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Executive Summary

This report contains the findings of a restudy of GEN-2008-016. The GEN-2008-016 interconnection
request was studied as part of the “1%' Cluster” in ICS-2008-001 which Impact Study was posted in July
2009. Subsequent restudies were posted in January, May, and August of 2010. This restudy was
performed solely to evaluate the effects of a turbine manufacturer change of switching wind turbine
manufacturers from Vestas (V90-1.8MW) to Siemens (SWT-2.3-101).

The findings of the restudy show that for an outage of the Grassland to Jones 230kV line, the voltage at
the Grassland bus (the point of interconnection or POI for GEN-2008-016) oscillated between 0.83 per
unit (PU) and 0.98 PU for about four seconds after the clearing of the fault. After four seconds the POI
voltage returned close to the pre-fault level. The study report indicates that the Siemens wind turbine
controls may have some short term instability for this particular outage. Further analysis was done to
determine the feasibility of using dynamic voltage compensation to improve the wind farm response. The
results show that 75 MVAR SVC on the POI will improve the response (that is, in reducing the magnitude
of the oscillations). However, the oscillations were not entirely eliminated.

It is recommended that the wind turbine manufacturer (Siemens) be consulted to determine if the controls
can be adjusted to improve performance. Due to the system configuration of the Grassland bus and the
short circuit ratio with the outage of the Grassland — Jones 230kV line (given by ABB as 2.16), it would be
beneficial for the Customer to lower the amount of generation being requested from 248.4 MW. It cannot
be determined from this study whether the Siemens turbines can interconnect into the Grassland 230kV
bus.

Nothing in this study should be construed as a guarantee of transmission service. If the customer wishes
to sell power from the facility, a separate request for transmission service shall be requested on
Southwest Power Pool's OASIS by the Customer.
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Executive Summary

Southwest Power Pool, Inc. (SPP) commissioned ABB Inc. to perform an Interconnection Impact Re-study
for the GEN-2008-016 generation project, to evaluate the impacts of its interconnection on the system
performance of the transmission systems in the interconnection vicinity, in view of a change in the Wind
Turbine Technology that is being presently considered. The proposed project is a wind-farm generation
with an output (Gross) of 248.4 MW to be interconnected at Grassland 230 kV substation (Point of
Interconnection — POI) and is located in Lynn County, Texas:

Request Size Wind Turbine Model Point of Interconnection County

GEN-2008-016 | 248.4 | Siemens SWT 2.3MW Grassland 230kV (bus #526677)

Lynn ,Texas

The main objectives of this study were:

1) To determine the need for added reactive power compensation, if any, for the proposed wind
farm

2) To determine the impact of proposed GEN-2008-016 project on the stability of SPP
transmission systems and nearby generating stations.

3) To validate the compliance with FERC LVRT requirement for the subject wind farm
interconnection.

To achieve these objectives the following analyses were performed on the 2010 Summer Peak and 2009
Winter Peak system conditions with GEN-2008-016 in-service:

o Power factor analysis for selected contingencies.
o0 Transient stability analysis for several local and regional contingencies.
o0 LVRT performance evaluation for selected contingencies near the POI.

A summary of the study findings is given below:

Power factor analysis

SPP requires that the Interconnection Customer’s wind farm maintain a minimum of +/- 0.95 power
factor at the POI under all system conditions (i.e. system intact and contingencies). An analysis was
conducted to determine whether the proposed wind-farm has sufficient reactive power capability to meet
the above power factor criteria. The results from this analysis indicated sufficient reactive power capability
in the wind-farm to maintain +/-0.95 power factor at the POI and therefore no additional reactive power
compensation is necessary.

Stability Analysis

A stability analysis was performed to determine the impact, if any, of the proposed project on the stability
of SPP system. The system was found to be stable for all the tested 3-phase faults and single-line-to-ground
(SLG) faults (with line re-closing, where applicable). Disturbances (faults) leading to outage of the
Grassland to Jones 230 kV line (or any series element in that path — i.e. Jones — Tuco etc.) showed
oscillations (of ~2 Hz) on the GEN-2008-016 wind farm speed as well as on the POI voltage traces. These
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oscillations were however damped out within 5 seconds after fault clearing. A detailed evaluation that
followed indicated that these oscillations are likely the result of “control instability” within the wind farm,
which is a concern for wind farms that are interconnected to “weak” networks.

The wind farm POI is tied to the rest of the SPP system through, three outlets; a 230 kV tie to Jones which
ties to Tuco substation, a 230 kV tie to the Borden 230 kV substation which has a step-down to 138 kV
connecting to rest of the system via long, 138 kV circuit, and a double circuit 115 kV line (with two
230/115 kV autotransformers) connecting to the Graham 115 kV bus. Consequently, upon outage of the tie
to Jones, the connection of the GEN-2008-016 wind farm to the system is significantly weakened.

Whereas with all lines in service, the strength of the system at the POI (Grassland 230 kV), measured in
terms of Short Circuit Ratio (SCR) (ratio of System Short Circuit MVA and Size of the wind farm) is
adequate (2246/248.4 = 9.0), following outage of the Grassland — Jones 230 kV line it drops significantly
(537/248.4 = 2.16). In general, a short circuit ratio less than 3 is considered low, and requires more in-
depth analysis, usually with more detailed tools and models (e.g. PSCAD/EMTP-type).

As a next step, the above simulation (3-phase fault with tripping of Grassland-Jones 230 kV) was repeated
with the addition of dynamic compensation. The goal here was to verify if the provision of dynamic voltage
support (i.e. to help quick recovery and stabilize the voltage) will help the wind farm controls to function
well. For this purpose we modeled an SVC at the POI. A 75 MVAR SVC was found to reduce the
magnitude of the oscillations, but did not completely eliminate these oscillations. Any further increase in
the SVC size did not show any marked improvement. it is therefore, suggested that first the wind turbine
manufacturer be consulted to seek their advice on whether adjustments to the wind farm controls could lead
to similar, or better, result.

FERC Order 661A Compliance

Selected faults were simulated at the Point of Interconnection (POI) of the proposed GEN-2008-016 wind
farm to determine the compliance with FERC 661 — A; post-transition period LVRT standard. The results
indicated that the proposed project met the FERC LVRT requirement for wind farm interconnection.

The results of this analysis are based on available data and assumptions made at the time of conducting
this study. If any of the data and/or assumptions made in developing the study model change, the results
provided in this report may not apply and additional analysis may be required.
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INTRODUCTION

Southwest Power Pool, Inc. (SPP) commissioned ABB Inc. to perform an Interconnection Impact Re-study
for Gen-2008-016 Project, which included a wind-based generation of 248.4 MW (Queue # GEN-2008-
016) on the SPP system. The proposed wind farm is located in Lynn County, Texas and the POI is at
Grassland 230 kV. Figure 0-1 shows the POI of the proposed generation project on a Geographical
Transmission Map.

This study evaluated the impact of the GEN-2008-016 project on the SPP Transmission System. The scope
of this study was limited to the transient stability analysis and power factor evaluation.

The main objectives of this study were
1) To determine the need of reactive power compensation, if any, for the proposed wind farm
2) To determine the impact of the proposed Project on the stability of SPP transmission system
and nearby generating stations.
3) To validate the compliance with FERC LVRT requirement for the wind farm.

To achieve these objectives the following analyses were performed on the 2010 Summer Peak and 2009
Winter Peak system conditions with GEN-2008-016 in-service

o Power factor analysis for selected contingencies.

o0 Transient stability analysis for various local and regional contingencies.

0 LVRT performance under selected contingencies near the POI.

The study was performed on 2010 Summer Peak and 2009 winter peak cases, provided by SPP. This report
documents the methods, analysis and results of the system impact study.

Table 0-1: GEN-2008-016 Project Details
Project Size (MW) | Wind Turbine Type Point of Interconnection Location
GEN-2008-016 248.4 Siemens SWT 2.3MW | Grassland 230kV (bus #526677) | Lynn, Texas

1.1 REPORT ORGANIZATION

This report is organized as follows:
Section 2: Description of project
Section 3: Study methodology
Section 4: Model Development
Section 5: Power Factor Analysis Results
Section 6: Stability Analysis Results
Section 7: Conclusions

The detailed study results are included in separate Appendices.
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DESCRIPTION OF THE PROJECT

The details of load flow and dynamic data for the Gen-2008-016 wind farm project is included in Appendix
A.

e  Wind farm output: 248.4 MW
e Interconnection:
Voltage: 230 kV

POI: Grassland 230kV substation. The wind-farm will be
connected to the POI via 230 kV line.

Transformer: Two (2) step-up transformer connecting to the 230 kV
MVA: 80 MVA
Voltage: 230/34.5 kV
Z: 9.0% on 80 MVA

e Wind Turbines:

Number:One hundred and eight (108)

Manufacturer:  Siemens

Type: Doubly-fed induction generator (DFIG)
Machine Terminal voltage: 0.69 kV

Rated Power: 2.3 MW

Frequency: 60 Hz

Generator Step-up Transformer

MVA: 2.6
High voltage: 34.5kV
Low voltage: 0.69 kV

Z: 6.06% on 2.6 MVA
e Reactive Power Capability: 0.9 lagging/ 0.9 leading
e Fault Ride-through: Manufacturer’s default ride-through capability was modeled
e PSSE Model Used SMK223 _maodel.obj




Interconnection Impact Re-study for GEN-2008-016

STUDY METHODOLOGY

POWER FACTOR ANALYSIS

SPP requires that the Interconnection Customer’s wind farm maintain a minimum of +/- 0.95 power factor
at the POI for any system condition. The purpose of the power factor analysis was to determine whether the
proposed wind farm project will meet the power factor requirement at the Point of Interconnection (POI)
for system intact as well as contingency conditions.

The Power Factor Analysis involved the following Steps:

e A VAR generator with large capacity (e.g. +/- 9999 MVar) was modeled at the POI of the
subject wind farm. The VAR generator was set to hold the POI voltage consistent with the
voltage schedule in the power flow base cases. The reactive power capability of the wind
farm was set to zero.

e Contingencies in the vicinity of the subject wind farm were simulated. The results were
used to identify the most-limiting contingency from steady state voltage and power factor
perspective.

o If the required reactive power support, to maintain an acceptable power factor at the POlI,
was found to be beyond the capability of proposed wind-farm then the additional reactive
power compensation (e.g. static capacitor banks) was considered.

It is important to note that the reactive power compensation identified in this analysis was primarily needed
to meet steady state criteria. The need for dynamic reactive power support, if any, was determined through
transient stability analysis.

TRANSIENT STABILITY ANALYSIS

The purpose of the transient stability analysis is to determine the impact, if any, of the proposed wind farm
project on the stability performance of the SPP transmission system and generating stations in the
interconnection vicinity.

Stability analysis was performed using Siemens-PTI’s PSS/E™ dynamics program V30.3.3. Three-phase
and single-line-to-ground (SLG) (with re-closure where applicable) were simulated for the specified
duration and synchronous machine rotor angles and wind turbine generator speeds were monitored to check
whether the system is stable following the fault clearing. In addition, the voltage at the wind-farm POI and
vicinity was also monitored.

For three-phase faults, a fault admittance of —j2E9 was used (essentially infinite admittance representing a
bolted fault). The PSS/E dynamics program only simulates the positive sequence network. However, the
unbalanced fault current computation (e.g. single-phase-ground) requires the knowledge of positive,
negative, and zero sequence impedances. For a single-line-to-ground (SLG) fault, the fault admittance then
equals the inverse of the sum of the positive, negative and zero sequence impedances. Typically, a single
line to ground fault results in a voltage of roughly 60%. The admittance needed (over and above the
positive sequence) to achieve this voltage value was computed using activity TYSL in PSS/E. This
additional admittance value is the equivalent of the sum of positive and negative sequence admittances. The
admittance value computed in the above step is then inserted at the faulted bus and the single line to ground
fault current is computed.

The voltages at all local buses (115 kV and above) were monitored for all tested contingencies.

Another important aspect of the stability analysis was to determine the ability of the wind generators to stay
connected to the grid during disturbances. This is primarily determined by their low-voltage ride-through
capabilities — or lack thereof — as represented in the models by low-voltage trip settings. The Federal
Energy Regulatory Commission (FERC) Post-transition period LVRT standard for Interconnection of Wind

A A DD
FRIDID



Interconnection Impact Re-study for GEN-2008-016

generating plants includes a Low Voltage Ride Through (LVRT) requirement. The key features of LVRT
requirements are:

0 A wind generating plant must remain in-service during three-phase faults with normal clearing
(maximum 9 cycles) and single-line-to-ground faults with delayed clearing, and have subsequent
post-fault recovery to pre-fault voltage unless the clearing of the fault effectively disconnects the
generator from the system.

0 The maximum duration the wind generating plant shall be required to withstand a three-phase fault
shall be 9 cycles after which, if the fault remains following the location-specific normal clearing
time for three-phase faults, the wind generating plant may disconnect from the transmission
system. A wind generating plant shall remain interconnected during such a fault on transmission
system for a voltage level as low as zero volts, as measured at the high voltage side of the GSU
connected at POI.

These criteria were used to evaluate the LVRT capability of the wind farm.
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MODEL DEVELOPMENT

SPP provided two power flow cases for this study — i) “DISIS_10SP-G6.sav” and ii) “DISIS_09WP-
G6.sav” —representing respectively the 2010 Summer Peak and 2009 Winter Peak conditions.

MODEL DEVELOPMENT FOR GEN-08-016 PROJECT

The models (power flow and dynamics) for the proposed project were included in the data supplied by SPP;
however these models were based on the original impact study for this project. The present study is meant
to re-evaluate the system impact in view of a change in the wind-farm generator technology. For the
purpose of this study, the Siemens SWT 2.3 MW WTG is being considered.

A detailed review of the study models was performed to ensure the wind farm and the associated collector
system representation is in agreement with the data provided for this re-study. Some minor discrepancies
were noted in the cable parameters for Feeder #8 and #9, upon comparison of the reactance data from
PSS/E and the cable data (“Cable impedance Rev1.xIsx”). The PSS/E data was revised to reflect the cable
parameters in the above data sheet. The equivalent WTG representation in the original power flow was then
replaced with the new WTG type and size (individual WTG of 2.3 MW, therefore two equivalent
generators were represented, each representing 54 WTGs and with an output of 124.2 WM). The reactive
power capability of the WTGs (DFIG technology with +/- 0.95 pf) was appropriately represented. The
original wind farm model did not seem to have inherent reactive power capability and hence static
capacitor compensation was necessary at the POI in order to meet SPP’s interconnection standards. Due to
the inherent reactive power capability of the Siemens machines, the static capacitors represented with the
original models were removed from the power flow.

The original power flow cases were revised to reflect the above changes and these were subsequently
named as ‘DISIS_10SP-G6-ABB.sav’ (2010 summer peak) and ‘DISIS_09WP-G6-ABB.sav’ (2009 winter
peak).

Fig. 4-1 and Fig. 4-3 show the one-line diagram in the local area of Gen-2008-016 for 2010 summer peak
and 2009 winter peak conditions respectively.

The “DYRE” file containing the dynamic data was revised by replacing the original WTG model with the
new, Siemens SWT 2.3 MW WTG data. A new “snapshot” file was created to run the stability simulations.




Interconnection Impact Re-study for GEN-2008-016

525830
soe3as TUCOL_INT &
1162 2182 20162 210160 522870 JONES_BUS2 6
WIG-2 c-z T2 WFSS LP-HOLLS 525820
1242 1242 S 123.3 1233 1227 1227 -90.0 TUCO_SVC 1
O 19.4R l 194 3 2 130 l 13.0 155 B 155 = I 337 T O 0 f ah
1030 T 1.016 1010~ 0.989 1146R I 1148
07 35.1 349 274 QRASSLANDE 2
146
1181 2161 20161 2445 2441
WTG1 C1 T-1
122 gz ¢ 1233 g 1233 1227 g 1227 < =8 LR
O I 2 I 7.0 131 freres
19.4R 194 8 2 $ 130 13.0 <155 W 155 2 2 JOMES: 2 220.1 MW LUBBCK_STHE
1030 T ¥ 1.016 1040 = 27 6 MVAR
07 35.1 349 0.999
2za7
526655 526656 52667
LYNN_CNTY 2 LYNN CNTY3  gagegn GRASSLAND 3 787 -TEE 787
SP.WOODROW 3 i JOMES 3 0.0 MW
il ? =3 s 425 433 425
0.9 S = 0.4
332 3-2?55; zap JOMES_1 2201 MW
e 27.6 MVAI
? 526200 il sosien V12
19 LUBBCK_ESTE CARLISLE &
et 52 1914 1919 [ SW g sz aeml
0.7 l ) 4 it
102 129 121 | 522 W 249
0,990 1.022
& 525213
=7 b 350 SWISHER &
522908 525212 257.9 68
S2E4 CH-FAIRVIEW4 SWISHER 3
z I 757 " 1; 2 s 758
57.1 153 = 646
1.022 5423
17,6
525228
a3 524414 soans o 07-048 108
AMA_SOUTH3 AMA_SOUTH & 831 : 828
1028 127 Bpgss 1028 43 . .
i “ = il : 244 GO7-48 80.0 MW r— 8.5
s PSS EEEL & 210 140 MVAR TUCO. TER 1
523551 NicHoLs & 1037 GO5-15 150.0 MW 13 s25830 “.00 m SW
HUTCHISON & 1320 13232 2EO0MVAR  GO515 Qne TUCO INT 7 (
825 = -83.2 ) 934 g 1660 2% = 0 ‘g;
° 523578 = = 13.5
-20.8 FRRRNG. MIDS 10141550 ] 708 g 2 ¢ =
WFss
NICHOLS 413.9 MW <
525825
1.000
1400 ) TUCOo_2
) B 0.0
[=}
2 2 .00 I
WIG-1 149.4MW i 23 1.021
015 1.015 70.3 3 2 135
523771 501 511488 5pa 2 ¢ o
GRAPEVINE 6 1014010000 | | 2196 LEST =
g
1527 1556 6007 -587.3 35 2 525524
gf-g o056 1655 BT 1265 M MIDPT_BUS TOLK_EAST &
1.4 1386,
0.974 1.000357.1 X 1. . 269 388
2240 2300 348.0 450 298
1.084 1.003
1,027 3740 230.7 1.016
354.3 233.7
Bus - VOLTAGE (KV/PU)
Branch - NWMVAR
Diagram created Lsi SPP MDWG 2009 Q1 FULL: MDWGD9Q1-105 V30_FINAL (02-27-2008) Eotipmat - IR
'DISIS_105P-GE-ABB.sav' 2010 SUMMER PEAK: © 2009 SOUTHWEST POWER POOL, ING.; RED DYM 100.0%RATEA
'GEM-08-016.5id" MON, AUG 16 2010 13:13 0.950UY
KV: <=13,800 3 k=70.000 <=115.000 <w230.000 <=345.000 <=765.000 »765.000

Figure 0-1 One-line Diagram of the local area of Gen-08-016 (2010 Summer Peak)

ABB



Interconnection Impact Re-study for GEN-2008-016

525830
TUCO_INT 6

526338
1162 2152 20162 210180 522870 JONES BUS2 6
WTG-2 c2 T2 WFss LP-HOLLE 525820
1242 g 1242 § 1233 g 1233 1227 g 122q 1223 -82.6 827 TUCO_SVE 1
wan ll 193 & 130 B 130 155 W 155 o 1.2 -34.3 Py O s I 0 2 < 2 a3
1.034 1920 1014 ~ % 0.989 12398 | 1289 8§ 8 w00
07 35.0 2574 GHASSLANG B 1129 Q58
147
1161 2161 20181 2445 2441
WTG G1 T
1242 @ 1242 4233 g 1233 1227 g 1227 223 Jf 2% Wl = =
3 i 526260 526337
19.3R ‘;;‘3 3 -13.0 “;:on 55 ”;‘545 S g 1.2 JONES_2 204.8 MW LUBBCK_STHE JONES_BUS16
07 353 5.0 1,003 Sahpen
230.7
526BEG 526656 526676
LYNN_CNTY 2 LYMN CNTY3  sogsan GRASSLAND 3
SP-WOODROW 3 133 < 2 133 JONES 3 0.0 MW
SWI -84 2 94' 401 -39.6 19.0 = 2
| o 2 & : : . =X T S8 3
| 00 il 02 $§§ o4 W 122 126 W 63 = ™ JONES 12048 MW
;-‘0?23 8.9 MVAR]
59.1 ’ 133 a% o 133 526269 hirad
12 = LUBBCK_ESTS ERRLLE 6
11.2 1 5S¢ %8 1526 1530 \] SwW g 577 o 58.1
— el
102 1028 /1 00 I 571 52.2
- L 0685
522696 525213
CR.VEALMOORS oe SWISHER &
1'\97?3 525212 2-2‘-‘?; 12.9 12.9
522914 CR-FAIRVIEWS ; 1.001 SWisHER 3 *="
2303
CR-SALEM 4 02 34,2 g ? 342
Jg CRKOGH 4 s
2311 31 o 46 c._z ss 55
> w7
117,
w1 HEA
07-048 026
1218
H3 T 473 -47.1
= 142.0 314
SR 211 GOT-48 800 MW 140
4 263 MVAR TUCO TER 1
523551 GO5-15 150.0 MW 560813 525652 ¢ 8 00 mSswWw
HUTCHISOM & BAMVAR  GO515 iy TUCO_INT 7 = I
1258 i 1262 g 2091 $ = s B 000
523978 O 2 : :;1:13 1
HAHRNG_MIDE Dome 21014121 [ 780 R4 ¢ : *203.2
2285 " 511488 WFsS §
NICHOLS 0.0 MW OMUT < B -41.6
.0 MVAR S oo 4120 4221 525825
523977 590891 230.0 TuGo 2
HARRMG_WSTi OKLALIN 7 ! 5 oo
226.0 -225.9 W é—ﬂ—l
) -202.7 S E 00
305 310 -16.1 140.4 MW 2 }g)‘l‘!;
1000 sasrm st14e8 A9 24 22 ¢ s i - 2029
GRAPEVINE 6 2180 ¢ 1.0140 10000 P 7S LES.T b - s
E F
1 - N
I 120.0 121.8 =5 Plan ae 27 s %ﬁ?f&asr [
08 3.6 1.035 |
0.587 1.000357.2 0.9% 1.007 240.8 #£85
227 2300 3436 3474 ETT 48.9
1.012
2328 1.011
2325
Bus - VOLTAGE (KW/PL)
Branch - MWMVAR
Diagram craated usi SPP MOWG 2009 01 FULL: MOWGD901-03W 30 FINAL 02:27.2009) Equipment - MWMVAR
DISIS_0SWP-G6-ABE sav’ 2008 WINTER PEAK: © 2009 SOUTHWEST POWER . INC.; RED DYN 100.0%RATEA
'GEN-68-016.5ld" MON, AUG 16 2010 13: || Y v
KV; <=13.600 500c=70.000 <=115.000 <=230, <=345.000 <=765.000 >765.000

Figure 0-2 One-line Diagram of the local area of Gen-08-016 (2009 Winter Peak)

ABB



POWER FACTOR ANALYSIS

The Power Factor analysis was performed to verify that the wind-farm interconnection met SPP’s standard in terms
of power factor and voltage requirements at the POI. Table 0-1 lists the contingencies simulated for Power Factor
analysis.

Table 0-1: List of contingencies simulated for Power Factor Analysis

Contingency
Name Contingency Description

CONT 01 Loss of Grassland (526677) to the Jones_Bus2 (526338) 230kV line
CONT 02 Loss of Grassland (526677) to the Borden (526830) 230kV line
CONT 03 Loss of Grassland (526677) 230 kV to 115 kV (526676) transformer
CONT 04 Loss of Jones Bus2 (526338) to Jones Busl (526337) 230 kV line
CONT 05 Loss of Borden 230 kV (526830) to 138 kV (522896) transformer
CONT 06 Loss of Cr-Vealmoor4 (522896) to Cr-Fairview4 (522908) 138 kV line
CONT 07 Loss of Cr-Vealmoor4 (522896) to Cr-Koch (522902) 138 kV line
CONT 08 Loss of Grassland (526676) to Lynn_Cnty (526656) 115 kV line
CONT 09 Loss of Grassland (526676) to Graham3 (526694) 115 kV line
CONT 10 Loss of Graham 115 kV (526694) to 69 kV (526693) transformer
CONT 11 Loss of Tuco (525830) to Swisher (525213) 230kV line
CONT 12 Loss of Jones Busl (526337) to Tuco (525830) 230kV line
CONT_13 Loss of GEN-2005-015 (560813) to Tuco (525832) 345kV line
CONT 14 Loss of Midpoint (525835) to Tuco (525832) 345kV line

As described in section 0, a VAR generator was modeled at POI. The VAR generator was set to hold the 230 kV
POI voltage at 1.0 p.u, following the procedures in Section 3-1. The reactive power capability of the wind farm was
set to zero.

The contingencies shown in Table 0-1 were simulated on 2010 summer peak and 2009 winter peak load conditions.
For year 2010 summer peak and 2009 winter peak load conditions, CONT_02 (Grassland (526677) to Borden
(526830) 230kV line outage) showed maximum reactive power output from the VAR generator at POI following
interconnection of GEN-2008-016 project. This implies that this contingency requires the highest amount of reactive
power to meet the power factor requirements. However, the reactive power requirements (see Table 5-2) are within
the capability of the GEN-2008-016 WTG and therefore no added reactive power support is necessary in the steady
state.



Table 0-2 VAR generator output at the GEN-08-016 POI

Contingency | 2010 Summer Peak | 2009 Winter Peak
BASE CASE 51.4** 35.7**
CONT 01 38.5 29.6
CONT_02 55.5 52.8
CONT_03 51.6 35.6
CONT_04 51.4 35.7
CONT_05 39.3 36.7
CONT_06 53.8 44.2
CONT 07 45.4 34.6
CONT_08 58.5 43.7
CONT_09 44.2 29.4
CONT_10 43.3 28.4
CONT_11 51.4 35.7
CONT 12 51.1 35.7
CONT_13 51.2 35.7
CONT 14 52.7 37.1

**The reactive power capability of the wind farm was set to unity p.f at machine terminal (i.e
Qmax=Qmin=Qgen= 0 Mvar).

Next, the same contingencies (Table 5-1) were re-simulated, but without the VAR generator at the POI, for
verification purposes. The power factor at the POl was computed; the POI bus voltage was monitored. The power
factor as well as the bus voltage was acceptable for all tested conditions. The loss of Grassland to Borden 230kV
line (CONT_02) resulted in lowest voltage at POI in post-contingency conditions in both summer peak and winter
peak system conditions. Table 0-3 summarizes the post-contingency voltage and p.f. at the POI for the above
contingency. The complete results of the above analysis are included in Appendix B.

Table 0-3: Voltage & p.f. at POl without VAR generator: GEN-2008-016

Voltage
System condition 9
(in p.u.) P.F.
0.997 1.0
2010 summer peak System Intact
Post-contingency (1) 0.996 1.0
1.000 1.0
2009 winter peak System Intact
Post-contingency (1) 0.997 1.0

(1) CONT_02: Loss of Grassland (526677) to the Borden (526830) 230kV line

STABILITY ANALYSIS

Stability simulations were performed to examine the transient behavior of GEN-2008-016 project and its impact on
the SPP system. Several faults, both three-phase and single phase faults (with re-closing where applicable) were
simulated. The fault clearing times and re-closing times used for the simulations are shown inTable 0-1.




Seventeen (17) three phase and fourteen (14) single-line-to-ground faults (with re-closing where applicable) were
simulated. For all tested cases the initial disturbance was applied at t = 0.1 seconds. The fault was cleared at the

Table 0-1: Fault Clearing Times

Time before
Faulted bus kV level Normal Clearing reclosing
69 5 cycles 20 cycles
115 5 cycles 20 cycles
230 5 cycles 20 cycles

appropriate time following its inception. Table 0-2 lists all the faults simulated for transient stability analysis.

The system was stable for all the simulated 3-Phase and single-phase faults. The proposed GEN-2008-016 wind
farm stayed on-line throughout the duration of the fault and thereof. The voltage recovery was acceptable, and the
oscillations were damped out. Table 0-3 summarizes the stability analysis results for 2010 summer peak and 2009

winter peak system conditions.

Table 0-2 List of Simulated Faults for GEN-2008-016 SIS

Cont.

No.

Cont.
Name

Description

FLTO1-3PH

Three phase fault on the Grassland (526677) to the Jones_Bus2 (526338), 230kV line. Apply Fault at
the Grassland bus.

a. Clear Fault after 5 cycles by removing the line from Grassland to Jones bus

b. Wait 30 cycles, and then re-close the line in (b) back into the fault.

c. Leave fault on for 5 cycles, then trip the line in (b) and remove fault.

FLTO02-1PH

Single phase fault and sequence like Cont. No. 1

FLTO03-3PH

Three phase fault on the Grassland (526677) to the Borden (526830), 230kV line. Apply Fault at the
Grassland bus.

a. Clear Fault after 5 cycles by removing the line from Grassland to Borden bus

b. Wait 30 cycles, and then re-close the line in (b) back into the fault.

c. Leave fault on for 5 cycles, then trip the line in (b) and remove fault.

FLTO4-1PH

Single phase fault and sequence like Cont. No. 3

FLTO05-3PH

Three phase fault on the Grassland 230/115 kV cktl transformer (526677). Apply Fault at the
Grassland 230 kV side.
a. Clear Fault after 5 cycles by removing the Grassland transformer ckt1.

FLTO6-1PH

Single phase fault and sequence like Cont. No. 5

FLTO7-3PH

Three phase fault on the Grassland 230/115 kV cktl transformer. Apply Fault at the Grassland 115
kV side.
a. Clear Fault after 5 cycles by removing the Grassland transformer cktl.

FLTO08-1PH

Single phase fault and sequence like Cont. No. 7

FLTO09-3PH

Three phase fault on the Jones_Bus2 (526338) to Jones_Busl (526337) 230 kV line. Apply fault at
Jones_Bus2.

a. Clear fault after 5 cycles by tripping the line from Jones_Bus1 to Jones_Bus2 .

b. Wiait 30 cycles, and then re-close the line in (b) back into the fault.

c. Leave fault on for 5 cycles, then trip the line in (b) and remove fault.

10

FLT10-1PH

Single phase fault and sequence like Cont. No. 9

11

FLT11-3PH

Three phase fault on the Borden 230/138 kV transformer (526830). Apply Fault at the Borden 230
kV side.
a. Clear Fault after 5 cycles by removing the Borden transformer.

12

FLT12-1PH

Single phase fault and sequence like Cont. No. 11

13

FLT13-3PH

Three phase fault on the Borden 230/138 kV transformer (526830). Apply Fault at the Borden 138
kV side.
a. Clear Fault after 5 cycles by removing the Borden transformer.

14

FLT14-1PH

Single phase fault and sequence like Cont. No. 13

15

FLT15-3PH

Three phase fault on the Cr-Vealmoor4 (522896) to Cr-Fairview4 (522908) 138 kV line. Apply fault
at Cr-Vealmoor4.

a. Clear fault after 5 cycles by tripping the line from Cr-Velamoor4 to Cr-Fairview4.

b. Wait 30 cycles, and then re-close the line in (b) back into the fault.

c. Leave fault on for 5 cycles, then trip the line in (b) and remove fault.




Cont.

Cont.

No. Name Description
16 FLT16-1PH Single phase fault and sequence like Cont. No. 15
Three phase fault on the Cr-Vealmoor4 (522896) to Cr-Koch (522902) 138 kV line. Apply fault at
Cr-Vealmoor4.
17 FLT17-3PH a. Clear fault after 5 cycles by tripping the line from Cr-Velamoor4 to Cr-Koch.
b. Wait 30 cycles, and then re-close the line in (b) back into the fault.
c. Leave fault on for 5 cycles, then trip the line in (b) and remove fault.
18 FLT18-1PH Single phase fault and sequence like Cont. No. 17
Three phase fault on the Grassland (526676) to Lynn_Cnty (526656) 115 kV line. Apply fault at
Grassland.
19 FLT19-3PH a. Clear fault after 5 cycles by tripping the line from Grassland to Lynn_Cnty.
b. Wait 300 cycles, and then re-close the line in (b) back into the fault.
c. Leave fault on for 5 cycles, then trip the line in (b) and remove fault.
20 FLT20-1PH Single phase fault and sequence like Cont. No. 19
Three phase fault on the Grassland (526676) to Graham3 (526694) 115 kV line. Apply fault at
Grassland.
21 FLT21-3PH a. Clear fault after 5 cycles by tripping the line from Grassland to Graham3.
b. Wait 30 cycles, and then re-close the line in (b) back into the fault.
c. Leave fault on for 5 cycles, then trip the line in (b) and remove fault.
22 FLT22-1PH Single phase fault and sequence like Cont. No. 21
Three phase fault on the Graham 115/69 kV transformer (526694). Apply Fault at the Graham 115
kV side.
2 FLT23-3PH a. Clear Fault after 5 cycles by removing the Graham transformer.
24 FLT24-1PH Single phase fault and sequence like Cont. No. 23
Three phase fault on the Graham 115/69 kV transformer (526694). Apply Fault at the Graham 69 kV
side.
% FLT25-3PH a. Clear Fault after 5 cycles by removing the Graham transformer.
26 FLT26-1PH Single phase fault and sequence like Cont. No. 25
3 phase fault on the Tuco (525830) to Swisher (525213) 230kV line, near Tuco.
a. Apply fault at the Tuco 230kV bus.
27 FLT27-3PH b. Clear fault after 5 cycles by tripping the faulted line.
¢. Wait 20 cycles, and then re-close the line in (b) back into the fault.
d. Leave fault on for 5 cycles, then trip the line in (b) and remove fault.
28 FLT28-1PH Single phase fault and sequence like previous
3 phase fault on the Jones Bus1 (526337) to Tuco (525830) 230kV line, near Jones Bus1.
a. Apply fault at the Jones Bus1 230kV bus.
29 FLT29-3PH b. Clear fault after 5 cycles by tripping the faulted line.
¢. Wait 20 cycles, and then re-close the line in (b) back into the fault.
d. Leave fault on for 5 cycles, then trip the line in (b) and remove fault.
3 phase fault on the GEN-2005-015 (560813) to Tuco (525832) 345kV line, near Tuco.
30 FLT30-3PH a. Apply fault at the Tuco 345kV bus.
h. Clear fault after 5 cycles by tripping the faulted line.
3 phase fault on the Midpoint (525835) to Tuco (525832) 345kV line, near Tuco.
31 FLT31-3PH a. Apply fault at the Tuco 345kV bus.
h. Clear fault after 5 cycles by tripping the faulted line.
Table 0-3 Results of stability analysis
2010 Summer Peak 2009 Winter Peak
Post-Project Post-Project
Pre- Acceptable Pre- Acceptable
FAULT Project | Stable? | Voltages? Project Stable? | Voltages?
FLTO1-3PH --- STABLE YES --- STABLE YES
FLTO2-1PH --- STABLE YES --- STABLE YES
FLTO3-3PH --- STABLE YES --- STABLE YES
FLTO4-1PH --- STABLE YES --- STABLE YES
FLTO5-3PH --- STABLE YES --- STABLE YES




2010 Summer Peak 2009 Winter Peak
Post-Project Post-Project
Pre- Acceptable Pre- Acceptable
FAULT Project Stable? | Voltages? Project Stable? | Voltages?
FLTO6-1PH --- STABLE YES --- STABLE YES
FLTO7-3PH --- STABLE YES --- STABLE YES
FLTO8-1PH --- STABLE YES --- STABLE YES
FLTO9-3PH --- STABLE YES --- STABLE YES
FLT10-1PH --- STABLE YES --- STABLE YES
FLT11-3PH --- STABLE YES --- STABLE YES
FLT12-1PH --- STABLE YES --- STABLE YES
FLT13-3PH --- STABLE YES --- STABLE YES
FLT14-1PH --- STABLE YES --- STABLE YES
FLT15-3PH --- STABLE YES --- STABLE YES
FLT16-1PH --- STABLE YES --- STABLE YES
FLT17-3PH --- STABLE YES --- STABLE YES
FLT18-1PH --- STABLE YES --- STABLE YES
FLT19-3PH --- STABLE YES --- STABLE YES
FLT20-1PH --- STABLE YES --- STABLE YES
FLT21-3PH --- STABLE YES --- STABLE YES
FLT22-1PH --- STABLE YES --- STABLE YES
FLT23-3PH --- STABLE YES --- STABLE YES
FLT24-1PH --- STABLE YES --- STABLE YES
FLT25-3PH --- STABLE YES --- STABLE YES
FLT26-1PH --- STABLE YES --- STABLE YES
FLT27-3PH --- STABLE YES --- STABLE YES
FLT28-1PH --- STABLE YES --- STABLE YES
FLT29-3PH --- STABLE YES --- STABLE YES
FLT30-3PH --- STABLE YES --- STABLE YES
FLT31-3PH --- STABLE YES --- STABLE YES

The faults involving the outage of Grassland — Borden 230 kV line (FLT_03_3PH and FLT_04_1PH) or the 230/138
kV transformation at Borden 230 kV (FLT_11, FLT_12, FLT_13, FLT_14) indicated low voltages at the 138 kV
level near Borden. The above contingencies render the 138 kV system at Borden radial via Vealmoor—Koch-
Brown-Grady-Triangle-Midland 138 kV circuit; the Midland 230/138 kV being the only alternate feed for the
outage of Borden 230 kV. This is however an issue un-related to the GEN-2008-016 interconnection and discussed
here for information purpose only. This voltage problem is mostly a steady state problem; under transient
conditions, the 138 kV at Borden recovered to approximately 0.85 p.u and remained at that value. Application of
shunt capacitors (static) or other operator actions are expected to help mitigate the above voltage issue. Fig. 6-1 and
Fig. 6-3 show the system response for the faults FLT 03 3PH and FLT_04_1PH that involve the loss of Grassland
— Borden 230 kV. The low voltage observations noted here are applicable for both summer as well as winter peak
load cases.

The plots from the transient stability analysis are included in Appendix C.
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Disturbances (faults) leading to outage of the Grassland to Jones 230 kV line (or any series element in that path — i.e.
Jones — Tuco etc.) showed oscillations (of ~2 Hz) on the GEN-2008-016 wind farm speed as well as on the POI
voltage traces. The oscillations are damped out within 5 seconds after fault clearing (Fig 6-3). Although the subject
wind farm remained on line following all such disturbances, an evaluation was performed to investigate the causes
and mitigation of the observed oscillations. Simulation of the same disturbance for the pre-project conditions did not
indicate any oscillations in the POI voltage (Fig .6-4).

The above simulation (refer Fig. 6-3) was repeated, but with the wind farm model replaced with a 248.4 MW
equivalent negative load. The results did not show any oscillations (Fig 6-5), thus suggesting that the oscillations are
likely the result of a “control instability” within the wind farm, which is a concern for wind farms that are
interconnected to “weak” networks.

The wind farm POI is tied to the rest of the SPP system through, three outlets; a 230 kV tie to Jones which ties to
Tuco substation, a 230 kV tie to the Borden 230 kV substation which has a step-down to 138 kV connecting to rest
of the system via long, 138 kV circuit, and a double circuit 115 kV line (with two 230/115 kV autotransformers)
connecting to the Graham 115 kV bus. Consequently, upon outage of the tie to Jones, the connection of the GEN-
2008-016 wind farm to the system is significantly weakened.

The Grid Performance Specification® from the subject WTG manufacturer (Siemens) makes the following statement
with regard to the wind farm controls:

“The wind turbine is capable of riding through severe voltage dips in the HV Grid down to nil percent (0%) retained
voltage up to 250 ms, down to fifteen percent (15%) retained voltage for up to 650 ms and down to seventy five
percent (75%) retained voltage for up to 10 s when the installed amount of wind turbines is in the right proportion
of the strength of the Grid. This means the short circuit ratio (Sk/Sn) and the X/R ratio of the grid at the wind
turbine transformer terminals must be adequate”.

Whereas with all lines in service, the strength of the system at the POl (Grassland 230 kV), measured in terms of
Short Circuit Ratio (SCR) (ratio of System Short Circuit MVA and Size of the wind farm) is adequate (2246/248.4 =
9.0), following outage of the Grassland — Jones 230 kV line it drops significantly (537/248.4 = 2.16). In general, a
short circuit ratio less than 3 is considered low, and requires more in-depth analysis, usually with more detailed tools
and models (e.g. PSCAD/EMTP-type).

As a next step, the above simulation (3-phase fault with tripping of Grassland-Jones 230 kV) was repeated with the
addition of dynamic compensation. The goal here was to verify if the provision of dynamic voltage support (i.e. to
help quick recovery and stabilize the voltage) will help the wind farm controls to function well. For this purpose we
modeled an SVC at the POI. This analysis was performed iteratively, starting with a small SVC size and then
incrementing the SVC size, should the oscillations still persist. The SVC parameters (gain, time constants etc.) were
tuned based on the short circuit level at the POI, considering the contingency condition. We started with a 25
MVAR SVC. The performance was slightly better than that shown in Fig. 6-3. Next we repeated the simulations
with incremental SVC sizes of 50 MVAR, 75 MVAR and 100 MVAR. With SVC sizes of 75 and 100 MVAR, there
was a good improvement in the system performance (i.e. reduction in the magnitude of oscillations) when compared
with those at smaller SVC values (Fig. 6-6). The oscillations were however not completely eliminated. Also, there
was not much added value in terms of performance improvement when the SVC size was increased from 75 MVAR
to 100 MVAR. The SVC response (admittance) for the 75 MVAR case is plotted in Fig. 6-7. It is therefore
suggested that first the wind turbine manufacturer be consulted to seek their advice on whether adjustments to the
farm controls could lead to similar, or better, results.

! SWT-2.3 VS 60 Hz Grid Performance Specification: Document PG-R3146-30-0000-0186-01
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Fig.6-4 POI Voltage; Pre-project conditions — FLT-01-3PH
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FERC LVRT COMPLIANCE

This section discusses the FERC mandated LVRT compliance verification for GEN-2008-016 project. As explained
in section 0, the proposed project was modeled with the low voltage ride through capability. To determine the
compliance of the subject wind farm project six (6) faults were simulated. These faults were simulated at the POI of
wind farm project and cleared after 9 cycles for 3-phase and 15 cycles for 1-phase faults (i.e. 9 cycle primary
clearing followed by a 6 cycle back-up clearing due to a breaker stuck event). Table 0-4 gives the description of
fault simulated for LVRT analysis.

Table 0-4: List of faults for FERC LVRT compliance

Fault Name Description
Three phase fault on the Grassland (526677) to the Jones_Bus2 (526338), 230kV line.
FLT_01_LVRT_3PH a. Apply Fault at the Grassland 230kV bus.

b. Clear fault after 9.0 cycles by tripping the faulted line.

FLTO02-1PH_LVRT Single Phase fault Delayed Clearing (9 Cycles + 6 Cycles) and sequence like previous

Three phase fault on the Grassland (526677) to the Borden (526830), 230kV line.

FLTO03-3PH_LVRT a. Apply Fault at the Grassland 230kV bus.

b. Clear fault after 9.0 cycles by tripping the faulted line.

FLTO04-1PH_LVRT Single Phase fault Delayed Clearing (9 Cycles + 6 Cycles) and sequence like previous

Three phase fault on the Grassland 230/115 kV cktl transformer (526677)

FLTO05-3PH_LVRT a. Apply Fault at the Grassland 230kV bus.

b. Clear fault after 9.0 cycles by tripping the faulted line.

FLT06-1PH_LVRT Single Phase fault Delayed Clearing (9 Cycles + 6 Cycles) and sequence like previous

The results of the simulations indicated that the Gen-2008-016 wind farm project stayed online through the fault
duration and recovered to acceptable speed and voltage post-fault clearing. Therefore the subject wind farm meets
the FERC LVRT criteria for the interconnection (FERC Order 661 — A). The response of Gen-2008-016 project for
FLT_03_LVRT_3PH is given in Figure 6-7. This fault is a 3 Phase fault at the POI.

The results from the FERC LVRT compliance evaluation are included in Appendix D.
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CONCLUSIONS
The main objectives of this study were

1) To determine the need for added reactive power compensation, if any, for the proposed wind farm in
order to meet SPP’s interconnection standards

2) To determine the impact of proposed GEN-2008-016 (248.4 MW) project on the transmission system
and nearby generating stations.

3) To validate the compliance with FERC LVRT requirement for the subject wind farm interconnection.

To achieve these objectives the following analyses were performed on the 2010 Summer Peak and 2009 Winter
Peak system conditions with GEN-2008-016 in-service

o Power factor analysis for selected contingencies.

0 Transient stability analysis for various local and regional contingencies

0 LVRT performance for selected contingencies near the POI.

A summary of the study findings is given below:

The results from Power Factor analysis indicated sufficient reactive power capability in the wind-farm to maintain at
least +/-0.95 power factor at the POI and therefore no additional reactive power compensation is necessary.

A stability analysis was performed to determine the impact, if any, of the proposed project on the stability of SPP
system. The system was found to be stable for all the tested 3-phase faults and single-line-to-ground (SLG) faults
(with line re-closing, where applicable). Disturbances leading to outage of the Grassland to Jones 230 kV line (or
any series element in that path — i.e. Jones — Tuco etc.) showed oscillations (of ~2 Hz) on the GEN-2008-016 wind
farm speed as well as on the POI voltage traces. These oscillations were however damped out within 5 seconds after
fault clearing. A detailed evaluation that followed indicated that these oscillations are likely the result of “control
instability” within the wind farm, which is a concern for wind farms that are interconnected to “weak” networks.

The wind farm POI is tied to the rest of the SPP system through, three outlets; a 230 kV tie to Jones which ties to
Tuco substation, a 230 kV tie to the Borden 230 kV substation which has a step-down to 138 kV connecting to rest
of the system via long, 138 kV circuit, and a double circuit 115 kV line (with two 230/115 kV autotransformers)
connecting to the Graham 115 kV bus. Consequently, upon outage of the tie to Jones, the connection of the GEN-
2008-016 wind farm to the system is significantly weakened.

Whereas with all lines in service, the strength of the system at the POI (Grassland 230 kV), measured in terms of
Short Circuit Ratio (SCR) (ratio of System Short Circuit MVA and Size of the wind farm) is adequate (2246/248.4 =
9.0), following outage of the Grassland — Jones 230 kV line it drops significantly (537/248.4 = 2.16). In general, a
short circuit ratio less than 3 is considered low, and requires more in-depth analysis, usually with more detailed tools
and models (e.g. PSCAD/EMTP-type).

As a next step, the above simulation (3-phase fault with tripping of Grassland-Jones 230 kV) was repeated with the
addition of dynamic compensation. The goal here was to verify if the provision of dynamic voltage support (i.e. to
help quick recovery and stabilize the voltage) will help the wind farm controls to function well. For this purpose we
modeled an SVC at the POI. A 75 MVAR SVC was found to reduce the magnitude of the oscillations, but did not
completely eliminate these oscillations. Any further increase in the SVC size did not show any marked
improvement. it is therefore, suggested that first the wind turbine manufacturer be consulted to seek their advice on
whether adjustments to the wind farm controls could lead to similar, or better, result.

Selected faults were simulated at the Point of Interconnection (POI) of the proposed GEN-2008-016 wind farm to
determine the compliance with FERC 661 — A; post-transition period LVRT standard. The results indicated that the
proposed project met the FERC LVRT requirement for wind farm interconnection.

The results of this analysis are based on available data and assumptions made at the time of conducting this study.
If any of the data and/or assumptions made in developing the study model change, the results provided in this report
may not apply and additional analysis may be required.



