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INTRODUCTION

® System overview

® PMU in Service & Challenges
® Current Applications

® Future Applications

® Conclusion
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SDG&E TRANSMISSION  _ «e3se AR ES"
SYSTEM IS N S Y
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» Subsidiary of Sempra Energy

* Regulated public utility

* Provide safe and reliable energy service to
3.4 million consumers

- 1.4 million electric meters
- 800,000 natural gas meters

* 4,100 square mile service territory in San Diego and southern
Orange Counties (25 cities)

\1, ®* 1,800 miles of electric transmission lines and 21,600
N miles of electric distribution lines
e ®* Two compressor stations, 160 miles of natural gas

pipelines and 6,200 miles of service lines

R e \Q* transmission pipelines, 8,100 miles of distribution
®* 4 500 employees
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SDG&E TRANSMISSION SYSTEM
INTERCONNECTIONS

Northern
Interconnection

Northern
Interconnection
Station S

Station L

SDG&E System

Northeast
Interconnection

Southwest
Interconnection

Eastern
Interconnection
Station

Southeast
Interconnection

Eastern
Interconnection
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SDG&E PMU MAP
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SYNCHROPHASOR
ARCHITECTURE

(
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EXAMPLE 1 - MONITOR PHASE e
ANGLE TO CLOSE LINE & REMOTE #4862
END 500KV LINES

® TL50001 Line Closing
® TL50001 Line Manual Trip

® This is also applied for TL50002
SDGE - APS Tie Line Closing

-
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Example 1
50001 LINE CLOSING

Q@

1/6/2014)

{ i . Jan5 . i an 6 l ) an 7 i an 8 A o » A ar F“g‘

tandard Chart i ] - I b 8 '8 % [standard Chart E] l‘ %‘ng

x [JIIMP VALLEY 50002 x [EMIGUEL 50001  x [IIJJIMP VALLEY 50001 > [ MIGUEL 23042 x [JBIMP VALLEY 50002 > [l MIGUEL 50001  x [II|IMP VALLEY 50001

; T TR Voltage 1 Angle ¥ "MIGUEL 23042
* 5 [P VALLEY 50005 £ x [EIMIGUEL 23042 | x [TT]IMP VALLEY 50005
1.34K L 31.681
M—— - 01/06/14 13:21:18.000
. IMP VALLEY 50002 50001 CAP In
1.07K 1 oiad6 MIGUEL 50001
IMP VALLEY 50001 |
: MIGUEL 23042 e
Line closed (S ? 136,466 o 1MP VALLEY 50005 e (11/06/14 13:38:42.000
o 3:26:3 iz} IMP VALLEY 50002 887.983 il IMP VALLEY 50002
13: 237 | MIGUEL 50001 1271.846 MIGUEL 50001
i IMP VALLEY 50001 1268.461 | i IMP VALLEY 50001
54K 01/06/14 13:21:12.333 MIGUEL 23042 0.494 -3.571 1 MIGUEL 23042
IMP VALLEY 50002 438.719 o REE-AE IMP WALLEY 50005 772.414 6/14 13:29:24.000 IMP VALLEY 50005
MIGUEL 50001  D0.403 el IMP VALLEY 50002
IMP VALLEY S0001 0.602 L | MIGUEL 50001
ZAl MIGUEL 23042  0.007 IMP VALLEY § 69.596 o JI‘WWW IMP VALLEY 50001
IMP VALLEY 50005 936 4 MIGUEL 50001 1067.871 MIGUEL 23042
F IMP VALLEY 50001 1069.051 Al ey v IMP VALLEY 50005
00K ! MIGUEL 23042 0.008 -27.073 :
1:03:20 PM 1:11:40 PM 1:20:00 PM 1:53:20 PM 1:03:20 PM 1:11:40 PM 1:20:00 PM 1:28:20 PM 1:36:40 PM 1:45:00 PM 1:53:20 PM
tandard Chart m’g‘wrﬁhmr Scope [ali=d 3

45

+ = [ MIGUEL 50001 » [[77]IMP VALLEY 50001  x [MJIMP VALLEY 50002 x [ |IMP VALLEY 50005

351.11K + Add Asset

Quantity Selection

r—
280.91K e Y.
01/06/14 13:21:18.266 e e
MIGUEL 50001  183.138
1MP VALLEY 50001 155.562 | THIGUEL 2304 i
210.70K 1MP VALLEY 50002 307046.300 01/06/14 13:36:47.066 x [l MIGUEL 50001 4.06
IMP VALLEY 50005 307153.300 MIGUEL 50001  305888.700 :
1 IMP VALLEY 50001 309554,500 [ TMP VALLEY 50001 16.23 ;
140,50 VALY St B S ek M|
EREd x I MIGUEL 23042 0.00
01/06/14 13:25:19.166 X [0 IMP VALLEY 50005  10.39
70.29K MIGUEL 50001 307076.900
IMP VALLEY 50001 306761.200
IMP VALLEY 50002 308781.600
IMP VALLEY 50005 308934.800
09K
1:03:20 PM 1:11:40 PM 1:20:00 PM 1:28:20 PM 1:36:40 PM 1:45:00 PM 1:53:20 PM 8.
New View Map Default Renewable Gen Volt-Freq NASPL Mode 1D MA SOV MA SO P Av Latency Data Export | Printscreen
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Model Validation Using PMU Data

Steps in model validation:

(This is based on the methodology proposed by Dmitry Koserev and Steve Yang from BPA)

L

Copyright SDG&E and SEL 2014

Select a disturbance of significant magnitude

Extract the measured data from PI database for Voltage, Frequency, Active Power, and Reactive
Power at the point of interconnection

Create a reduced Power flow and dynamic model for the machine as seen at Point of
Interconnection

Using the playback feature of PSLF, simulate the dynamic behavior of the machine for the measured
voltages and frequencies

Compare the measured values of active and reactive power at the Point of Interconnection with the
simulation results

-
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Model Validation Example:

The combustion turbine of a combined cycle plant (162 N4 "
(The Referenced Disturbance is Shown Below) e

s i

N ..
an®

Fig 1 -Diablo 2 tripped, Frequency dropped to:
59.87 Hz at 12:29:32.6 on February 02, 2014 (AZ)
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Model Validation Example:

The combustion turbine of a combined cycle plant (162 MW)
(Comparison of Active Power Dynamical Responses)

| | B
PLOT Graphics PEN-ctl\chf-PEN-ctl.chf = | [3] x|

M| File Preference

Title| Plot| Channels Axes| Switch|| Sliders||Pointers||Pring

PLOT Graphics Multiple Channels

Value

a 5 10 15 20 25 30 35 <0 a5 50 55 [=]=]
Time (Sec)

— 1:PEMN:2300:0 0.0 1 21 :Pact — 22261 :PEM : 2300 :1 : PEN 2300 :1 1 :pbr
slider 1 : slider 2 : Difference :
orig slider 1 orig slider 2 different value|
orig slider 1  orig slider 2 different value

Fig 2 — Comparison of P-actual and P-simulated for CC
(very good match)
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Model Validation Example:

The combustion turbine of a combined cycle plant (162 MW)
(Comparison of Reactive Power Dynamical Responses)

- I 1
PLOT Graphics PEMN-ctl\chf-PEN-ctl.chf — | =] 25

File Preference

Title| Plot| Channels Axes| Switch| Sliders| Pointers | Print

PLOT Graphics Multiple Channels

=]

Value
- A

WWW

I T T T S |
R T Y]

0o 25 S0 7.5 100 125 150 17.5 200 225 250 27.5 30.0 325 350 3I7.5 400 425 450 475 S0.0 525 55.0 S7.5 600 62.5
Time (Sec)

— 1 :PEM:230.0:0: 0.0 1 1 :Qact — 22261 :PEMN: 230.0:1 : PEN 12300 1 1 qgbr

slider 1 : slider 2 : Difference :
orig slider 1 orig slider 2 different value

orig slider 1 orig slider 2 different value|

Fig 3 — Comparison of Q-actual and Q-simulated for CC
(reasonably a good match)

-
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Model Validation Example:

The Wind Turbine plant (265 MW) - put o ] ,_
(The Referenced Disturbance is Shown Below) b e -

| AN

50.96 =/
1 o Ly | R B W
50,04 —i 1 e o .\f*\"\..‘r 5 ot \.'.'(\, \‘,\l

1 [}
G55 = e s R S S S S

T T T T T T T T T T T
& & & & 5 &
& & P o & &
& & & & 3
Date: Feb 27 2014

fa

Fig 4 -Forced loss of generation at Intermountain
Generating Station, Frequency dropped to:
59.88 Hz at 09:54:22.733 on February 27, 2014 (AZ)
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Model Validation Example:

The Wind Turbine plant (265 MW)
(Comparison of Active Power Dynamical Responses)

PLOT Graphics OCO-50006\chf-OCO-50006.chf = | (] | S—
File Preference
Titlg |Plot| Channels Axes | Switch | Sliders| Pointers| Print
PLOT Graphics Multiple Channels
1s0
an M‘M I tanean s SRR
130 L]
120
10
100
o0
% =0
=
To
s0
50
a0
=0
=0
10
°a L] 10 15 20 =265 30 35 40 45 S0 S5 60 65 27O O 2FS S0 B85 90 295 100 105 110 115 120 125 130 135
Time (Sec)
—1:0C0O:5000:0: 00 1 1 :Pact — 23310 QCOTILLO :500.0:1 :0CO c500.0 ©1 1 pbr
slider 1 : slider 2 : Difference :
orig slider 1 orig slider 2 different value|
orig slider 1 orig slider 2 different value

Fig 5 — Comparison of P-actual and P-simulated for WT
(The difference may be due to wind pick-up)
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Model Validation Example:

The Wind Turbine plant (265 MW)
(Comparison of Reactive Power Dynamical Responséssa

PLOT Graphics OCO-50006\chf-OCO-50006.chf

File Preference

Title || Plot| Channels Axes | Switch| Sliders| Pointers| Print

PLOT Graphics Multiple Channels

4 a2 a a2 a a a2
= N W s W @ o

orig slider 1 orig slider 2
orig slider 1 orig slider 2

10 m
ax o
=
=
= e
7
8
s
a
2
=
1
o
{s] 25 20 25 <0 a5 50 85 (=] B85 7o k=l 20 25 oo as 100 105 110 115 120 125 120 135
Time (Sec)
— 1 :0C0O:500.0:0: 0.0 1 :1:@act— 23310 : OCOTILLO : 500.0:1 : OCO :500.0 01 1 :qgbr
slider 1 : slider 2 : Difference :

different value|

different value|

Fig 6 — Comparison of Q-actual and Q-simulated for WT

(reasonably a good match)
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Model Validation Example:

The Solar PV plant (170 MW) - put o ] ,_
(The Referenced Disturbance is Shown Below) b e -

| AN

50.96 =/
1 o Ly | R B W
50,04 —i 1 e o .\f*\"\..‘r 5 ot \.'.'(\, \‘,\l

1 [}
G55 = e s R S S S S

T T T T T T T T T T T
& & & & 5 &
& & P o & &
& & & & 3
Date: Feb 27 2014

fa

Fig 7 -Forced loss of generation at Intermountain
Generating Station, Frequency dropped to:
59.88 Hz at 09:54:22.733 on February 27, 2014 (AZ)
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Model Validation Example:

The Solar PV plant (170 MW)
(Comparison of Active Power Dynamical Responses)

a0?®

------- i EE R AR R E

PLOT Graphics DREW-23068\chf-DREW-23068.chf Standard || = _@ =<

File Preference

Title| Plot| Channels|Axes | Switch | Sliders| Pointers||Print

PLOT Graphics Multiple Channels

107 .25

107.00

1068.75

106.50

106.25

108.00

105.75

105.50

105.25

105.00

Value

10475

104.50

104.25

104.00

103.75

103.50

103.25

102.00

102.75

E] 0 15 20 =25 30 235 40 45 S0 0S5 &0 65 27O 0OFS 8D 85 90 0 95 100 105 110 115 120
Time (Sec)

—1:DW:2300:0: :oo 1 1 :Pact — 23300 : DREW : 2300 11 : DWW 2300 :1 1: pbr
slider 1: slider 2 : Difference :
orig slider 1 orig slider 2 different value|
orig slider 1 orig slider 2 different value|

Fig 8 — Comparison of P-actual and P-simulated for PV
(good match)
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Model Validation Example:

The Solar PV plant (170 MW)
(Comparison of Reactive Power Dynamical Responses)

a0?®

-------

= ——

—
PLOT Graphics DREW-23068\chf-DREW-23068.chf

File Preference
Title| Plot |Channels Axes Switch | Shiders| Pointers| Print

PLOT Graphics Multiple Channels

Value

00 o1 i1 Wact — 1 DWW 2300:0:
2300 11 -1 :-gbr

—1:DW:2300:0:
Difference :

— 23300 : DREW :230.0:1 DWW
slider 2 :

slider 1:

orig slider 1
orig slider 1
orig slider 1

Fig 9 — Comparison of Q-actual and Q-simulated for WT
(There seems to be some issues: either in the model or in the
settings)
-
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EXAMPLE 5 - MODAL ANALYSIS
POWER SYSTEM OSCILLATIONS

® Power system small signal stability

® [nsufficient damping of system
oscillations

® Low-frequency oscillation: 0.1 ~ 2 Hz
® Contributing factors

+ Heavy power transfer

+ Loosely connected system

+ Excitation control system responses

-~
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EXAMPLE 5 - MODAL ANALYSIS
POWER SYSTEM OSCILLATIONS

a0?®

Local -Mode frequency: 0.7 ~ 2.0 Hz
® Global -Areas against areas Mode frequency < 0.7 Hz

1750 12/11/13 13:56:36.000
Amplitude 32.71 16.74 42.02 — 0-0.05 HZ 0.000
Damping ratio  8.9% -0.76% -3.22% ~—0.05-0.1 HZ 0.000
Frequency 0.263Hz 0.258Hz 0.232Hz ——0.1-0.15 HZ 0.000

l 0.15-0.2 HZ 0.000

0.2-0.25 HZ 0.000

ATV TR —0.25-0.3 HZ 0.000

15950 WWWﬂWMWﬁWWWWthWWMW ~—0.3-0.35 HZ 0.000

0.35-0.4 HZ 0.000

0.4-0.45 HZ 19.999

= w 0.45-0.5 HZ 0.000
= @ 0.5-0.55 HZ 30.011
0.55-0.6 HZ 159.827

0.6-0.65 HZ 69.668
1350 | 0.65-0.7 HZ 209.811
~ - . o - . . . . o 0.7-0.75 HZ 580.181
_.guamplng ratio <10% \_:Sr‘;.lsegatwe dampingratio ﬁsligoampmg ratio < 3% oo 0.0 s
0.8-0.85 HZ 409.749
0.85-0.9 HZ 159.827

1550 1545 1500 0.9-0.95 HZ £9.956

0.95-1 HZ 19.995

1150 | 1500 1525 1400
| | | | | | |
0 50 100 150 200 250 300 350
T (second)

-
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Identifies Proper Damping of Local Osc.

kW

-500

-520 "\

-540

-560 ég

-580 =<

I Originaél Signal
O Estimated Signal

\/ N

Local Oscillation 1.1 Hz

~Z 8 9 10 11 A2
~ - d e <
~—e Seconds -
~o - P 2
~ ~ e
-200 H H
-300 E E
2 0 E 5
=~ i i
; JE\/\/V\/L——-—
-600 E E
0 15

Seconds

(o
a0?®
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)
A g’f\'mn ora Energy utilit
‘o pre BY utility



Identifies Potential

System Problems

IMP VALLEY 50002:Real Power 1
-1160

T D
RN N
S w W(HM”J

-1220

MW

pu—

-1230

-1240
2000\ 2010 2020 2030 2040 2050 2060 2070 2080 2090

7100
N Seconds e
N 7/
N /
N 7/
N /7
N 7/
N 7/
N /7
N 7/
N Ve
-1120 AS Z
-1140
-1160
-1180
; -1200
= A
-1220 i ‘ ‘ ‘
-1240
-1260
-128]?500 2000 2500 3000 3500
Seconds
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EXAMPLE - 6 GEN SHAFT ROTOR
ANGLE MEASUREMENT

4/25/2013 10:06:29 AM
+ Add Asset y rotor position

. O internal voltage
: terminal voltage

[] PEC CTL TERMINAL 0.00

[ | PEC CT2 TERMINAL -1.18 b

\
% [] PEC STL TERMINAL -2.16 \B A
« [l PEC CT1 ROTOR  -71.23 \ '
% [l PEC CT2 ROTOR  -51.62 T
% [] PENZI0D WBUS  22.40 o
[l PEC 5T1 ROTOR  107.50 .
Figure 1: No Load
¥ rotor position

internal voltage

terminal voltage

2.4256

Figure 2: On Load

Initial Results

CT1 (y) = 106 Deg

CT2 (y) =93 Deg

ST1 (y) = -73 Deg SnGg

Copyright SDG&E and SEL 2014 A& Sempra Energy uiny
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EXAMPLE - 6 GEN SHAFT ROTOR
ANGLE MEASUREMENT

200 - PEN CT2:V1Xa PEN CT2:VS:a PEN CT2:Frequency:
2 :| |ll I " 'I [ li
E - / / M JI, ‘F/ az J/ / / / \\ R \“‘\

100 {1 ' : . -
O AT T T Ty
s TN

| f f f f |

S A T A NS
S -100 ; H - .
S fff//;’ .f/f!' .
R 200 E / / f / f/ (/ ' f/ “/ ] \\n\
o = -.\

60.20 W
S 60.15 | Keyphasor \
[0 - : .
T sensor Input Terminal
L : \oltage
= 60.05 -
O -
z -
W 60.00 +

r I I i I T i
3575 3600 3625 3650 3675 3700

Event Time (Sec) 19:53:27.500000
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EXAMPLE 7 - SYSTEM LATENCY

, a1 2014 ity g P O N PR PO i e s e S LA RAT

+ o SO PMUL ANL  x [TT]S0 PMUZ ANL | x [ OM23040 ANL

131.80% Average Latency

 Max & Av Latency
« PDC
* PDC to Super PDC

02/20/14 19:23:26.400
S0 PMUL ANL §3537.000
- S0 PMU2Z ANL S7811.000
- OMZ3040 ANL F1208.000

== MIGUEL 50001  S0012 Receiving Data | Normal 59224735
[l | Metwork Latency Frames
Latency # Frames Timestamp
Maximum ~ 584 ms (00:00:00.5844380 Data 59224735 02/26/2014 19:06:27.933
2/21/2014 4 P1 : 14A Average |~ 107 ms (00:00:00.1070620 Missed Data | 364 02/12/2014 22:40:32.133
== MCCPDC1 to SPDCL Sending Data | No 59235367 Piipjinte et Reset
Past Data 0
Metwork Latency Frames
Configuration | 1 02/03/2014 22:43:38.037
Input Connection  Average Maximum # Frames Timestamp Command 3
I - 105 ms ~ 406 ms | # | |Dat 59235367 02/26/2014 19:12:20.466
SILVERGATE 23028 ~ 105 ms ~ 406 ms [Beset‘l ala E o f20f * ML PMUZ2 31 Receiving Data | Normal 50225092
SILVERGATE 23020 ~ 109 ms ~ 548 ms [Rese)| |[ [ <3PPIty 10 Reset o MLPMU3 32 ata Nommal 59225094
SILVERGATE 23042 ~ 108 ms ~ 603 ms [Reset] | | “omnguration 1 02/03/2014 22:43:48.144 == [MP VALLEY 50001 50011 Receiving Data |Normal 59225004
— Command 3 02/03/2014 22:43:48.321 Nabark Latency Fisirios
MIGUEL 23042 ~ 109 [Reset ’
Latency # Frames Timestamp
MIGUEL 50001 - [Reset
— Maximum = 584 ms (( Data 59225094 02/26/2014 19:06:27.933
MIGUEL 23041~ 108 ms ~ 548 ms |[Reset Average |~ 107 ms (00:00:00.1071110 Missed Data 4 02/24/2014 17:14:24.566
IMP VALLEY 50001 ~ 108 ms ~ 603 ms [Reset 13ms = Latency difference Duplicate Data 0 .
=) ) | eset
ML PMU2 <78 Resetl " | (1 sec ayerage) PastData |0
Differences ms Configuration 1 02/03/2014 22:43:38.059
; “ommand 3
Copvright SDG&E and SEL 2014 Commar




FUTURE APPLICATIONS &
CHALLENGES

® Islanding Detection

® High Renewable, PV & Wind Penetration
® Oscillation Monitoring

® Voltage Stability Prediction

® Rotor Angle Shaft

®* WAM & RAS Schemes

-
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