on IEEE 1547[25] standard and EPRI repojt fie figure below
recommends the interconnection protection for tlMYA diesel generator connected
to bus 800. In our model since the generator sdrat 12.47kV , connected to bus 800
directly , protection in this case is crucial ag tnly upstream protection involves a
delta-wye 24.9kV/12.47kV transformer which is frahe main utility which is modeled
as an infinite source. From the interconnectionnpaf view, coordination involves

coordinating the breaker on the DG side to upstresm breaker. Figure20 is adapted
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from the EPRI 2001 document for integrating the ®@ radial distribution feeder and

in this thesis a part of this is implemented asashior the interconnection protection to

the upstream device coordination.

Main Utility —

We used A-Y Gr Fng Tt
transformerwith & on —4 prdysnanes o S

the high voltage side

5 = g
52 = U mgal Brgakor

Figure 20: Interconnection Protection for Diesel Grerator at Bus 800 (Adopted from [1])

The modeling of the generator in cyme involves sitzd model with the sub-
transient, transient, positive , zero and steadiesimpedances inputted from the data
shown in table . The equivalent impedance is obthim per unit from cyme and
modeled in Aspen for relay coordination. Overcurnotection involves coordination of

classical fault on the bus 800 and by using tregtleapproach from the above theories,

the pickup and time dial is set up to achieve coattbn of the 51P and 50/51G curves
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with the main breaker. Figure 21 below shows a simaip of four main protective

elements in this zone.

Device#1(Source)Device#2 Device#3 Device#4(Load)

Figure 21: Section of Interconnection Protection fom Bus 800 to four devices downstream modeled
in S&C Coordinate Tool

The aim is for any fault type and based on thedsteds allowing the breaker to trip in a
specified time, the settings are modeled for thesphelement to trip and then for a higher
magnitude of fault current, the instantaneous giowhement trips as that could
contribute higher ground current. Fault on the gfarmer is already shown for the
transformer damage curve to above all curves. sevéme Overcurrent characteristics
are used belonging to the class of Very inverseiavetse curves which are mimicked to

follow the fuse minimum melt and total clearing ves.
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Figure 22 : lllustration of IEEE 1547 Concept for Interrupting device operation (Adopted from

[1].[25])
Fast Operations Time Delay Operations
(Contacts Closed) (Contacts Closed)
Fanlt Carrent ‘
Load Current —
Lockout
(Contacts Closed) (Contacts
Open)
Fanlt Iratiated
R
Time

Feclosing Intervals (Contacts Open)

Figure 23: Operation of Recloser during Faults (Adpted from [21])

The above figures 22 and 23represent voltage amdrdwperations for fault conditions

when the breaker is operating and when the reclesgrerating.
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Figure 24: Fault contribution of Generator mainly during Sub-transient time (Adopted from [1])

Figure 24 shows the importance of considering sabsient impedances in the Aspen
model as they operate within 3 cycles of operafimnrotating machines. Although
transient and steady state impedances were inptitigid fault contribution was very less
compared to that of sub-transient impedances. €ig8rbelow shows the coordination
results with a coordinating time interval maintalinéor 0.3s for safe and reliable
operation. Other downstream coordination was alsecked for the fault types and
properly coordinated. The tool used to check theraioation is S&C Coordinate for
which the curves were obtained. The fault contrdutirom the DG along with the
generator parameters are shown in Chapter Vil.hia tase for a temporary line to
ground fault the device 3 phase element trips amd & three phase fault, the
instantaneous element trips thus protecting it frpermanent faults. This is done from
the utility point of protection and the DG side Mhiave to trip once the utility breaker
trips from IEEE 1547 standard. There are many ehgks when it enters into an islanded

mode and some of them are theoretically explaimedhapter VI. The figure below
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shows the coordination curves with its coordinatioom Phase and ground unit to

transformer damage curve to fuse —recloser schéomg avith the settings in Chapter

VII.
= -
3 i
4 5
| i
i I 1

Current in Amps

Figure 25: Inverse time non directional coordinatia for the four devices connected to Bus 800 with
DG
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Figure 26below is a post fault waveform plottedhwito of cycles to phase
voltages and currents when the generator breaksrdnd it comes back online between
3 to 5 cycles adopted after performing event amalifem SEL website. There is yet

more research to be done for generator protectidrcantrols itself.

IA B IC VAB(KV) VBC(KV) VCA(KV)

IAIBIC

VAB(KV) VBC(KV) VCA(KV)

Figure 26: Post fault waveform for a Generator trip
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Case 2. Interconnection Protection for Inverter based PV at Bus 890 and energy
storage modeled as I nverter based PV:

This case discusses the impact of the Inverteecb®/ attached to node 890 of
the distribution network. Also note that, sinceréhis no specific battery model in Cyme,
it has been modeled as an inverter based PV sasrfrem interconnection point of view
we need to know the fault contribution to perforooination studies. The default PV

characteristics were chosen from Cyme tabulateéppendix C.

The default voltage source conve'rter with full werter control, insolation model
and long term dynamic curve were accordingly chosematch the parameters for
250kW PV. For the short circuit analysis the fagnhtribution was 120% which is based
on the rated current of the generator. One of tlagommodeling features is that the
inverter current is limited to twice the maximunadbcurrent so that fault contribution is
less even during islanded mode[30]. Once againyntpedances obtained from Cyme are
in sequence and per unit values which are then ledde Aspen in the per unit system
for coordination studies. In the base case modtiel,nbde in 890 has a voltage below
0.95pu.As seen from the load flow analysis on aaldiof DG at 890, there is anincrease
of voltages. The differences in voltages and cusrdrefore and after the addition of
DG’s are tabulated and shown in Chapter VII andséheesults are significant for
coordination studies especially for the sensitiwfythe relays or reclosers and more
importantly to study fault analysis during islandadde. While modeling in Aspen, it is
crucial to also limit the fault current. This is rao by checking the fault simulation

options in Aspen to enforce current limiting foetgenerator chosen. For all modeling
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conversions the per unit impedances are inputtefispen as sub-transient impedances
and other values are chosen as default valuest# idanot available or cannot be
calculated.

The protection scheme adopted in this case idasirto synchronous generator
except for the fusing practice. Fuse saving schems adopted in this case as it is
connected to wye — wye 12.47kV/4.16kV transformbarclhy were modeled with fuses on
both high side and low side. Since the capacihisfDG is 250kW, IEEE 1547 standard
recommend proper fuse and recloser scheme. Frof6iRR¢ and IEEE standards, figure
27below shows protection scheme for three phaserten In our scheme, fuse to fuse
coordination is checked for the wye-wye groundezhdformer and the interconnect
transformer is chosen as wye-delta 4.16kV/0.48kdhdformer where the operating
voltage of the converter is 0.48kV and transforrhase kVA is 500kVA. Figure 30
adopted from the EPRI document has been used terconnection protection scheme
where the inverter protection needs anti-islandietgction techniques along with various
other relaying functions as described in IEEE15@hdard. The main idea here is to
coordinated the interconnect breaker with the epstr protection for various faulted

conditions.
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Figure 27: Inverter based Photovoltaic Interconnedbn Protection Schematic (Adopted from [1])

In this case fuse recloser scheme is adopted tov ghat since the fault
contribution is lesser compared to other big sigederators in this system. Recloser
phase and ground unit is chosen to be coordinaidfuses upstream. Inverter DC side
has fuse protection with 15 pole 100A fuses andesiie focus is for interconnection
protection, the Inverter AC disconnect fuse swiknstalled at the 480V terminal of the
inverter rated at 400A which will provide overcurterotection for the inverter along
with Recloser phase and ground unit.

Figure 28 and 29below shows the fuse to fuse @oatidn for fault on node 890.



3

a

AL-168 deg

/-119.42 deg :

o

32

u

1/-90 87 deg
14150.09 deg

!

/-154 42 deg

o

- VAU U T 2409 Uey
VB=0.032 pu/-90.87 deg
YC=0.030 pu/ 150.08 deg

1A=0.0 A/ 12511 deg

IB=0.0A/-1.81 deg

IC=00A/-119.02 deg

858 B

pu/ 34.03 deg
1puf-80.87 deg
) pu f 150.03 deg

/12463 deg

VA=0.030

VB=0.032
VC=0.030
14=00 2
1B=0.0,
IC=00A

&deds A

&

/34.04 deg

-29.97 deg

86 48 deg

=
VA=0.047 pu/ 10,89 deg
VB=0.050 pu/-124 96 deg
YC=0,061 pu / 125.69 deg
1A=44.5 A 1 -20.07 deg
1B=46.9 A/ -154 42 deg

&30
V4=0.009 pu/ 136.99 deg
VB=0.009 pu / 136.99 deg
WC=0.008 pu / 136.99 deg
|A=44 5 A/ -29.97 deg
IB=46.9 A/ -154 42 deg
IC=43.6 A/ 86.48 deg

VA=0.030 pu / 33.95 deg
VB=0.032 pu /-90.94 deg T‘7

Figure 28: Classical fault on node 89where Photovoltaic is attache

RLELELT

100

Time in Seconds

o1

0ot
0s

i€ YWEST 0 EA00 TS

Figure 2¢: Fuse to Fuse coordination for fault on Bus 890

10

100 1000

10000

57



58

= 5
- =
= b 1 Fuse E-TIN-O12KE- s
T ! Minmelt-Ja=23024- i
- Ii_u T=0.05=1 F
w = 2.GenPhaze331R102-
@ Fjﬁ TD=1-CTE=120-
“ Pickup=1A-Ja=691 8A-
tjl T=036s7
'; 5. Upstream ME-634E.-
R : TD=1 3-CTE=600- o
I "i.:‘n Pickup=02A-Ja= -
H . jmnl 295 4 T=2T R
N = "
i)
N S FaTomacaeTen: [ ] ITmﬂI
'l|| I'L s Faakr e (14 E2 N
T =
i
—— ,
- i -
: = T :
. =)
5 -y , 1 -
. \ n
] \" £l
I
= \T:_‘\ - =t} =
T,
" I
by -
.
or 5 i
= N o
= I‘\ . =
A
F ‘-._\‘ -
. e I .

Figure 30: Coordination curve and settings for bugault on 832 3L-G

3 phase fault at Bus 832, fuse operates first Bad the phase and ground unit
operateon performing post fault analysis for aritigtion feeder fault on bus 832 with

the curves and fuse and recloser settings as shogure 30.
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Figure 31 below shows for Fault at 888, intercominacpoint, for a L-G fault we expect
the gen unit to operate and then fuse to operateth® coordination sensitivity raises

issues here. There seems to be many coordinatoassere
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Figure 31: Improper coordination due to DG addition decreasing the sensitivity of already existing
protection scheme

The similar modeling procedure was adopted forfeeat node 828 which is for
the energy storage rated at 500kW, 1MWhr capaditye fault current contribution is

tabulated and shown in Appendix A.
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Case 3: I nterconnection Protection for the Wind Turbine at Node 840 and Node 848:

This case involves the interconnection protectinl of the two Wind turbines
rated at 750kW connected to node 840 and B#3 model used in Cyme is Variable
speed full converter Type 4 Permanent magnet sgnolus generator (PMSG). The
turbine is interconnected to the distribution faedlerough a delta-wye grounded
0.48kV/12.47kV transformer which is rated at 500kVi%ke transformer parameters and
generator parameters are listed in the Appendikh@.interconnection protection scheme
is similar to the synchronous generator schemepdxbat since the fault contribution is
not much higher compared to the DG at 800, it ggssted to use fuse recloser scheme

with fuse saving approach as mentioned in the wé®s the DG is not interconnected.

[l
| B
| I L
| S

-y
4807120V

Turbins controller outputf ‘

Powarsupplyy

Figure 32: Schematic of Interconnection Protectiorior Wind Turbine at node 848 and 840

The above figure 32 shows a block diagram of tloser 351-R which is used
for reclosing phase and ground unit. SEL 351-Rommon reclosing package used by

SEL relay manufacturing, which is modeled in Asjg&me liner. Figure 33below shows



61

the interconnection of Wind turbine at ni 840 and change in fault current due

addition of DG

& viee 5
Location :
* A
Phase : | ABC ~ %
Fault Type t |LLLG bt \SI
o

[

1a=1.821123 49deg
Ib=18am23 49deg
lo=1.6A/123 44deg

Figure 33: Fault on Bus 840 showing misoperation of Fuse due faddition of DG

One of the main issues on addition of DG at 84&eadudalse trip of the fuse for
fault on the main feeder as shown in fig34 below with operating margin between f
fuse and reclosdess than 0.3s. For addition of DG at 840, coottibnashows the fus
minimum melt time less than the instantaneousngettdr the recloser for tempora

classical fault on node 834 due to addition of D@40
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Figure 34: Coordination curve showing Min melt timeis less than Instantaneous recloser phase unit
for DG at 840

Figure 35 is the coordination curve obtained fa #udition of DG at 848 with
the recloser phase unit operating for a temporamit fvith a pickup of 30A. The ground
unit of the recloser and fuse curve could misogefat ground faults and hence the

recloser ground unit is set to fast operation l@efockout operation.
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Figure 35: Coordination curve showing coordinationfor a close in fault at 848 with upstream devices

Short Circuit currents from Type 4 Wind turbine Generator:

Some analysis on Wind turbine modeling in grid miede is performed using

MATLAB- Simulink [31] with the application of PWMechnique with PI controller.

Figure 36below shows the block diagram of Wind ggeonversion system with control

technique used from [32]
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Figure 36: Block diagram of Wind Turbine PMSG conneted to the Grid with Control
Implementation for Short Circuit Fault study (Adopt ed from [32])

Load 1

Control strategies involve control of pitch anglé wind turbine blades and

control of electrical torque of the PMSG. Boost werter configuration is used on the

generator side and PWM based inverter is used @ik side. Since the PMSG block

used is a built in block from Simulink The PMSG d¢itas modeled as a generator in the

d-q reference frame fixed to the rotor. Controht&gy involves:

The output from PMSG is rectified using the uniattsidge rectifier (Vec)

The boost converter is then used in controlling tbad current thereby

controlling generator torque and speed for differeind speeds

From the DC-DC converter, the PWM based inverterused for DC-AC

conversion

The Pulse width modulation (PWM) generates pulsesdimparing triangular

carrier waveform to a reference signal from sinevavgenerator, to control the

AC output voltage
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- The Phase locked loop (PLL) is used to synchroaiset of variable frequency,
three phase sinusoidal signals

- The dqg0-abc transformation technique is used tplgyrthe PI control technique
to convert the reference signals in dq frame tofedrme of reference which can
be used as modulating signal of the PWM block. Tisisa mathematical
transformation of direct axis , quadrature and z&@uence components to phase
guantities.

- The proportional Integral block is used to convesg®y/ error voltage to the

minimum which is then fed as duty cycle for the stomnverter gate signal.

The Wind turbine and PMSG block parameters arelasda in the appendix along
with the Simulink control loop diagrams. The iddaperforming this study is to obtain
the results when there is a faulted condition. &itiee model does not reflect the exact
parameters as the model in CYME or for this stuidig, been studied to know the effects
of short circuit currents from a Type 4 Wind turbiGenerator [33]. A three phase fault
programmable block is used from Sim Power systedi$ fo obtain these conditions.
The results for the Wind energy conversion is shbetow with emphasis on the voltage
and current waveforms for a three line to groundtfand single line to ground fault.
Figure shows waveforms for fault conditions run &simulation run time of 0.1s and
duty cycle is controlled to give constant dc linltage to the grid. The model developed
is not the same as developed for the IEEE 34 bedefeand is mainly simulated and
studied for comparing the short circuit faults farther research during island mode

conditions which could lead to possible out of gheeclosing issues [35] .
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Simulation results for Three phase to ground fault

Figure 37: Stator current, Rotor current, Electromagnetic torque, Stator Voltage Waveforms

Figure 38:Waveform with emphasis on Pdc obtained &dr fault on grid side
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Simulation results for Single line to ground fault

Figure 41: Stator current and Rotor current waveforms for a single line to ground fault

Figure 42: Waveform with emphasis on Pdc after 1L-Gault on grid side
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The objective behind this study is to see the bffiees and need of control strategy
during faulted conditions. The short circuit cutréor the three phase fault is limited to
the rated current. From the simulation results, wtiee fault is placed on the grid, the
output current still stays within the current limiitut there is decrease in output power
[34] and so the wind turbine must be controlledngsihe control strategy mentioned
above.

I mplementation of Directional (67) OC Protection:

After analyzing the above protection schemes farious interconnections of
DG'’s at various nodes, there seems to be coordmasing Inverse time non-directional
instantaneous and non-instantaneous settings fmsepAnd ground units (50/51N) , but
the addition of DG at node 800 could cause the lpmolof backfeed of current from
other feeders on the high side if any would be ected which makes it difficult to know
the direction of power flow in case there is a fadkence along with the 50/51N settings,
the relay curve in Aspen was also checked withctimaal element settings. It is set for
faults acting only in one direction which is fromyaother feeder connected to this bus on
the high side. Figure 45below shows the settinghflsspen and the coordination curve
with the downstream existing protection implementaefore when the directional
element is checked for the relay setting. In tlaisecthe fault contribution is limited to 30
cycles for the breaker operation. In this caseag approached the problem of nuisance
tripping of other breakers, but in the long run fEmger fault contributions, this operation
is too slow and requires faster operating direetidC protection which can operate in 5

cycles [1]
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Figure 45: Directional Element 67 with settings teshow detection of Backfeed current at node 800 for
a parallel feeder connected to it
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4.7Steady State Analysis of Faults in Waveform angdis using Wavewin

Wavewin is a useful tool used here for post faunkilgsis. Once the model is built in

Aspen, it can be converted to formats that canié&able in Wavewin which has much

functionality to show post fault analysis. In owase, the figures below represent the

waveforms for faults at the interconnection poiatshe DG location to the distribution

network. This can be used to analyze the time ¢y roperates by scrolling the data

cursor for various instances of fault. It also gias insight into the Harmonics
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Figure 46:Waveform obtained for a close in fault orrelay at node 840

Figure 46 is one of the waveforms from Wavewin tafkbér converting aspen test

file to Wavewin compatible format for a breaker @i®n of 5 cycles for a faulted
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condition involving either 1L-G or 3 phase faultretde 840. Waveforms obtained from

this tool are Va,Vb,Vc and sequence componentsgaleith Ia,lb,Ic and sequence

current components. The figure also contains phastation of vectors and Harmonics

from data extrapolated.
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Figure 47:Waveform obtained for a close in fault orrelay at node 890

Figure 47 is the waveform obtained for a faultechditbon at node 890. By

moving the data cursor to the waveform where thédd condition just begins, there is a

change in harmonics mainly terms froff{ @and 3' components of the fundamental
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Figure 48:Waveform obtained for a close in fault orrelay at node 848

Figure 48 is the waveform obtained for a faulteddition for a close in fault at

node 848 containing the Wind turbine and from thev@form at an instant if close to

150ms there is sudden drop in currents possibleatidg the cause to transients. This

waveform is an indication of transient behavior &faulted condition for Wind turbine

behavior. In contrast to figure 50 which is alsond/turbine connected to node 840, the

waveforms indicate the transient fault behavioilirythe operation after 144ms.



75

Wa @& - @ BB B & T % a @ | =2 & i | W% oW WA
il | + AT Title RS Phase  Units Fhasors
\\' i .f‘. 7 A /‘] ."\‘. f\ S o ﬂ _-I‘ i
II\J \‘ '\'4 v L it ‘\--.‘ beflvas 15108887 O il é] =
j VY \ VARV Y DFT Peak
| n n
\ i o T
‘F\ fﬂ\‘ nof Ilf i | \ il | \‘ f /'\ A
el s o .’\ U T “ efecdfedof YMllves  1som1747 2
RVRVAY iy ‘J—V U \I‘j. 'U'/ \f "J (TRVAY
i \ '}
i ﬂ f I"\ {ﬁ f'\l
* AA A N ;\ P A AN
3 ‘F\' | \ ,lf\\I;'F \ "[\\'7/ \ f'\\ } / I\ "f \ ,fl 4 ,‘I )ﬂ / '1‘ Voo 15082745 1
ru .J A A \, |‘I | | j \ | \Iu’.n ¢ Rl
| ’ VY True AMS: 15104,667 Caleulated RMS: 15104607 THD: 0.147%
? ANA DDA
b 8 ) e e 1 Voo oo noor v
) AVAVAVATE . )
|
& ‘ Y22 oo ooy
|
6 [ U U \] U U laa 0000 0o A
|
| AALA
T U \/ v U U W Ibb 0000 0.000° A
|
AR
B‘ IU \j \/ U \/ lee 0000 0.000° A 27
|
| ‘ D0 0oog Loy A
i
m; 122 0o noor &

Figure 49:Waveform obtained for a close in fault orrelay at node 800

Figure 49 is the waveform obtained for a relay apen faulted condition at node

800 which has the synchronous diesel generatoremba@a. Since it is connected to the

low voltage of 24.49/12/47 connected delta-wye gomd transformer, the behavior in

this case is different as there is fault curreotsticbution from the high side which seems

to higher. For this case, the waveform does naistede the nature of fault currents as

described in the above chapters
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Figure 50:Waveform obtained for a close in fault orrelay at node 828

Figure 50is the waveform obtained from a closeaintfat node 828 which is the energy

storage modeled as inverter based PV module. thakhbove wavewin obtained
waveforms, the phase voltage is multiplied by aiggcfactor greater than 10 for the rms
value and also includes a fault impedance of 183.23.33]. The results match Aspen per

unit maximum and minimum fault currents shown ia #bove table 14.
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4.8 Fuse and Recloser operation times:

Based on the fuse saving approach from [14] andeime@nted interconnection
protection:

Table 7: Consolidated results for Fuse-recloser Oveurrent protection for various DG's

Location of DG Temporary fault Permanent fault

R opens| Rclose| Fuse R open | Rclose| Fuse
800 4 cycles| 13 cycle Melts 4 cycles| 13 cycle 18 cycle
840 5cycles| 15cycle DNM 5cycles| 15cycle 16 cycle
848 3cycles| 12 cycle DNM 3cycles| 12 cycle 15 cycle
890 5cycles| 16 cycld Melts 5cycles| 16 cycle 22 cycle
828 3cycles| 13 cycle DNM 3cycle | 13 cycle] 18 cycle

DNM- Does not melt

Interconnection relay settings

In this approach, five interconnection relays wadepted and one case for directional
approach was used. The table 8 below lists théngstused for the Inverse time non
directional phase and ground with time delayed amslantaneous settings and the

directional element settings used

Table 8: Coordination device settings for interconect relay at node 800 from S&C tool

Device 1 Device 2 Device 3 Device 4

Phase relay: U1-U5 | Transformer Damage | Phase: IEEE Fuse: Cooper
curve: o

Type: U2 Inverse Type: Inverse Type: X Limiter

, _ Delta-Wye grounded
Pick up: 500A Pick up: 800A kV: 8.3-23
. Primary/Full load

TD: 0.5 : -

amps: 24.9kV/579.67 | TD" 2 Ampere rating: 50

Breaker clearing Ground relay:

time: 0.05s Sec/Full load amps:

Ground re|ay: U1-U5| 12.47kV/1157.48 Instantaneous ple up:
848A

Type: U3 VI Impedance: 8.06%

Pick up: 150A

3 phase fault current:
1855.13A
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CHAPTER V: ISLANDING PHENOMENON

5.1 Islanding condition

Islanding is a condition defined when the DG @ased from the main utility due
to intentional or unintentional islanding and whanethe DG continues to serve loads
connected to it[36].Microgrid is a special systeimeve the DG’s are sufficient enough to
feed all the loads connected to it. As formulatbad,objective of the thesis is to study the
protection scheme for an interconnected systerhgdvicrogrid which is mentioned in
the above chapters. This chapter is discussedidy $ihe potential issues during islanded
mode and the effect it can have on interconneqgiatection as it is a useful step to
perform further research in isolated DG systemeamtoin, in consultation with the IEEE
1547 guidelines.
5.2 DG Unit Protection recommendations based on IHE 1547

In the latest IEEE standard C62.41.2, it definlest tall DG interconnection
systems must have the capability to withstand geltand current surges and that the
interconnection protective device should isolate @6 facility from the utility section.
-Utility companies also require that for large @@nerators, it should have effective
grounding system to avoid overvoltage issues. Swmediave delta on the DG side with
the DG grounded system, overvoltage scheme woultheoequired. If the primary side
was wye grounded, then the neutral should be iteiiand a current limiting grounding

reactor is required to limit the fault current [25]
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- Utility companies require a sync check device whes out of phase with the utility
- Over and underfequency relays must meet the 15fgireanents [25]. Figure 49 and
Table 7 below shows the curve for setting the thols for underfrequency protection

for generators as adopted from NPCC [37]

Table 9: — Interconnection system response to abrmal frequencies [37]

DR size Frequency range (H2) Clearing time (s)a
> 60.5 0.16

=30 kw <50.3 0.16
> 60.5 0.16

> 30 KW <{59.8-57.0H( Adjustable 0.16 to 300
<57.0 0.16

a DR< 30 kW, maximum clearing times; DR > 30 kW, defelelaring times

As Per NPCC Document A-03 [37] :

“Generators should not be tripped for under-freqagrtonditions in the area above the
curve in Figure below. And so for settings abowvedbrve an equivalent amount of load
should be shed when tripped “

60

59.5 A

59 4

58.5 A

58

Hz

57.5 A

57

56.5 A

56 ; ; T
0.1 1 10 100 300

sec

Figure 51: Underfrequency tripping conditions (Adoged from [37])
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Since the Inverter based PV is 250kW, it shouldHteE 1547 compliant and UL-

1741 certified for the inverter equipped with astanding internal protection.

Internal relaying is considered sufficient for Inez based PV below 500kW [1],

[25]. Additional relaying adopted for inverter bdsprotection above 500kW

includes as shown in table 8 below :

Table 10: Relay Functions for various Interconnectin fault conditions from DG perspective
(Presented from [25], [38])

- Objective

Relaying

- To detect Islanding

81lo/u (Over and unde

frequency relay)

27/59(Under and over voltage

I

- For short circuit and overloade
conditions

el

and ground

50/51N (Instantaneous pha
non directional O

protection)

67(Directional OC protection)

C

- Unbalances to Generator

46(Unbalanced currents)
47(Unbalanced voltages)

- Reverse Power flow

relay)

67 or 32(Reverse power flo

- Synchronizing Machine to th

Sz

system

25 ( Sync check relay)

The IEEE 1547 states that anti-islanding protectisnrequired for parallel

generation to the utility distribution network . reher transfer trip studies and

research on anti-islanding schemes is requiredDi@rto work as an isolated

system and not energize a denenergized distribagbmnork [25], [38].
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- |EEE 1547 states that, “For an unintentional islanevhich the DG energizes a
portion of the utility , the DG interconnection #ihdetect and cease to energize

the utility portion within 2 seconds of the islaftdmation *“
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CHAPTER VI: CONCLUSIONS AND FUTURE WORK

6.1 Conclusions:

This thesis work involves the modeling and develigpa protection scheme for
the scaled down version of the IEEE 34 bus systetihh and the without Distributed
Generation. The DG’s are predefined at specific esotbased on various studies
performed earlier. Five DG’s of sizes, 250kW, 1.5MV750kW, 500kW,750kW are
placed in the IEEE radial distribution feeder. Tinst step performed was the simulation
and modeling of existing IEEE 34 bus network in C¥igt 5.04 to validate the
performance of the tool used. The second step qmeeid is the scaling of the model to
12.47kV system to match the Microgrid parametef§.[Scaling involved conversion of
the ohmic values to sequence components using symaleomponent techniques and
then converting to per unit system so that pravectitudies can be performed in Aspen
One-liner by obtaining the equivalent impedanceseomodeled in CYME. Once the
system was built, load flow and short circuit faaitalysis is performed. The DG’s are
modeled to study the issues they have when corthégt¢he Distribution feeder. The
next step involved was to develop an interconnactimtection scheme at the point of
interconnection. This involves three cases stuftiethe Diesel generator as synchronous
generator , Wind turbine and Inverter based PV egutain. Each protection aspect
involves coordination studies with Inverse time @uerent protection with
instantaneous and time delayed elements along thwéhuse of a directional element
protection to detect current backfeed which cowddl to nuisance tripping. Various

issues related to the addition of DG’s is discus3é@ three cases also discuss modeling
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of Wind turbine using a preset model from MATLAB s$tudy the short circuit faults
including torque control with feedback control msplemented but for a different preset
model from Simulink. The thesis also includes th&irig practice for Capacitor banks in
the distribution network and coordination practicegh downstream an upstream
protection. Post fault analysis is conducted frompén by converting to Wavewin
supported formats which is a useful tool for retgeration time and harmonic analysis.
The thesis also mentions the reasons for varioegces of transformer selection and
transformer phasing and also develops a chapteedbas IEEE 1547 standards for
relaying and protection practices to be adoptedwvthe DG’s form an island. The results
are mentioned along with the relevant chapters lsameously while other results are
tabulated in the penultimate chapter.
6.2 Future Work

Going forward, the future scope of this thesis asstudy the protection and
stability analysis extensively for the DG’s and tslanding and anti-islanding techniques
as this is gaining fast importance in today’s pcast as there is a growing demand for
alternative energy sources and storage. Since tharéot of exciting research in the field
of Renewable energy and control systems, the futiard is to study the protection and

transient analysis for Microgrid systems.
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Appendix A: Load flow and Fault Study Data and Reslis
Existing 24.9kV Load flow and Fault study:

The tables below illustrate the results after greening load flow analysis

Table 11: Load flow summary report for Regulators,Y-Y Transformer and Shunt Capacitor:

Section Equipment Id Code Loading | Thru Thru VA
Id A Power | Power (%)
(%) A A
(kW) | (kVAR)
814-850 DEFAULT Regulator 333.4 692.1 153.5 101.77
852-832 DEFAULT Regulator 219.8 468.6 65.4 103.59
18 Shunt 106.2 0 -106.2 103.06
Capacitor
17 Shunt 106.2 0 -159.3 103.09
Capacitor
832-888 XFM1_XFO_34BUS | Transformer | 100.7 151.8 84.8 99.95

Table 12: Load flow report in per unit for existing 24.9kV IEEE system

Node Id \Y Angle V QCap PLoad QLoad
(pu) MVAR MW MVAR

800 1.05 0 0 0 0
802 1.048 -0.05 0 0.05 0.03
806 1.047 -0.08 0 0.05 0.03
808 1.024 -0.75 0 0.02 0.01
810 1.029 -120.95 0 0.02 0.01
812 0.998 -1.57 0 0 0
814 0.977 -2.26 0 0 0
850 1.021 -2.26 0 0 0
816 1.021 -2.27 0 0.01 0
818 1.016 -2.27 0 0.03 0.02
820 0.993 -2.33 0 0.17 0.09
822 0.99 -2.33 0 0.13 0.07
824 1.012 -2.38 0 0.05 0.02
826 1.016 -122.93 0 0.04 0.02
828 1.011 -2.39 0 0.01 0.01
830 0.994 -2.64 0 0.05 0.02
854 0.993 -2.65 0 0 0
852 0.963 -3.12 0 0 0
15 1.035 -3.12 0 0 0
832 1.035 -3.12 0 0.02 0.01
858 1.033 -3.18 0 0.05 0.03
834 1.031 -3.25 0 0.19 0.09
842 1.031 -3.26 0 0.01 0.01




844 1.03 -3.28 -0.32 0.48 0.36
846 1.03 -3.32 0 0.07 0.03
848 1.03 -3.33 -0.48 0.08 0.06
860 1.03 -3.24 0 0.3 0.17
836 1.03 -3.24 0 0.12 0.06
840 1.03 -3.24 0 0.07 0.04
862 1.03 -3.24 0 0.03 0.01
838 1.029 -124.39 0 0.03 0.01
864 1.034 -3.18 0 0 0

888 0.999 -4.64 0 0 0

890 0.919 -5.2 0 0.41 0.21
856 0.998 -123.41 0 0 0

Scaled 12.47kV Load flow and Fault study with and whout DG's:

Table 13:Load flow report in per unit for 12.47kV scaled down system

Node Id \Y Angle V PLoad QLoad
(pu) MW MVAR

800 1.0485 0 0 0
802 1.046 -0.08 0.05 0.03
806 1.045 -0.13 0.05 0.03
808 1.019 -1.15 0.03 0.02
812 0.99 -2.45 0 0
814 0.9675 -3.55 0 0
850 1.011 -3.55 0 0
816 1.011 -3.56 0.01 0
818 1.0055 -3.56 0.13 0.07
820 0.99 -3.62 0.27 0.14
822 0.9885 -3.62 0.14 0.07
824 1.0005 -3.84 0.1 0.05
826 1.014 -124.32 0.08 0.04
828 0.9995 -3.87 0.01 0.01
830 0.979 -4.48 0.18 0.08
854 0.9785 -4.5 0 0
852 0.9445 -5.7 0 0
15 1.0155 -5.7 0 0
832 1.0155 -5.7 0.06 0.03
858 1.013 -5.84 0.1 0.05
834 1.0095 -6.02 0.61 0.31
842 1.0095 -6.03 0.01 0.01
844 1.009 -6.08 17 131
846 1.01 -6.17 0.07 0.03
848 1.01 -6.19 0.08 0.06
860 1.009 -6.01 0.72 0.38
836 1.009 -6.01 0.16 0.08
840 1.009 -6.01 0.14 0.08

88



862 1.009 -6.01 0.03 0.01
838 1.028 -127.07 0.03 0.01
864 1.007 -5.84 0 0
888 0.9975 -6.98 0 0
890 0.9775 -7.12 0.88 0.44
856 0.996 -125.19 0 0
810 1.0275 -121.35 0.03 0.02

Table 14:Load Balancing report for 12.47 scaled dowdistribution network
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Tota
|
Pha | Pha | Pha | Ineu | Loss | Aver | Curre | Voltag
Rephasing (kVA) seA | seB | seC tral es age nt e
kVA | Unbal | Unbal
(kVA | (kvA | (kVA Unb . .
Section ID A B C ) ) ) (A) (kW) al. Factor | Factor
Befo | 613. 455, 16.7 349. 315 31.57
816-818 toC re 18 91 329 5 21 7% % 0.00%
194.0 375. | 435. 604. 18.9 | 332. 28.2 28.22
3 After 05 17 76 1 76 2% % 0.00%
No
chang to Befo | 375. | 435. 604. 18.9 | 332. 28.2 28.22
844-846 toC e A re 05 17 76 1 76 2% % 0.00%
22. 399. | 441. 560. 14.7 | 326. 19.9 19.96
0 83 | After 39 23 08 2 25 6% % 0.00%
to Befo | 399. 441. 560. 14.7 326. 19.9 19.96
802-806 toC to A B re 39 23 08 2 25 6% % 0.00%
28. 421. 438. 526. 10.5 | 324. 13.9 13.95
0 33.54 65 | After 47 3 57 8 1 5% % 0.00%
Befo | 421. | 438. 526. 10.5 | 324. 13.9 13.95
808-810 to A re 47 3 57 8 1 5% % 0.00%
434. | 421. 527. 322. 14.3 14.36
16.77 After 07 57 08 9.44 92 6% % 0.00%
No
chang to Befo | 434. | 421. 527. 322. 14.3 14.36
824-828 e toC B re 07 57 08 9.44 92 6% % 0.00%
4.4 433. 427. 519. 321. 12.9 12.93
0 7 After 34 32 55 9.04 64 3% % 0.00%
Table15: Impedances and currents are in per unit @se with no fault impedance)
Maximu | Maximum
m
BUS KV Phase Gnd Cur | Z+ Z2 Z0
Cur
BUSO 0.48 0.011 Q 3.8384f7 3.82961 157.386 134,35700E4-0| 4.00E+0
7 7
BUS1 0.48 0.038 a 17.3924 19.8448 188.418 121/22130EH0| 1.30E+0
7 7
BUS2 0.48 0.037 Q 17.6751 20.4434 203.713 130/65530E#0| 1.30E+0
7 7
BUS3 0.48 0.027 Q 1.9056 1.87113 54.293 45.60122 OEX0 | 2.00E+0
7 7
BUS800 12.47 0.597 0.911 0.79459 1.72131 0.25819349@87| 0.3243] 1.1200P
BUS802 12.47| 0.514 0.748 0.965 1.84078 0.43433 08688 0.58277| 1.46353
BUS806 12.47 0.427 0.5783 1.24716 2.03851 0.72855 6993.| 0.99662 2.01762
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BUS808 12.47 0.199 0.2 3.514%1 3.62284 3.22327 548%| 3.30817] 5.3259f
BUS810 12.47 0.111 0.10B8 6.9965 6.00212 6.70b31 93BO.| 7.20934 9.95501L
BUS812 12.47| 0.099 0.114 7.42434 6.33225 8.28024 .3128| 5.30006 8.7043B
BUS814 12.47 0.069 0.086 11.3617 9.00117 15.3726 .577%| 5.9853q 10.398)
BUS816 12.47| 0.052 0.076 13.83p6 10.3862 29.6044.12P8 | 4.90061 9.52278
BUS818 12.47 0.03§ 0.052 21.2363 15.8222 37.0135.5582| 8.3104 15.1874
BUS820 12.47| 0.024 0.0B 36.8535 25.6126 52.6847 3443. 19.9314] 25.2076
BUS822 12.47| 0.01¢ 0.0 54.8109 36.6468 70.5936 3798.| 33.8935 36.4708
BUS824 12.47 0.05 0.07¢  11.96%2 8.8907 37.7869 2339 3.6105 7.23708
BUS826 12.47 0.037 0.054 20.6444 149698 46.4673.000Q | 6.49147 12.513f
BUS828 12.47 0.051 0.083 7.649Y4 5.76988 46.0537.7632| 1.92614  3.8306P
BUS830 12.47 0.043 0.068 15.00p3 10.5036 56.4436 .648@ | 4.24077 7.0171B
BUS832 12.47 0.04 0.06b 22.5814 16.3681 95.3478 4882.| 3.30003 6.4385(
BUS834 12.47 0.044 0.078 26.1959 19.0655 125457 .858B| 2.61833 6.3877)
BUS836 12.47 0.04 0.06[ 29.912 232915 156./79 90@1. 2.27151] 6.0379Y
BUS838 12.47 0.02 0.032 62.1207 42,9352 189.,019 .5B21 6.14453] 15.3768
BUS840 12.47| 0.04¢ 0.078  25.6989 22842 172597 5721 1.37749] 3.73751
BUS842 12.47 0.03§ 0.068 31.6595 22.8106 140792 .2282| 2.94067  7.55308
BUS844 12.47| 0.03¢ 0.059 33.6587 24.8651 156/2491.676| 2.86725 7.574
BUS846 12.47| 0.037 0.068 32.0495 25.189 172,058 .3221 2.35587| 6.3421}
BUS848 12.47 0.044 0.076 26.7144 23.7162 187/8961.00Z| 1.39799 3.81228
BUS850 12.47| 0.057 0.076 13.4983 10.3532 22.4706 .8422 5.84972] 10.6708
BUS852 12.47 0.037 0.06 23.27%4 15.6522 81.1263 3588.| 6.14887] 8.11546
BUS854 12.47| 0.039 0.06Q 20.081 13.7374 66.8882 5583.| 5.63511 8.34134
BUS856 12.47 0.02¢ 0.04 34.46%8 22.7692 81.27/61 5887.| 12.9524 16.0279
BUS858 12.47 0.04 0.066 26.43%9 18.7478 110111 5188.| 3.16951 7.07206
BUS860 12.47| 0.04 0.06p 30.0286 22.1119 140.988 309B.| 2.68038 6.8993f
BUS862 12.47 0.027 0.044 45.7389 32,9022 172/6241.501| 3.92367 10.497p
BUS864 12.47| 0.02¢ 0.04p 41416 27.9835 125096 7282.| 5.36373 11.5979
BUS888 4.16 0.029 0.04D 24.99%7 23.1813 111.,/38 5784.| 2.75388 5.2011y}
BUS890 4.16 0.022 0.038 19.6681 20.0601 134559 .48689 1.64797| 3.06749
Table 16:Impedances and currents are in per unit @se with fault impedance)

Maximu | Maximum

m
BUS KV Phase Gnd Cur | Z+ Z2 Z0

Cur
BUSO 0.48 0.007 Q 3.83847 3.82961 157.386  134,35700E40| 4.00E+0
BUS1 0.48 0.007 a 17.3924 19.8448 188.418 121.22130El:!-70 1.30E+70
BUS2 0.48 0.006 a 17.6751 20.4484 203.713 130.65530El:!-70 1.30E+70
BUS3 0.48 0.019 g 1.905p 1.87113 54.293  45.6[122 OE—ZF.ZJ 2.00EZO
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7 7
BUS800 12.47 0.23¢ 0.089 0.79459 1.72131 0.25819349@27| 0.3243] 1.1200D9
BUS802 12.47 0.23 0.08f 0.965 1.84078 0.43433 G@800.58277| 1.46353
BUS806 12.47 0.217 0.085 1.24716 2.03§51 0.72855 6998.| 0.99662 2.0176P
BUS808 12.47 0.143 0.0 3.514%1 3.62284 3.22327 548%| 3.30817  5.3259y
BUS810 12.47 0.093 0.05p 6.9965 6.00212 6.70p31 93BO.| 7.20934 9.95501
BUS812 12.47 0.08¢ 0.05¢4 7.42434 6.33225 8.28024 .312B| 5.30009 8.704383
BUS814 12.47 0.06 0.043 11.3617 9.00117 15.3[726 57¥®.| 5.9853¢ 10.398}
BUS816 12.47 0.044 0.041 13.83p6 10.3§62 29.6044 .12P8 | 4.90061 9.52278
BUS818 12.47 0.034 0.033 21.2363 15.8222 37.0135.5582| 8.31046 15.187#4
BUS820 12.47 0.023 0.028 36.8585 25.6126 52.6347 .3463 19.9314] 25.2076
BUS822 12.47 0.016 0.016 54.8109 36.6468 70.5936.3798| 33.8935 36.4708
BUS824 12.47 0.041 0.043 11.9652 8.8907  37.7869 9233. 3.6105 7.23708
BUS826 12.47 0.032 0.034 20.6444 149698 46.4673.000Q | 6.49147 12513y
BUS828 12.47 0.04 0.04f 7.64974 5.76988 46.0537 7659.| 1.92614  3.83069¢
BUS830 12.47 0.03% 0.043 15.00p3 10.5036 56.4436 .64%@| 4.24077 7.0171B
BUS832 12.47 0.032 0.043 225814 16.3681 95.3478 .4862| 3.30003 6.4385)
BUS834 12.47 0.032 0.046 26.1959 19.0655 125457 .8588| 2.61833 6.3877f
BUS836 12.47 0.029 0.043 29.912 23.2915 156,779 .90@Y 2.27151 6.0379}
BUS838 12.47 0.017 0.0256 62.1207 42.9352 189)019 1.5B7 6.14453 15.3768
BUS840 12.47 0.032 0.048  25.6989 225942 172597 .5¥21 1.37749] 3.73751
BUS842 12.47 0.028 0.041 31.6595 22.8106 140,792 .2282 | 2.94067] 7.55308
BUS844 12.47 0.027 0.04 33.6587 248651 156.249 .6¥61 2.86725 7.574
BUS846 12.47 0.028 0.041  32.0495 25.189 172.058 .3221 2.35587| 6.3421}
BUS848 12.47 0.031 0.047 26.7144 23.7162 187896 1.00Z | 1.39799 3.81228
BUS850 12.47 0.049 0.04 13.4983 10.3532 22.4j706 8422. 5.84972 10.6703
BUS852 12.47 0.031 0.041 23.2754 15.6522 81.1263 .3568 | 6.14887] 8.11546
BUS854 12.47 0.033 0.0411 20.081 13.7374 66.8882 5583.| 5.63511 8.3413#4
BUS856 12.47 0.024 0.08 34.46%8 22.792 81.2761 5887.| 12.9524 16.0279
BUS858 12.47 0.031 0.044 26.4359 18.7478 110J111.5198| 3.16951) 7.07206
BUS860 12.47 0.029 0.043 30.0286 22.1119 140988 .3098 | 2.6803§ 6.8993]
BUS862 12.47 0.022 0.03g 45.7389 32.9022 172/6241.501| 3.92367 10.497p
BUS864 12.47 0.024 0.03B8 41416 27.9835 125096 7232.| 5.36373 11.5979
BUS888 4.16 0.014 0.00p 24.99%7 23.1813 111738 5784.| 2.7538§ 5.2011y
BUS890 4.16 0.012 0.00p 19.6681 20.0601 134.559 .4869 1.64797| 3.06749
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Table 17: 24.9kV system fault currents with DG’s.

Equipment | Phase | kVLN LLL LLL LLG LLG LL LL LG LG Tof
Id Kmax Kmin Kmax Kmin Kmax Kmin Kmax Kmin diste
(Amps) | (Amps) | (Amps) | (Amps) | (Amps) | (Amps) | (Amps) | (Amps) fi
800 ABC 14.4 774 642 809 672 670 556 822 682 0
150 ABC 6.9 570 473 809 671 493 410 757 629 0
802 ABC 14.4 755 626 784 651 654 542 788 654 2580
806 ABC 14.4 742 616 768 637 643 533 767 636 4310
808 ABC 14.4 549 456 532 442 476 395 495 411 3654(
810 B 14.4 0 0 0 0 0 0 452 375 4234/
812 ABC 14.4 410 340 388 322 355 295 344 285 7404(
814 ABC 14.4 339 281 321 267 294 244 275 229 1037
850 ABC 14.4 339 281 321 267 294 244 275 229 1037¢
816 ABC 14.4 338 281 321 266 293 243 275 228 1040¢
818 A 14.4 0 0 0 0 0 0 270 224 1058(
820 A 14.4 0 0 0 0 0 0 180 149 1539¢
822 A 14.4 0 0 0 0 0 0 164 136 1676¢
824 ABC 14.4 314 261 299 248 272 226 254 210 1143(
826 B 14.4 0 0 0 0 0 0 247 205 1173
828 ABC 14.4 312 259 297 247 271 225 252 209 1151«
137 ABC 14.4 312 259 297 247 271 225 252 209 11514
830 ABC 14.4 273 227 261 217 236 196 218 181 1355¢
854 ABC 14.4 272 226 261 216 236 196 217 181 1361(
852 ABC 14.4 221 183 213 177 191 159 175 145 1729
15 ABC 14.4 221 183 213 177 191 159 175 145 1729
832 ABC 14.4 221 183 213 177 191 159 175 145 1729
858 ABC 14.4 215 178 208 173 186 155 170 141 1778
834 ABC 14.4 209 173 202 168 181 150 165 137 1836’
842 ABC 14.4 209 173 202 168 181 150 165 137 1839¢
844 ABC 14.4 207 172 201 166 179 149 164 136 1853(
846 ABC 14.4 204 169 197 164 176 146 161 134 1889¢
848 ABC 14.4 203 168 197 163 176 146 161 133 18947
126 ABC 0.3 4304 3573 4135 3432 3728 3094 3859 3203 1894
127 ABC 0.1 6124 5083 5304 4402 5304 4402 0 0 1894
860 ABC 14.4 207 172 200 166 179 149 164 136 1856¢
836 ABC 14.4 204 169 198 164 177 147 161 134 1883
840 ABC 14.4 203 169 197 163 176 146 161 133 1892:
131 ABC 0.3 4306 3574 4137 3433 3729 3095 3861 3204 1892
132 ABC 0.1 6126 5084 5305 4403 5305 4403 0 0 1892
862 ABC 14.4 204 169 197 164 176 146 161 134 1886!
838 B 14.4 0 0 0 0 0 0 157 131 1935:
864 A 14.4 0 0 0 0 0 0 170 141 1794¢
888 ABC 2.4 722 600 697 579 626 519 629 522 1729
890 ABC 2.4 397 330 384 318 344 286 317 263 1835(
856 B 14.4 0 0 0 0 0 0 182 151 1594




Table 18:12.47kV system fault currents with DG’s inamps :
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Equipment | Phase kVLN LLL LLL LLG LLG LL LL L LG
Id Kmax Kmin Kmax Kmin Kmax Kmin Kmax Kmin
(Amps) | (Amps) | (Amps) | (Amps) | (Amps) | (Amps) | (Amps) | (Amps)

800 ABC 7.6 942 782 1234 1024 815 677 1188 986
802 ABC 7.6 914 759 1160 963 792 657 1120 929
806 ABC 7.6 897 744 1116 926 776 644 1077 894
808 ABC 7.6 636 528 657 545 551 457 612 508
810 B 7.6 0 0 0 0 0 0 547 454
812 ABC 7.6 461 383 443 367 399 331 400 332
814 ABC 7.6 376 312 353 293 325 270 313 260
850 ABC 7.3 364 302 342 284 315 262 303 252
816 ABC 7.3 363 301 341 283 314 261 302 251
818 A 7.3 0 0 0 0 0 0 297 246
820 A 7.3 0 0 0 0 0 0 191 159
822 A 7.3 0 0 0 173 144
824 ABC 7.3 336 279 317 263 291 241 277 230
826 B 7.3 0 0 0 0 0 0 269 223
828 ABC 7.3 333 277 315 262 289 240 275 228
157 ABC 2.4 615 510 586 487 532 442 544 451
158 ABC 0.3 4446 3691 4262 3538 3851 3196 4008 3327
830 ABC 7.3 289 240 275 229 250 208 235 195
854 ABC 7.3 288 239 275 228 250 207 235 195
852 ABC 7.3 231 192 223 185 200 166 186 154
15 ABC 7.4 235 195 226 188 204 169 189 157
832 ABC 7.4 235 195 226 188 204 169 189 157
858 ABC 7.4 229 190 221 183 198 165 184 153
834 ABC 7.4 222 184 214 178 192 160 178 148
842 ABC 7.4 222 184 214 178 192 159 178 148
844 ABC 7.4 220 183 213 176 191 158 177 147
846 ABC 7.4 216 180 209 173 187 156 173 144
848 ABC 7.4 216 179 208 173 187 155 173 143
162 ABC 2.5 468 388 450 374 405 336 395 328
164 ABC 0.3 3539 2938 3410 2830 3065 2544 3046 2528
860 ABC 7.4 220 183 212 176 190 158 176 146
836 ABC 7.4 217 180 209 174 188 156 174 144
840 ABC 7.4 216 179 209 173 187 155 173 144
166 ABC 2.5 468 389 451 374 406 337 395 328
167 ABC 0.3 3542 2940 3412 2832 3067 2546 3049 2530
862 ABC 7.4 217 180 209 174 188 156 174 144
838 B 7.4 0 0 0 0 0 0 169 141
864 A 7.4 0 0 0 0 0 0 184 153
888 ABC 2.5 496 412 477 396 430 357 422 350
890 ABC 2.5 390 324 375 311 338 280 320 265
170 ABC 0.8 369 307 360 299 320 265 345 286
171 ABC 0.1 2367 1964 2319 1925 2050 1701 2248 1865
856 B 7.3 0 0 0 0 0 0 194 161




Arc flash and Voltage sag analysis

Table 19: Arc flash report using IEEE 1584 :

Voltage Bolted | (arc) Clearing | Minimum

V) Fault seen by Time Approach

[KA] device (s) Distance
(Al (in)
12470 0.211 0.22 0.4 26
12470 15.569 14.65 0.4 26
12470 9.32 9.06 0.4 26
12470 11 11 0.4 26
12470 0.875 0.89 0.4 26
12470 0.543 0.55 0.4 26
12470 0.387 0.4 0.4 26
12470 0.386 0.4 0.4 26
12470 0.376 0.39 0.4 26
12470 0.217 0.22 0.4 26
12470 0.193 0.22 0.4 26
12470 0.344 0.35 0.4 26
12470 0.33 0.34 0.4 26
12470 0.341 0.35 0.4 26
12470 0.28 0.29 0.4 26
12470 0.211 0.22 0.4 26
12470 0.197 0.2 0.4 26
12470 0.191 0.2 0.4 26
12470 0.186 0.19 0.4 26
12470 0.19 0.2 0.4 26
12470 0.197 0.2 0.4 26
12470 0.195 0.2 0.4 26
12470 0.191 0.2 0.4 26
12470 0.19 0.2 0.4 26
12470 0.387 0.4 0.4 26
12470 0.211 0.22 0.4 26
12470 0.279 0.29 0.4 26
12470 0.22 0.23 0.4 26
12470 0.204 0.21 0.4 26
12470 0.194 0.2 0.4 26
12470 0.191 0.2 0.4 26
12470 0.202 0.21 0.4 26
4160 0.435 0.45 0.4 26
4160 0.325 0.33 0.4 26

Table 20 :Voltage sag Analysis
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Faulted Fault Type Vmin
Item (pu)

838 LG 0.3471
826 LG 0.4293
862 LG 0.335
862 LLL 0.0977
862 LL 0.4998
862 LLG 0.2063
822 LG 0.6452
836 LG 0.3343
836 LLL 0.0962
836 LL 0.4997
836 LLG 0.206
824 LG 0.4162
824 LLL 0.0016
824 LL 0.4987
824 LLG 0.2727
840 LG 0.3365
840 LLL 0.101
840 LL 0.5
840 LLG 0.2071
818 LG 0.4557
820 LG 0.6145
860 LG 0.3275
860 LLL 0.0808
860 LL 0.4987
860 LLG 0.203
816 LG 0.4482
816 LLL 0.0019
816 LL 0.4985
816 LLG 0.2888
848 LG 0.3371
848 LLL 0.1023
848 LL 0.5002
848 LLG 0.2075
850 LG 0.4493
850 LLL 0.0019
850 LL 0.4985
850 LLG 0.2893
846 LG 0.3357
846 LLL 0.0994
846 LL 0.4999
846 LLG 0.2067
812 LG 0.5409
812 LLL 0.0023
812 LL 0.4982
812 LLG 0.3329
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814 LG 0.4493
814 LLL 0.0019
814 LL 0.4985
814 LLG 0.2893
844 LG 0.3265
844 LLL 0.0785
844 LL 0.4986
844 LLG 0.2027
808 LG 0.7178
808 LLL 0.0029
808 LL 0.4977
808 LLG 0.4053
834 LG 0.3224
834 LLL 0.0689
834 LL 0.4982
834 LLG 0.2015
842 LG 0.3231
842 LLL 0.0705
842 LL 0.4982
842 LLG 0.2017
810 LG 0.7347
802 LG 0.9757
802 LLL 0.0034
802 LL 0.4973
802 LLG 0.4902
832 LG 0.2949
832 LLL 0

832 LL 0.5
832 LLG 0.2067
806 LG 0.9598
806 LLL 0.0034
806 LL 0.4973
806 LLG 0.4855
858 LG 0.3075
858 LLL 0.0327
858 LL 0.4981
858 LLG 0.2013
800 LG 1

856 LG 0.4505
15 LG 0.2949
15 LLL 0

15 LL 0.5

15 LLG 0.2067
890 LG 0.7075
890 LLL 0

890 LL 0.5
890 LLG 0.4075
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854 LG 0.3609
854 LLL 0.001
854 LL 0.4992
854 LLG 0.2438
864 LG 0.3137
852 LG 0.2949
852 LLL 0

852 LL 1

852 LLG 0.2067
888 LG 0.7758
888 LLL 0

888 LL 1

888 LLG 0.4323
828 LG 0.4137
828 LLL 0.0016
828 LL 0.4987
828 LLG 0.2715
830 LG 0.3621
830 LLL 0.001
830 LL 0.4992
830 LLG 0.2444

97



APPENDIXB:

Calculations involving symmetrical component analyis:

>>a=-0.5+ 0.866]

a = -0.5000 + 0.8660i
>> a*a

ans = -0.5000 - 0.8660i

>>A=[111;1laa*a;la*aal]

A =1.0000 1.0000 1.0000
1.0000 -0.5000 + 0.8660i -0.50008660i
1.0000 -0.5000 - 0.8660i -0.5000 +c6@

>> inv(A)

ans = 0.3333 - 0.0000i 0.3333 + 0.0000i 0.38830000i
0.3333 + 0.0000i -0.1667 - 0.2887i -0.1667 + 8728
0.3333 + 0.0000i -0.1667 + 0.2887i -0.1667 - 878
>>7=[000;01.922+1.421j0;:000]

Z=0 0 0
0 1.9220 + 1.4210i 0
0 0 0

>>Zsym=A*Z*inv(A)

Zsym = 0.6407 + 0.4737i 0.0899 - 0.7917i -0.7305%3180i
-0.7305 + 0.3180i 0.6407 + 0.4737i 0.089979Q7i
0.0899 - 0.7916i -0.7305 + 0.3180i 0.640647G@7i

>>B=[000;04.364i0;000]
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0 0+4.3640i O
0 0 0
>> A*Z*inv(A)
ans = 0.6407 + 0.4737i 0.0899 - 0.7917i -0.78@63180i
-0.7305 + 0.3180i 0.6407 + 0.4737i 0.089979Q7i
0.0899 - 0.7916i -0.7305 + 0.3180i 0.6406 + 847
>>A*B*inv(A)
ans =-0.0000 + 1.4547i 1.2598 - 0.7274i -1.2598273i
-1.2598 - 0.7273i 0.0000 + 1.4547i 1.2598 203
1.2598 - 0.7273i -1.2598 - 0.7273i 0 4546i
>>7=[000;028+1.486j0;000]

Z=0 0 0
0 2.8000 + 1.4860i O
0 0 0

>> A*Z*inv(A)

ans = 0.9333 + 0.4953i -0.0377 - 1.0560i -0.89%65607i
-0.8956 + 0.5606i 0.9333 + 0.4953i -0.0377 559
-0.0377 - 1.0559i -0.8956 + 0.5606i 0.9333 49631
>>B=[000;04.22510;000]

B=0 0 0
0 0+4.2250i O
0 0 0

>> A*B*inv(A)

ans =-0.0000 + 1.4084i 1.2197 - 0.7042i -1.21977041i
-1.2196 - 0.7042i 0.0000 + 1.4084i 1.219670@2i
1.2196 - 0.7041i -1.2196 - 0.7042i -0.0000 40834

>>7=[02.8+1.486j0;000:000]
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Z=0 2.8000 + 1.4860i 0
0 0 0
0 0 0

>>Z7=[ 2.8+1.486/00;000;000]

Z = 2.8000 + 1.4860i 0 0
0 0 0
0 0 0

>>A*Z*inv(A)

ans = 0.9333 + 0.4953i 0.9333 + 0.4953i 0.98834953i
0.9333 + 0.4953i 0.9333 + 0.4953i 0.933340B3i
0.9333 + 0.4953i 0.9333 + 0.4953i 0.9333 9631

>>B=[000;04.22510;000]

B=0 0 0
0 0 + 4.2250i 0
0 0 0

>>B=[4.225100;000;00 0]

B =0 + 4.2250i 0 0
0 0 0
0 0 0

>>A*B*inv(A)

ans = 0.0000 + 1.4083i -0.0000 + 1.4084i -0.00a04084i
0.0000 + 1.4083i -0.0000 + 1.4084i -0.00004084i
0.0000 + 1.4083i -0.0000 + 1.4084i -0.0000 84

100



101

APPENDIX C:

Distributed Generation source parameters:

Diesel Generator : (Fixed Q Limits)

Parameter Value

Rated line voltage 12.47kV

Rated Power 1.5MVA
Armature Resistance 0.002pu
Armature Time constant 0.332pu

Potier Reactance 0.0110pu
Airgap factor 1.0

Steady State impedances 0.13 +j0.51 pu

Transient impedances

Sub transient impedances
Zero sequence impedances
Negative impedance

0.03 +j0.228 pu

0.022 +j0.290 pu
0.001 +j0.001 pu
0.001 +j0.002 pu

Photovoltaic model:

Parameter in Standard test conditions Value
Current at Maximum Power Point 4.6A
Short circuit current 5A

Shot circuit temperature coefficient 0.0314 %7C
Open circuit voltage temperature -0.357%¢PC
coefficient

Normal operating cell temperature 45°C
Reference Ambient temperature 20°C

STC Temperature 250C

STC Insolation 1000 W/n?
PV Panel rated power 250kW
Fault contribution 120%
Voltage source converter rating 500kVA
DC Capacitor 15000 pF
Rated DC Voltage 0.5kV

Grid side coupling Inductance 0.006H
Wind Turbine Model:

Parameter Value
Rated Wind speed 19.685 ft/s
Cut-in Wind speed 9.8425 ft/s
Cut-out Wind speed 39.370 ft/s
Number of blades 3

Rotor Radius 65.61 ft
Generator capacity 859.11 kVA
Generator rated voltage 0.48kVv
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Generator rated Power 750kW

Rated speed 1800rpm

Synchronous Reactance’s

Xd 1.2pu

Xl 0.1pu

Xq 0.9pu

Transient Reactance’s

Xd 0.3pu

X'q 0.6pu

T'do 5s

T'qo 1.5s

Sub-transient reactance's

X"d 0.15pu

X'q 0.2pu

Tdo 0.04s

T'qo 0.08s

Fault contribution 100%

Transformer Ratings:

kVA % % % X/R Ratio Type

Resistance | Reactance | Impedance

300 1.48 4.77 5.0 3.22 3phase shell,
Liquid
filled, self-
cooled

500 1.30 4.83 5.0 3.71 3phase shell,
Liquid
filled, self-
cooled

750 1.28 5.6 5.75 4.37 3phase shell,
Liquid
filled, self-
cooled

1000 1.21 5.62 5.75 4.37 3phase shell,
Liquid
filled, self-
cooled

1500 1.06 5.64 5.75 5.32 3phase shell,
Liquid
filled, self-
cooled

2500 0.97 5.67 5.75 5.85 3phase shell,
Liquid
filled, self-
cooled
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APPENDIX D:

Fuse, Recloser and Relay curves:
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Figure 52: Example of time inverse characteristic urves mimicking fuse curve (Adopted from [17])




Coordination Report for Fuse recloser Overcurrenvt@ction on the Section 800
downstream

OVERCURRENT GRD relay on BUS800- 12.47KV-0 BUS8022.47KV 2L
Type=351R-U3 (SEL.RLY) CTR=240

TD=3.300 Tap=1.200A Nondirectional
Inst ele: none
Time mult. =1.0 Time adder= 0.0 Reset= 0.0

OVERCURRENT PHASE RELAY on BUS800-12.47KV-BUS80247KV 2L
Type=351R-U3 (SEL.RLY) CTR=240
Time ele: TD=1.500 Tap=3.900A Nondirectional
Inst ele: none
Time mult. =1.0 Time adder= 0.0 Reset= 0.0

OVERCURRENT GRD RELAY onBUSS808 12.47KV - BUS812 472KV 1L
Type=ME-634R-120(COOPER.RLY) CTR=1000
Time ele: TD=1.000 Tap=0.200A Nondirectional
Inst ele: none
Time mult. =1.8 Time adder= 0.0 Reset= 0.0

OVERCURRENT PHASE RELAY on BUS808 12.47KV -BUS81247KV 1L
Type=ME-634R-120(COOPER.RLY) CTR=1000
Time ele: TD=1.000 Tap=0.500A Nondirectional
Inst ele: none
Time mult. =1.0 Time adder= 0.0 Reset= 0.0

RECLOSER on BUS800-12.47KV - BUS802-12.47KV 2L
Operating cycles: Slow-10s-Slow-Lockout
Fast curve=N/A (SEL.RLY) Min.trip=1A time=0 Tinmault. =1 adds. =0
Slow curve=351R-U4 (SEL.RLY) Min.trip=280A timé=Time mult. =2 add. =0
High curr.trip=0A Delay=0

RECLOSER on BUS828-12.47KV -BUS824-12.47KV 1L
Operating cycles: Slow-Lockout
Fast curve=N/A (SEL.RLY) Min.trip=1A time=0 Tinmault. =1 add. =0
Slow curve=351R-U3 (SEL.RLY) Min.trip=50A time=0me mult. =5 add. =0
High curr.trip=0A Delay=0

RECLOSER on BUS828 12.47KV - BUS824 12.47KV 1L
Operating cycles: Slow-Lockout
Fast curve=N/A (SEL.RLY) Min.trip=1A time=0 Tinmault. =1 add. =0
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Slow curve=351R-U4 (SEL.RLY) Min.trip=140A timé=ime mult. =0.5 add. =0

High curr.trip=0A Delay=0
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RECLOSER on BUS808 12.47KV - BUS812 12.47KV 1L
Operating cycles: Slow-10s-Slow-Lockout
Fast curve=N/A (SEL.RLY) Min.trip=1A time=0 Tinmault. =1 add. =0
Slow curve=351R (SEL.RLY) Min.trip=100A time=0 Tinmeult. =1 add. =0
High curr.trip=0A Delay=0

RECLOSER on BUS808 12.47KV BUS812 12.47KV 1L
Operating cycles: Slow-10s-Slow-Lockout
Fast curve=N/A (SEL.RLY) Min.trip=1A time=0 Tinmault. =1 add. =0
Slow curve=351R (SEL.RLY) Min.trip=280A time=0 Tinmeult. =1 add. =0
High curr.trip=0A Delay=0

Some of the curves discussed

Westinghouse CO-5 relay, long time

Westinghouse CO-6 relay, definite time

Westinghouse CO-7 relay, moderate inverse

Westinghouse CO-8 relay, inverse,

Type COL and CIL capacitor fuse. 15 Amps K Link

BE1-1051 E2 Basler Electric BE1-1051 inverse timerourrent relay. 51P, 51Q, 51N
Chance Type "K" (FAST) 15 amp fuse link in cutout.

Chance Type "K" (FAST) 20 amp fuse link in cutout.

Cooper 8.3, 15.5,23 kV (10 amp) X-Limiter Full Ranguse.

M-E fuse links: EEI-NEMA TYPE K-TIN. 10K,

KEARNEY TYPE X 1.25A FUSE LINKS

ME-221-A

McGraw-Edison recloser type L. TCC-221-A. 200A.

ME-221-BME-301-A

McGraw-Edison recloser types 4H, V4H, PV4H ( Singlease ); 6H, V6H (

Three Phase) 25A. TCC-301-A.

ME-634R-101

Recloser Form 4A and 4C,

GE IAC-51 Relay, Inverse curves.

KRNY-K015 Kearney "K" type fuse 15 Amps

Mitsubishi Over-Current Relay CO Time dial: 0.50- 1

S&C Liquid Power Fuse 100E Slow speed, size 3,45&V and 23kV 119-5-3-125E
S&C Liquid Power Fuse 125E Slow speed, size 3,45&V and 23kV 119-5-3-150E
Schweitzer 351R Electronic recloser. Curve A



