Data Driven Power System Modeling
and Analysis based on PMU/WAMS

Chao Lu
Tsinghua University




Outlines

1. Backgrounds

— Power system oscillation analysis and control
2. Dynamic load parameter identification
3. Online linear state estimation
4. Further Work




1.1 Introduction: low frequency oscillation||

O State Grid, before 2010: difficult to operate a chained AC grid
with transmission distance >3000km, because of the low
frequency oscillation (0.25~0.3Hz)
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Low frequency oscillation
events: 2005.10.29,
2006.7.1, 2007.1.29 ...

Because huge capacities of
wind and thermal power plants
are connected through long
distance transmission lines, the
damping ratio of dominant
oscillations keeps declining in
the recent years.
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The damping ratio keeps declining from 2008 to 2013
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1.1 Introduction: low frequency oscillation

0 PMUs were installed
in more than 4000
substations and

power plans.
(2018.12)

0 WAMS master
stations are
deployed in all
provincial dispatch
centers (>40).

X O
Northwest:372

. &y~
North413 . ‘/!

\J

O For damping I
oscillations, it is N N N
efficient to suppress
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1.2 Introduction: a successful case

Power system oscillation dynamic ID and
control based on PMU/WAMS
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« ID of power system oscillation modes and mode shapes

« |ID of oscillation pathway and source

« Optimal power flow improving damping based on sensitivity ID

« Wide-area damping adaptive controller design based on ambient signal ID
« Analysis of the random communication time delays on wide-area control

¢ Implementation and commission of wide-area control system in real system



1.2 Oscillation ID based on Ambient Signalsﬂ
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Grid

7*24 monitoring and
pre-warning of weakly
damped oscillation
modes can be realized,
not just oscillation

detection after it
happened.




1.3 Wide-area HVDC damping control in CSG
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Key issues:
AC/DC interconnected system damping control strategies; et
Wide-area controller structure design; poin
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1.
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3. Multiple damping controllers coordination; e 2t B aen
4.
5

Time delay induced new oscillation modes analysis;

Wide-area random time delay adaptive compenstation.
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1.3 Wide-area HVDC damping control in CSi
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« Multiple disturbances in different conditions:
— HVDC monopole blocks (700MW)
— 500kV key inter-area tie-line tripping.



1.4 Proposed Framework
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2.1 Background

O The great influence of load model on power system stability

~ Different sets of induction motor > The stability limit of Liaoning-Jinli

parameters section (adopting different load models)
Type of Limit
R/pu XJ/pu X /pu RJpu X, s A C Section change
motors ° Type of load model stability limit  (percentag
Typte ' 0 o025 35 002 Oél 2 f1% 051 R,
;no or 50% Type | motor+50%
ypell v o120 35 o002 %Y o 00 01 Constant Z 840 <) et
LS | | | 2 AT 50% Type Il motor+50%
Type 11 0.1 00 0.1 0 0 1510 80
motor 0 0180 35 002 2 2 116 5 . Constant Z .
50% Type lll motor+50% 1390 65
. Constant Z
» Composite Load Model 40% Constant Z +60% 1520
. ; Constant P
The composite load model (CLM) is 30% Constant 7 +30%
proposed by China Electric Power Research Constant | + 1540 80
. ; ; 40% Constant P
Institute that can fit four large disturbance Composite Load Model 470 e
experiments in Northeast China Power Grid (CLM)

|~/ The stability limits adopting different load models vary widely. |
1v"  Accurate load modeling is of vital importance for power system stability analysis. I



2.1 Background

O The States of load parameter in Chinese Power Grid

> CSG load model for simulations :50% Impedance+50% Induction Motor
» SG’' s concerns:

R—AISIREES
Rs Xs Xm Rr Xr A B Tj OAlH (%)
ZETERAE ST
Lissm 0.0331 0.1095 | 29648 | 0.0192 0.11 0.83 0 20372 58%
8%
113 t’ﬁ;?w ZP% 70% IP% 0% | PP% | PQ% R* X+
15%
559 & 53 53 34 34 13 13 0.004 0.06
302 B
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B , KB62% , IRERIGHE19% , BREME15% , WG 52% ASHERMARE B SASEMETA A SDWESREE 8 SEFTAENS
Te i AR = kN2 el ML L e Ei s i A

oER, wxaE AERESE mEEkt, seesnemsssssz > More accurate load model is demanded to reflect the
o e SMIEROEE SEERSIRDEIEEL R | changes of loads and the characteristics at different
M - - - -

mi smmETEES: Eesmersmesimss anss | OUSES, In different seasons & periods of time.

EUEHNER SHcenERE, RERESESEsE #8% | > There 1S a pressing need to accomplish online load
AR T ERIRYRIE.

modeling by methods of automation to track the
change of load characteristics in time.

Acknowledgement: Eastern China Power Grid



2.1 Background

O Research and Progresses of WECC

Load Component

Distribution Equivalent Data Model A) Distribution Equivalent Data
. - ““@/ ) The approach of constructing the distribution equivalent was
o Ky —(wY developed by Pacific Gas and Electric (PG&E).
115-kV
138-kv T T —® Load Mode The distribution equivalent is calculated to meet the feeder
T *O) Data design and performance characteristics, including:
feeder voltage drop, RX ratio, end-use utilization voltage
UVLS and UFLS Data range, distribution losses, and shunt compensation split
between the substation and the feeder end.
tatic )

B) Load Model Fractions / Load Model Composition

WECC LMTF used several sources ( several reports) for load
composition analysis to develop a simplified version of the
load composition model, called “light” version.

Figure 4-1: composite load model data requirements

v" 5 typical days
v 12 climate zones

~Tvpical d
v' 4 types of feeder ypical summer day

- Hot summer day
- Cool summer day

ID Climate Zone Repr ive City - Typical shoulder (spring/fall) day

NWC | Northwest Coast Seattle, Vancouver BC . .

NWYV | Northwest Valley Portland OR - Typlca]' winter d’ay

NWI Northwest Inland Boise, Tri-Cities, Spokane

RMN | Rocky Mountain North Calgary, M Wyoming

NCV__ | Northern California Valle: Sac Fresno

NCI Northern California Inlanj -Residenlial 70 to 85% 15 to 30% 0% 0%
SCC Southern California Coast LA, San Diego Commercial 10 to 20% 80 to 90% 0% 0%
SCV Southern California Valley LA, San Diego =

SCI__| Southern California Inland__| LA, San Diego NI Mixed 40t060% 40t060% 0t020% 0%
DSW | Desert Southwest Phoenix, Riverside, Las Vegas - Rural 40% 30% 10% 20%
HID High Desert Salt Lake City, Albuquerque, Denver, Reno

14



2.1 Background

O Two ideas of Measurement-Based Method

Large disturbance based load identification

(
:> Load characteristics are fully stimulated.

1 More accurate results can be obtained.

N e e e e e e e e e e e e = = = == / {
¢ __ ________________ N
I > Highly depend on the emergence of large | '
|
| disturbances. Cannot obtain real-time results. I"I
I : L I
| » Fewresults & High randomicity in time : I
: » Hard to find the time-varying and spatial I :
|
| distribution characteristics of load ] .
\ Y |
N oo o e e o o o mm mm Em Em Em Em Em Em = - |
\

Ambient signal based load identification

Load characteristics are not fully stimulated. |
: : I

Measurement error has bigger influence on I
I

identification accuracy.

Ambient signals exists constantly. Can obtain

real-time results.

<

Large Quantity & High coverage both in time

and among stations.

<

Provide a foundation for researches on time-

- e e o e e = = =

varying and spatial distribution characteristics

of load.




O 2. Ambient Signal Based Load Parameter Identification : Identifiability

0 ambient signal: A small amplitude fluctuation in response to random changes

such as load change in normal operation state of the power grid.
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O Identifiability Analysis:
1. Obtain the data for identification. Identifiability Index
N 0.34
2. Get optimal parameters through DE method. 0.12
\|( 0.43
3. Change parameters successively & Get identifiability curve.
J( 0.19
; i interval and identifiability index. g L aree
% Calculate confidence ntesval and identifability Ingex v" Identifiability improves as the length of data segment extends
J( v" Identifiability improves as disturbance amplitude increases
5. Analyze identifiability by the index. v Identifiability gets worse as measurement error increases




2.2 Dynamic Load Parameter Identification

O Identification Algorithm

> An on-line identification method combining Prediction Error with
Differential Evolution is proposed.

State Equation
® Solve the state variables at time k e 0 (P19~ 1Nx U0 -0 U, () o
= +
i d UZ(k) d
using PMU data & parameters, then , U2 (0). |
~QU)X U (K) = (P() == =) X U (K)
. . E, (k)= - +U, (k)
predict the state variables & output U*(k)
S(K) = E(k)-E(k-1)  (-E(k-1)+ j(X =X N (k—1)*T,,
variables at time k+1 T JE(k-Do,

® Using DE to optimize the load

Obijective Function

A= (P,(k)-P(k))* +(Q, (k) -Q(k))?

parameters to minimize the sum of »
Optimization Problem

,
Z = Z(yp - :Vm)

X = {XerZITdOrHZIR}

X9, S.t. z=min(z)

predicted and measured power

deviations squares between ;



2.2 Dynamic Load Parameter Identification

O Data preprocessing & Parameter post-treatment

» Overall framework

Abandon data that are Abandon data with multiple
clearly wrong outliers in succession

\
PMU | . Outlier Detection Wavelet L-aad madel
Initial Screen ) - parameter
Measurements \ & processing De-noising . P
‘ ‘ identification
3 Data preprocessing \
***** !777777777777777777777} e
Do statistical Analysw Optimal selection of Obtain the estimated Deep Learning & Analyse s_ystem stability A set of Ioad_ model
& Determine results of | under various parameters parameters suitable for
model parameters. - ANN . S .
short time scale and operation modes off-line simulation

|

\

\ . .

‘ confidence interval
‘ T T T
\

\

\
| |
‘ 1 1 1 ‘
Short time scale \ Typical operation } Long time scale
——————————————————————————— ! mode of system e e e

Post-treatment of parameters

| R ———
4

Preprocessing Identifiable B B
®  KSD estimation for he

Without PDF of parameters.
preprocessing (] Criterion for Optlmal

16.9%

- o o o

Low pass filtering 20.3% parameter selection:
N
EMD 20.0% min 2 (R-P,U,L0)II+IQ-Q, U, 0)ID
i-1

- = = = =
— o — —
—— o = - -

\ Wavelet de-
noising

27.3% \ +16,-6, |




2.2 Dynamic Load Parameter Identification

~

I I
I I
I I
I I
_ _ - L g, 200, >0 l
® Solve the time-varying characteristics of : Vo) Wy~ :
pOWer Ioad : Cjih:d(J'm)_d(J!I) Cjih:d(Jih)_d(J’l) :
. | |
® Get typical load model parameters under
yp p : 0 Oi Q@.Oh 01. :
typical operation modes. ) : i y@ g |
08 g 01‘0,> 5 :
The Pseudo-code of the Partitioning Around Medoids Algorithm : C ji =0 C jih = d(j, h) —d (j, m) :

Algorithm: K-medoids
Input: Dataset with n samples

Number of clusters &
Qutput: Class labels of all samples . . .
(1) fori=1to Ndo Algorithm modifications @ - - -=-=--==-=- -~ ~

(2) initialize cluster centers

. . . . \

(3)  repeat | ® The distance between each sample is defined as the fitness of |

(4)  assign the sample to its closest center I the center sample parameters and the non-center sample :
(5) calculate the cost (C) of replacing a center sample with a non-center | .

© placing p -I measurements: I

plc 2 2 |

6) i C<0 : o1t PPl .+ o -9 D e e |

(7) update the new cluster center . 2 HP—mean(P)H HQ_mean(Q)H ih I

:3; e“dilf - e 1 tered | ® The update criterion of the center sample: I

until all the center samples and non-center samples are considere o o o o
(10) endfor P P '\ ® the results with the largest fitness will be the final cluster ,'

N results. /



2.3 Test and Implementation

O 2. Hybrid Real-time Simulation Test

v" Large Grid Simulation System

Identified parameters with systematic error
Based Experimental Platform

BARE(%) X X Tao R & E
Q% _ 0 0.727 0.282 0.161 0.460 1
ﬁ KA LR G
/ : \\\ 7 0.2 0.731 0.284 0.161 0.463 0.999
0.5 0.716 0.279 0.160 0.453 0.971
T 1.0 0.750 0.273 0.162 0.448 0.952

H Identified parameters with random error under

different disturbance amplitudes

1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
I
1
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1
1
1
1
1
:
I RIEJE \
Pl i
1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

I

1

1

1

1

1

1

1

1

1

1

I

1

1

1

1

GPSHIRIT KLl mEhiEE (%) u(X) w(X?) 1(Tap) u(R)
% X 0.727 0.282 0.161 0.460

. L 1 0.698 0.284 0.123 0.440
— nu 2 0.726 0.284 0.147 0.455
S WEMSH L | ¢ 3 0.724 0.282 0.154 0.458

4 0.726 0.282 0.159 0.460

v Hybrid Simulation Platform:
Simulation System, Communication
Network, PMU, etc.

— e o Em Em Em EE o EE Em Em o Em Em Em Em o Em Em Em

v High tolerance for systematic error. |
I Accurate identification results can be obtained from |
small disturbances. [

— o o o o o O o O O e e e e e e e o o



2.3 Test, Implementation & Verification

O System Implementation and Verification: CSG Pilot Project

v' 4 substations have completed field installation ,commissioning and operation.

v Substations are connected to the master station through a dedicated channels. Results and data
are uploaded in real time. The measurement, identification and communication are operating
normally.

v" On October 18, 2018, the Power Dispatch and Control Center of China Southern Power Grid
approved the formal commission of this system.

~
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’{i Cabinets at project site



2.3 Test, Implementation & Verification

O Typical Results

v Overall Situation Analysis: take the identification results of October 10, 2018 at
15:30 as an example, 50/58 500kV Stations can obtain effective results, the
coverage ratio is 86.2%.

mmm---n
EHiluh

#2B-15 2018-10-10 15:30:38 0.686 0.179 0.072 0.142 0.034
2 N #4B-15 2018-10-10 15:29:18 1.328 0.408 0.065 0.176 0.043
3 HLluk #1B-5 2018-10-10 15:30:37 0.680 0.173 0.078 0.145 0.034
4 Te#Buh #2B-5 2018-10-10 15:28:54 1.018 0.172 0.165 0.155 0.015
5 i #2B-5 2018-10-10 15:31:29 2.107 0.545 0.057 0.346 0.047
6 TemiG #3B-5 2018-10-10 15:29:17 1.546 0.444 0.171 0.195 0.014
7 JE: Syt #3B-5 2018-10-10 15:31:03 1.434 0.421 0.104 0.295 0.019
8 i[1% e #4B-5 2018-10-10 15:30:24 2.213 0.373 0.369 0.233 0.029
9 Eipuh #2B-15 2018-10-10 15:28:52 2.908 0.236 0.108 0.589 0.019
10 &Lk #3B-5 2018-10-10 15:27:49 1.286 0.203 0.138 0.184 0.014
11 =3k #4B-15 2018-10-10 15:30:31 2.575 0.442 0.216 0.296 0.010
12 b #3B-5 2018-10-10 15:30:20 1.410 0.326 0.091 0.582 0.003

13 fE G #3B-5 2018-10-10 15:31:23 2.425 0.507 0.607 0.424 0.057



2.3 Test, Implementation & Verification

O Application and Verification of Load Identification Parameters
® At 16:03:20 on August 19, 2018, the 500 kV Shuixiang-Guancheng
Line A tripped due to short circuit. The parameters of different load
nodes at 220kV in BPA simulation are replaced by the parameters
equivalented from 500kV load parameters identified with PMU

measurement.
N MUIt'ple'Area Replacement I | Simulation Results using actual :
of Load Parameters ‘ I Identification model are closerto |
I actual measurements. I
108 ¢ \oltage Curve of Shuixiang Station 1.08 - \oltage Curve of Zongjiang Station
1.07 b Loe b |
n 106 ¥ PMU Measurement = 1.04 PMU Measurement
E1.05F Original parameter = Original parameter
% Shuixiang g;n 1.02 S‘hl'llxla]rlg
S 104r Guangnan ] g:;;ﬁ:z;
g 1.03 gﬁﬂ%iﬁﬂ;(iuangnan - : Shu?xiang+Guangnan B
Loz b Shuixiang + Guangnan +Cangjiang 098 | Shuixiang+Guangnan+Cangjiang
I'()I | 1 1 1 1 0.96 1 1 1 1 ]
0 0.5 1 15 2 25 0 05 1 15 2 25

Time(s) Time(s)



2.3 Test, Implementation & Verification

I'EEAK X X' T R t  PCT
I"REHR X X' Tw R pt PCT ” pe
- SET 2472 0934 2625 2159 087
["Euy 1793 0144 0335 2222 057
EET 5888 0456 0161 2678 081
[PNXE  AHgdF 1840 0148 0362 3457 070 071 — 0.78
peSeaa 1549 0482 1185 1.194 075
(e
JmEsE 1056 0300 0994 4385 0.89 o5 31 0461 L2 0613 058
KEuE 0747 0224 1236 2577 0.77
AEXE AR 0927 0299 1174 2663 081 075 ZHEAK X X Tw R pet PCT
AST¥E 1621 0129 0681 4219 072 KXFE 0740 0138 0830 2959 079
EEE 8429 0470 0563 1515 087 % Rif 1717 0551 1299 3526 091 0.83
RMHRE 0.88 EHIE 1967 0580 1120 2284 082

BET 6555 0390 1445 2018 0.89

oo k% 2414 0195 0340 1410 054
! 0.72 BEMESR X X Tw R pd PCT

BERuG 1992 0760 0566 2679 0.87
. BEi 1020 0391 0524 1493 070
EEXE %4l 6860 1563 0824 1309 091  /
——— BET 0938 0.180 0418 1.706 052
ZEXE  BNET 2133 0103 0451 1134 056/ 0.71
BEE 4579 0822 1710 2015 087
E 04X pet 0.74 .
B 2511 0216 0473 0971 055

PCT in the tables is the static load ratio. The actual identification of the motor range
insthis area is 15~30%, which is much smaller than the current 50% of the typical
load parameters, showing that conservation of typical load parameters is great!



2.3 Test, Implementation & Verification

O Further verification from the view of

Guangdon

stability limit
Use the operation condition of CSG on 2018.8.19.

Set up a three phase short-circuit fault on Baoan-
Pengcheng A-line.

Shenzhen area is a low voltage area after the fault
occurs. Based on the engineering criterion of
transient voltage stability of CSG, the transmission
stability limit of Guizhou-Guangdong section can
be obtained by observing the voltage curve of 220
kV Meilin station.

Guizhou-

B SIR-EX (BEER)

g Liping-Guilin Gaopo-Zhaoqing
Section -4 WZ-FR (NRER)

Dushan-Liudong Xingren-Baoan

08 L

Voltage Curve of 220kV Meilin
(adopting fixed load parameters)

L=87310

06 |

Voltage (pu)

04 L

1 1
0.5 1 15 2 25 3

e
-

08 L

Voltage Curve of 220kV Meilin
(adopting identified load parameters)

L=88193

Voltage (p.u )

06 L

04 L

1 1
0.5 1 15 2 25 3
Time (%)

Identified Load
Parameters

Fixed Load

Section Parameters

Stability
Limit
7179MW

5748MW

v The transmission stability limit increases by
about 20% while using identified load
parameters.



2.3 Test, Implementation & Verification

O 3. Temporal Statistics of Load Identification Results

v Identification Results of Kuwan (2018.10.10) ~ Identification Results of Chashan

. (2018.4.28 & 4.29)
RS- #2B--P(kW] i 10 % N
i 8 L '
| |
| |
| 6 | '
i 3% 41 | N
1 |
| | =
! 2L | 4 + +
| 01l *
E 1:00 9:00 12:00 16:00 21:00
i Distribution of parameter X within 4.28
| 7+ .
_____ ': o
: +
! st
N + +
=
S R |
e &
e i T
| 1} sl e .
' i ok - - L s .
0.5 1 I ' N N N N I N
0 ‘ 4/28 X 4/29 X 428X 4/ X 4/28Td0 4/29Td0 4/28R 4/9R
0/3011:51 | 11/011351  11/03151  11/0517:51 ! rFe-========== T ===
S ll"'l s . fth —— : “"' ! | The distribution of parameters is similar I
€ periodicily of Ie parameters In a Week. | in the same hour within 4.28&29 |



O Modified K-Medoids Clustering For Load Model Parameter Extraction

v" Cluster Results of Chashan 220kV substation identification parameters

PMU data with 20ms sample interval are studied.
A 1080-set (60x3x6=1080) is identified at 01:00, 09:00,
12:00 on  April 28" and 29" For each minute, the

identification process is conducted 3 times

Q The number of cluster centers is set as 3. /
, Conclusions — = === —-=-=-=-———-=-————-—-—- .y
: v ldentified parameters in the same time are grouped into the \|
: same cluster. :
I v/ The center parameter of each cluster is from different hours. :
E v' Both the results in the figure and the chart on the right side :

/

indicates the effectiveness of the modified k-medoids method.

s 12:00 CECESTH

©  9:00 HHHHHHHHEEEEEeeeere e e e eeer

T 1:.00 1 i 5
5 1%:88 L ey HO
[} : y
B -

15 10 15 20 25 30 35 40 45 50 55 60
Minutes

The cluster results of the load characteristic on April 28th and 29th

The Cluster Centers of the 1080-set Load Model Parameters Identified on
April 28" and 29"

X X’ T‘m' R Time
2.3912 0.7519 1.1683 0.1307 April 28" 12:29

2.6696 3.7616 2.4936 0.1912 April 29" 01:58
0.9363 0.4060 6.9526 0.1233 April 29" 09:16




Outlines

1. Backgrounds

Power system oscillation analysis and control
2. Dynamic load parameter identification
3. Online linear state estimation (SE)

4. Further Work




3.1 Background

O Problem of traditional State Estimation A Case in CSG

» On August 19, 2018, around 16:03:22, there was an outage in the 500kV Line A
between Shuixiang and Guancheng (7KZEF%;) because of an inter-phase short-circuit
fault.

» Because the fault of Line A, The power flow had transferred to Line B. Thus, Line B
had a large increase in power with multiple cycles of oscillations. There were more

than 1-minute time when the actual line transmission power has risen to more than
2100 MW but the SCADA-based SE results are less than 1400 MW.
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3.

1 Background

B SCADA based state estimation is

the general approach to obtain
power flow, But

SCADA Measurements of individual
snapshots are weakly synchronized;

The SE solutions may suffer from
divergence problems and it might turn
out not to be the available power flows
because of nonlinearity of the
estimation model.

The estimation intervals usually are
minute-long, which cannot satisfy the
requirement of tracking system
dynamics;

SE calculations/results depend on
network parameters and topology, but
gird network parameters and topology
is actually derived by measurements,
which may be incorrect.

5 -Resolution R |

O Modern power systems are becoming

more complicated and challenging.
For the sake of comprehension of
system dynamic behaviors and further
analysis, assessment and control, it is
quite urgent to quickly obtain
accurate dynamic power flows of the
whole system

1Y)



3.1 Background

O Problem of traditional State Estimation A Case in CSG

» Topology analysis is completed based on switch/breaker measurements. The
operation interval is usually 5 minutes or more, which cannot quickly reflect the
real-time change of the grid topology.

LSE Input Measurement Magnitude Chart

us 1 voltage

I

LSE Estimated Measgrement Magnitude Chart

T T
Time
— ._ - = = — = 2

t t ta

to 1 ] ta
» Transmission Line parameters are usually offline obtained using
specific instruments during construction or maintenance. Thus ‘

Timeliness is poor and there may be errors:
 Measurements Errors .
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3.2 PMU-Based State Estimation

» We systematically develops a PMU-based real-time state estimation theory and
system in a realistic large-scale power grid, including an improved linear state
estimation algorithm, a real-time topology analysis approach based on PMU
measurements, a practical bad data identification method and so on.

Background Key Algorithms

Free of rely on specific distribution

PMU raw measurement data i _ assumptions, deal with leverage
still has large errors » EEle DI DI e g ey I P BEsirins » measurements and multi-

correlation bad data.
" Quick and accurate access to real-
Trgdlt_lonal SE methods are . . . time states of power grids, better
lacking in speed, accuracy, and Real-time Linear State Estimation numerical stability and
robustness.

computational efficiency

- - Considering the complexity and
There is no effective way to » ‘ Online Tracking of Parameter and J » variability of modern grids, real-

identify topology and time rapid isiti f syst
: ) Tonolo pid acquisition of system
parameter changes in real time. pology parameters and network topology

| 9

-

Power system states and »

system states, line parameters and

Joint State Estimation
network topology

network & parameters are

» Simultaneous estimation of power
interdependent




3.2 PMU-Based State Estimation

Error Characteristic of Phasors :
) :ZiT\/2(1+ eil)(l—cosei2)+eﬁ
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E(jé])= (\/2 1+¢,)(1-cose, )+e,1) tZ..

D(|8,|) ~ ZizT (0‘12 —|—o-22 —tiz)

t = E(\/2(1+ eil)(l—cosei2)+ei21)

Phase measurement error e;, contributes
more to |¢;| than magnitude error e;;

Phasor Error
o °

| =Y U.+Y U
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3.2 PMU-Based State Estimation

OJoint identification and correction of erroneous parameters and bad data

> The identification and correction are performed simultaneously
using normalized Lagrangian multiplier (LM) and normalized
residuals (rN), and the iterative state estimation is performed
until there is no abnormality.

» Basic idea: statistical hypothesis test, probabilistically separable

|nd|cator
<mln J (X, pe)_—r(x p.) R7r(x, p,) A=-HR7r =% & & & 3
St P, —0 =—HHR_1(SG—SH p)

p p Me
_ T - -
L(x P, A) = Er R'r—A"p, =—H_'R™Se+{'R'SH p,
optimal
X m
= Az—KAZ—-SH p, A=HHR‘1SH
distribution
=S(HAx+e—H_p,) Do = pbadl_A_
SH D i

= Se—-SH
p Me
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3.2 PMU-Based State Estimation

Simulation Results on Guangdong 500kV Grld

Table 1 The average time of completing state estimation

Method WLS CLS CWLS CRLS
time 0.004847 0.000233 0.001447 0.001387

Table 2 The TVE index of the four method

Method WLS CLS CWLS CRLS

Magnitude  1.482106 16.309487 1.264982 1.415835
Phase 0.277303 0.523769 0.279085 0.272706
TVE 0.153488 1.083342 0.139669 0.146323

Table 3 The TVE index under different level of noise

WLS CLS CLWS CRLS
Test 1 0.282221 2.045667  0.251195 0.272447
Test 2 0.109075 0.550314 0.103528 0.100756
Test 3 0.164529 1.026709  0.146293 0.151672

O The computational efficiency and robustness
of the CWLS algorithm are better than that of
the WLS algorithm.

O The CWLS algorithm can improve the
accuracy of the measurements especially the
phase angle measurements.

K G- = 500kV AC Lines

 memy © 500KV Substation

5 Converter Station

&= Thermal Power Plant -

@ Nuclear Power Plant

& Pumped StoragePower Plant

Fig.1 The realistic GD provincial 500kV power grid
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Fig.2 TVE curves with numbers of bad data
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3.2 PMU-Based State Estimation

Joint Identification of bad parameter and data

> |EEE case: verify the validity of the maximal normalized Lagrangian multiplier (NLM), add
20% error simulation error parameters to the specified branch parameters, no bad data,

IEEE 14 IEEE 57 IEEE 118
Wrong parameter rl-2 x2-5 r4-6 x12-13 r19-20 x79-80
Max NL 6.236 25.546 5.097 22.3456 4.596 44.568
Identifed data r1-2 x2-5 r4-6 x12-13 r19-20 x79-80
Estimated Value 0.0192 0.1694 0.0427 0.0576 0.0635 0.0688
True Value 0.0194 0.1739 0.0430 0.0580 0.0630 0.0704
Relative Error 1.33% 2.09% 0.75% 0.64% 0.95% 2.34%

» 500kV CSG Case: Multiple parameters and bad data exist at the same time, and there is
strong correlation, 4 bad parameters ([r77; x111; b239; x300]) and 3 bad data (U20, U77,

U165), The results of the identification are as follows:

No. \dentified max r/A Estimated True Value Relative Error
Data Value
1 b239 12.603421 0.313029 0.284660 0.099660
2 b239 6.289312 0.298827 0.284660 0.049769
3 r77 5.192040 0.000195 0.000195 -0.000242
4 x300 4.591293 0.002575 0.002640 -0.024444
5 x111 4.284585 0.004183 0.004300 -0.027096
6 b239 3.147370 0.291733 0.284660 0.024847
7 u20 3.030690 1.008320 1.007722 0.000594
8 u77 3.033639 0.864652 0.864335 0.000366




3.3 PMU-based SE Project in CSG

Implementation of PMU-based real-time SE in 500kV network of
CSG with the interval of 40ms.
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3.3 PMU-based SE Project in CSG

O Field Results under Fault Circumstances
» The figures shows Line B’ s voltage and power 5-minute traces of the PMU-based SE
and the traditional SCADA-based SE during the fault On August 19, 2018 .

» At the moment of disturbances/faults, the PMU-based SE quickly and accurately
captures the dynamic process that the traditional SE cannot track.

HIE KV

Accurate: Voltage
drops 100kV,
continuous oscillation

535

530 L

525 |

Wrong: Voltage
remains normal

16:03:00 16:04:00

520 |

I [

% MW

2400

A
7K§?&7K7*ELZ£'J*)]«)/ 2018 ‘F 87 19 |)
T

Accurate: Mutation
more than 700MW,
continuous oscillation

2200 L

2000 L

1800 L

1600 L

1400

M‘—"‘-‘M

e A

e R THE

1200

1000 L

800 |

600

16:02:00

16:03:00

Wrong: Delayed

by >1 minutes, no |

fluctuations




Outlines

1. Backgrounds

Power system oscillation analysis and control
2. Dynamic load parameter identification
3. Online linear state estimation
4. Further Work




4. Further Work
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Thanks for your attentions!
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