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PMU Deployment (1)

 Total number: around 2400

— PMUs Cover all 500kV substations, all generators
(>100MW), and some important 220/110kV substations

— More than 30 WAMS center stations are in service
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PMU Deployment (2)
e Most PMUs are installed after 2006

— Predominate manufactures: Sifang Automation, NARI-
Technology, China EPRI, NARI-Relays (98%)

— Chinese standards on PMUs are Over 10 Years
0.77%

being updated to conform to IEEE
standards C37.118.1 and
C37.118.1a

— Tests for supporting IEC 61850
is being conducted
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PMU Deployment (3)
* Architectures

— Main clock source: BeiDou navigation satellite system
— Auxiliary time clock source: GPS
— Synchronous digital hierarchy(SDH) is the bac{ }

Control Center Side

solution Tesbmaonsde T TTTTTTTTTTTTS J ‘J[ “““““

— |EEE 1588 v2 is being applied to |_E‘:]w; """""" ' fjﬁaw

communications

between Moee | --- | e | ( N

Station Level A

. . r irewall
substations  — :
and control oo 1@ ] o ] -

centers

|

|

|

|

Process Level |

|

. . Switchgear |
f'lEEE Merging Unit Control Unit Security | Security
ES Zonel | Zonmell

\/ - one
Power & Energy Society®

kup FDC




———————— -

SE incorporating PMU (1)
* Method 1:

* Directly use\y measured by PMU in traditional SE

@ Wang Yong, Ju Ping, Study on state estimation with PMU equipped at partial nodes of
power systems, J. of Hohai University, 2004, 32(3)

@ Liu Yi, The applying of GPS phasor measurement in electrical power system, Master
thesis, North China Electric Power University

* Advantages: Simple and efficient;

 Drawbacks: impact of PMU measurement error on SE

@Es

N\~

Power & Er;lergyr Society®

O 9 IEEE




————
SE incorporating PMU (2)

e Method 2:

* Convert PMU measurements to power measurements and

use them as in traditional SE

@ Wang Keying, Mu Gang, Chen Xueyun, Precision improvement and PMU placement
studies on state estimation of a hybrid measurement system with PMUs, Proc. of the
CSEE, 2001, 21(8): 29-33

* Advantages: compatible with existing SE program;

 Drawbacks:

— Loss the linearity of PMU measurements

* Predominate approach in real dispatch centers
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Comparison between PMU & RTU (1)

e Tests based on field data:

— Measurements with extremely large or small values are
excluded

— Communication time: < 1s
— differences between RTU and PMU

P, 1, and V < 2%
Q 5% ~ 40%

e 24% of Q measurements whose A > 10%

* this difference keeps stable




Comparison between PMU & RTU (2)
* Real power curves of RTU & PMU
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Comparison between PMU & RTU (3)
* Real P difference between RTU & PMU
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Comparison between PMU & RTU (4)

e Real Q difference between RTU & PMU

xfuLNYongXinglQ Difference

o

SE

az
a1
90
q9q
1
9f

9z
at

90

aq

Ly

LE
Lz
Ll
Lo

F9E-018Z

-ZEE18T
45CT182Z
ZTZU8L
Ly 118E
118z

10018
Q9Z-608Z
“1S80:8Z
918082
OV-L08Z
50-L08Z
0£-90'82
55°5082
025082

xfu LN — YongXing

SY-v0 82
60-00'8Z
vE-£08Z
es-zoaz &YX
VZ-Z0'8Z
64-1082
¥1-10'82

—20 -

— 30 =

16:59:00. 781

16:50:40. 781

16:42:20. 781

16:34:00. 781
S. ZZZ]

16:17:20. 781 16:25:40. 781
B8 [h

16:08:00. 781

16:00:40. 781

LS5BE00
LY E0°00
LEBZEL
LTESCT
L18ree
LOEPTIZ
£5-L0-12

8y-ZE-0T:

BE-LS61
8Z-ZZ61
81-Lv81
80-Z181
859e-L1
S¥r-10-L1
BE-9Z-91
8Z-15°51
819151
80-Tr-1r1
65501

82
82
L2z
Lz
Lz
L2
iz
L2
L2
L2
Lz
Lz
L2
L2
L2
Lz
L2
Lz
L2 |

or & Er.'lurg',r Society™®

Po



12

1%< P diff <3%
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ison between PMU & RTU (5)

Real P difference between RTU & PMU
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Comparison between PMU & RTU (6)
 Real Q difference between RTU & PMU
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Comparison between PMU & RTU (7)

* Large Error on Q caused by PMU measurement

— The ways in computing Q

1
 RTU: —_§N
Q=% Li=1 Uyl k+N /4

« PMU: P =IUcosd, Q =I1Usind
— Error in P measurement is OK

— If the measured ¢ has an error of 0.1°, the Q measurement will have
10% error ( ¢=1° )

better
9.9 3.3 1.9 0.98 0.4

29.9 9.9 5.9 2.96 1.9 1.4
49.9 16.6 9.9 4.94 3.2 2.3
79.9 26.6 15.9 7.91 5.2 3.8
99.9 33.3 19.9 9.89 6.5 4.7
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Applications & Discussions (1)

 Summary: For PMU, |V | is quite accurate, but the 0 is
some inaccurate, resulting in a significant Q error

e Suggestions by manufacturers
— Calibrate the accuracy of PMU measurements periodically.

— Introduce an artificial compensation factor to revise error of
phase angle measurements. Update these compensation
factors periodically.

— Improve the computational method for Q
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Applications & Discussions (2)

e Qverall affect tests

— SE with RTU measurements only vs. SE with hybrid RTU/PMU
measurements

— 4 scenarios, SE creditability assessed by acceptance percentage
(percentage of the measurements whose residuals < certain thresholds)

— Accuracy improvement is not significant, or even worse

Meas. 2728 | 4451 | 2728 | 4451 | 2734 | 4673 | 2734 | 4673
number
Acceptable
eas 2589 4227 2586 4205 2589 4453 2577 4423
Acceptance | g¢ 138 | 96.221 | 95.991 | 95.742 | 96.138 | 96.469 | 95.693 | 95.819
percent (%)
I[[I -
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Applications & Discussions (3)

* Why PMU did not improve SE result ?
— Phase angle measured is not so accurate.

— More important: PMUs are used just as a supplementary
measurement to conventional RTU measurements in
current SE approaches

 The point of view :

— RTU is just for steady state application, whiles PMU should
be used for dynamic state application

— suitable application scene should be identified
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Applications & Discussions (4)

* PMU:
* high sampling frequency
* accurate time stamps
* These superiorities of the PMU should be utilized

— Fluctuant and intermittent renewables generations should
be monitored by using PMUs

— For most part of the power grid, SE based on RTU is
enough for power flow application.

e Multi-time interval state estimation will be a better
choice
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Multi-time interval dynamic state estimation
(MTIDSE)

* Extensive integration of intermittent renewable generation is
introducing a fluctuation, MTIDSE needed

Emean B max
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Voltage fluctuations within 3 seconds (kV)
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Wind farm indices

« Conventional SE ( calc. period: 1min) --- steady state
 SCADA (sampling period: 3s) --- asynchronism problem
- PMU SE ----- 0.3s
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MTIDSE: Framework

. SE with hybrid measurements

SE with phasor measurements only

State prediction

% Predicted states
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MTIDSE: method (1)

* System partition
— Steady area: S={jeN|AS; <es}

— Fluctuant area: in which states may change significantly
within 3s, PMU observable F ={j e NIAS; > ep&j € P}

— Quasi-steady area: the rest area Q={jeN|j¢S&kj¢F}
 How to partition? Based on load flow sensitivity!

— Assess the fluctuation level of intermittent generators

— Calculate the fluctuation level of branches:

AP =Y |Sp(ki, DAR], AQr =Y |Sq (ki ) AQ;|
i—1 i=1

— Estimate the fluctuation level of nodes, and then divide
the system into different areas.
AS; = /AP +AQ,

@ES O s A = e s <9 |EEE
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MTIDSE: method (2)

e State estimation in steady area & Quasi-steady area

— Use RTU/PMU measurements
— SE interval: Steady area: ~ 1 min; Quasi-steady area: ~ 3s

n;in (zs — hs(xs,vBs)) Ws(zs — hs(xs, vBs))
)

— Perform and update SE for the entire system at 1 min
— perform and update SE for quasi-steady area at 3 sec
— perform and update SE for fluctuant area at 0.3 sec

* Linear SE model by PMU

— State estimation in fluctuant area done directly by PMU
at 0.3 sec.
: i
min (ZF o HF—FXF o HF—FSXFS) WF (ZF o HF—FXF B HF—FSXFS)

Xg
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MTIDSE: method (3)

* Use dynamic estimator to predict the states between
two consequent SEs

 Fusion of state estimates in all areas:
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MTIDSE: Numerical tests (1)
* |EEE 30-bus system

_ SyStem partltlon @ Buses with PMU () Buses without PMU (@) Wind farm
— Coincide with the true 1

fluctuant levels
ASj=max{mean(|STrue,1j(t)—mean(Struei;(t))])}
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MTIDSE: Numerical tests (2)

e Comparison of four approaches

— CSE: Estimate all states with 1 min, by RTU/PMU
— SSE: Estimate all states with 3s, by RTU/PMU

— LSE: Estimate all states with 0.3s, by RTU/PMU
— MTIDSE: Multi-time interval dynamic SE

dS(t) = mean(|Ssg(t) — STrue(t)|)

—_— C5F —55E LSE MTIDSE
Est. Time
Error cost
(MVA) (s)

CSE (1min) = 0.3288 = 0.257

W SSE (3sec) | 0.1773 = 5.104
N .. LSE(0.3s) | 0.1528  48.691
# . .

. i
n' "r' M- S 'l'*.l.b"rfylr'wr"r L‘l

01 1 ' | : MTIDSE | 0.1714 3.916
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Conclusions

* PMUs are widely deployed in China

— The-state-of-art: perform SE with PMU/RTU by using P and Q
calculated by PMU

— Q calculated by PMU is inaccurate
— Benefit from SE with PMU/RTU is insignificant

* A multi-time interval dynamic state estimator is
proposed

— In real systems, only a portion states, rather than all, are fluctuant and
need do SE by PMU directly

— Benefit: Balancing between accuracy and efficiency
— The high sampling rate of PMUs is fully utilized

,/@FES

Power & Energy Society®

O 9 IEEE




Thanks for your attention!




