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State Estimation

Input != Output

Input = Output

Pi! Qi,Pf, Qf’ V,I and 6

State Estimator

Noise, miscommunication
.. etc
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z=h(x)+ ¢
£ —error » ; 2
h(x) - measurement function (pf,in;j...) WLS E T‘_ o (Zi - hi(x))
Z— measurements ”bf Xy 2 o ~ R.-'z‘z

Aim: minmize(g)

ESR14 — Motaz Ayiad - Enhancement to SCADA/EMS for hybrid AC/DC networks



The Unified Hybrid State Estimation



Unified State Estimation

Extending the WLS AC state estimation to include the DC side and converter components:

1- Measurement vector (z):
z = [zAC,zAC, ...ZAC,, | zDC,zDC, ...zDC,,|

zConvyzConv, ...zConv,|

Zfactor; Zfactory = Zfactork];

2- Measurement function vector (h(x)):
h(x) = [hAC{hAC, ...hAC, | RDC{hDC;, ...hDCy, | hRConv hConv, ... hConvy|hegeror, Reactor, - Rractor, )
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Power Coupling

hConv(x) = P, + Pij. + Ponvioss = 0 is a power constraint, where:
- Peonvioss = @ + b X 1. + ¢ X Icz [1,2];

- a: the transformers and averaged axillary equipment no load losses:
- b: the freewheeling diodes and switching losses; :
- ¢: the conduction losses; TFR |Converter

losses | Losses

- [.: the current flow through the converter. ~ ———=2F2___ LS A —_—
I.: the current flow through the converter. Vg.ac ~ Veac <l Vode.

I
PCC_ac E I 4 € PCC_dc
Transformer, Filter and Reactor (TFR) losses are / \

considered in the AC side. D

)
&

Impact: improves measurements estimations.

[1] - HVDC Grid Layouts: For Offshore and Supergrid of the Future
[2] - Optimal Power Flow for AC/DC Grids: Formulation, Convex Relaxation, Linear Approximation, and
Implementation
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Voltage Coupling Factor - Meqctor

Veedc o : :
hractor = Mractor = K VC ¢ is the converter voltage coupling index, it can be rearranged as a constraint:

g—ac

M¢actor X Vg—ae — KX Ve_ge= 0 where:

v Vie_ac + Vrpr, for rectifier
- Vg—ac = .
Ve_we — Vrpgr, forinverter

- K: the voltage conversion factor, it can have different values based on the AC side network

topology and converter type (details in [3]) Converter Voltage coupling

|
|
|
Impact: improves system states estimations. PCC ac : E I
: Vg-ac  Vc-ac ~
|

M_factor

I
I
I
: <€ PCC_dc
I
I
I

[3] - VSC-FACTS-HVDC: Analysis, Modelling and Simulation in Power Grids
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Unified WLS Jacobian Matrix

The Current Jacobian solution:
Hiac-ac),
0
0
0
0
0
H{CGHU—AC}l
0
0
Hpm-acy,
0
0

Hunfﬁfd (1’) —

05/10/2020

0 0 0
Hiac-ac), 0 0
0 Hiac-ac), 0
0 0 H(pc-po),
0 0 0
0 0 0
0 0 H{CU}’IU—DC]I
H[me—x’i{:h 0 0
0 H{Cona—AC}k 0
0 0 Hm-po),
Hom-ac), 0 0
0 Haacy - 0

n is number of AC systems
m is number of DC systems
k is number of Converters

H{CGHU—DC]z
0

0

Hm-pc),
0
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0

0
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Jacobian Matrix: AC and DC components

C amg(x) Ao ()
dd 9V
ol (x) dhy(x)
o6 agifJ
ahac—m‘ (x) dhy (x) 2 (X
— i — 59 aVrL
Hac-ac(x) = o s (x) O3 (%)
dd oV, c
Ay (x) Ay (x)
of Ve
ohs(x) dhisg f’x]
i ad IVae

Where:

ho(x) is Voltage measurements

h,(x) is Active power Injection measurements
h,(x) is Reactive power Injection measurements
hs(x) is Active power flow measurements

h,(x) is Reactive power flow measurements
hs(x) is Current flow measurements

dhg(x
aa\.?f_.)
hq(x
H _ ahdf—df (x) — a{‘!dﬁ

pc-pc (x) = x = | ohslx

S
]

Where:

ho(x) is Voltage measurements

h,(x) is Real power Injection measurements
hs(x) is Real power flow measurements
hs(x) is Current flow measurements
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Jacobian Matrix: P-coupling components

DC Side AC Side

nj dhy(x)  dhy(x
anC — th’f( meij—) HCGHU—AC (.X) — [ g}é ) a%’_rif) :|

Hcono—pc (X) = [ ag%;g:)

Where:
h,(x) is Power coupling constraint
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Jacobian Matrix:

P-coupling components

AC Side

ahl (I) _ aPaC_.-”}- pconvloss
anc aVﬂC aVﬂ'C
dPac m aQaCin' 2 2
ohq(x) B apﬂcfnj b Paciyj Ve + Qaciy; Ve v \/Pacinj + Qacfﬂj E}Vac\
OVae Ve Vac \/ Ii‘acmjI + QacmJT Vac? Ve )
dPaciy; dQac;y;
o pacfﬂjTﬂ} + Qac Cinj =37 il (Pucﬁ” + Qacﬁ,{j) aVac\
Vac? Vac3 oV, )
ahl (x) _ apaij Pconvfoss
o6 Lo 00
dPac;,; 0Qac;, aPac, aQacm
dohy (x) o aPﬁij iy Pacz’n.ij + Qacin;’Tm} 1 oc Pacin; agn + Qac i —58
00 00 2 2 Vac?
Vac P&‘ij + Qacm}.
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Jacobian Matrix: V-coupling components

DC Side AC Side

V4. K K

_ | am) | _ = — | dulx) In(x)
Hpy—pc () [ aV_ . ] OV, _ge Vo—ac Ve—ac Hy—ac (x) — [ dt Ve ac ]

Where:
h,(x) is Voltage coupling constraint
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Jacobian Matrix: V-coupling components
AC Side

ohq (I) B ai{q—ﬂc —KV._4c o —KV._4c
an—ﬂﬁ an—ﬂ{: Vg_ac
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Test Case: Cigre B4 DC grids test system

S N A S 4 n
DC links - Z 3’: ¢ Z = e
o 7= @

Bus (~ AC |= DC)

Onshore Generators

@

. Offshore Generators
=
O

=

AC links

6 AC systems -22 buses-

2 DC systems -15 buses-

8 AC generators j _ . 7= 6=
: —4

11 converters

5 demand nodes.

12 =

*TFR: Transformer, Filter and Reactor
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Simulation — Measurements and weights

Meas. Type Count Details
6 voltages , 1 per AC system
AC 15& 15  active & reactive power injection
8& 8 active & reactive power flow
Total measurements: 109 14 zero injection
All q 2 voltages , 1 per DC system
. measurements were corrupte DC 11 real power injection
with 3% error, except Mgqctor 4 real power flow
measurements with 1%. i zero injection
Conv. Power Coupling 11 power constraints, 1 per converter
Conv. Voltage Coupling 11 M ctor, 1 per converter
Measurement Type Weight
voltages/angles, power coupling and zero injections constraints 1 x 107°
power flow and Mo 1x107°
+ power injections 1x10°*
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Simulation — Prepare Noisy Meas.

a = 99.7=100%

The noisy measurements are generated based on the below equations: - a = 95% R
r'—__a_z—‘h“_tc— E——

Znoisy = Ztrue t € = Zgrye T N(,u,O'Z) _ E_I,Ef

Where z;,,, Mmeasurements are provided by a powerflow solver, and 34'1%54'1%

N(u, o?) is a Gaussian noise generator. |

The error (&) is £3c deviation around the true measurements (i), which ]

covers more than 99.7% (a) area of the Gaussian curve [4]. Therefore: 13.6% 13.6%

o — UXE . UXE _ ux%error B
— 1 — 1+0. -
(p—l(ﬂ)xloo ¢—1(M)X100 3xX100

2 2 2.1% 2.1%

%error can be %1 or %3

H-30 W-20 WU-0 | W+o H+20 J+30
- Wikipedia
[4] - State Estimation in Power Distribution Network Operation. PhD Thesis, Imperial College London
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Measurments Results - MAE

10 Estimated hx-DC vs True measurments 10 Estimated hx-AC vs True measurments
— DC: decentralized — AC: decentralized
——ACDCAC: P coupling| | 15 —— ACDCAC: P coupling
15T ——— ACDCAC: Unified ——— ACDCAC: Unified
20t . =201
) m
z = 25k
] '25 ™ - Y
I <[
= =
30 b . -30
.35 } i -35
-40 I Il -40 B i 1 1
2 3 4 2 3 4
Number of Iterations Number of lterations
(a) DC measurments (b) AC measurments

The MAE has reduced by -3.5393 dB and -0.7577 dB respectively
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DC Systems — Voltage States Results

Sys. # Bus# Virue VEs trq Ve rrm VEs tra VE rrT2 VEsfrg, VErrn
1 1.0 1.0000 1.0000  0.0000 1.0000 0.0000 1.0000 0.0000
2.0 1.0007 1.0007  0.0000 1.0007  0.0000 1.0007  0.0000

3.0 1.0100 1.0100  0.0000 1.0100 0.0000 1.0100 0.0000

4.0 1.0100 1.0100  0.0000 1.0100 0.0000 1.0100 0.0000
5.0 1.0094 1.0094 -0.0000 1.0094 -0.0000 1.0094 -0.0000
6.0 1.0079 1.0078 -0.0001 1.0079 -0.0000 1.0079 -0.0000
7.0 1.0073 1.0073 -0.0000 1.0073 -0.0000 1.0073 -0.0000

8.0 1.0062 1.0062  0.0000 1.0062 0.0000 1.0062 0.0000
2 9.0 1.0061 1.0061 -0.0000 1.0061 -0.0000 1.0061 -0.0000
10.0 1.0020 1.0020 -0.0000 1.0020 -0.0000 1.0020 0.0000

11.0 1.0006 1.0005 -0.0001 1.0006 -0.0000 1.0006 0.0000

12.0 1.0006 1.0005 -0.0001 1.0006 -0.0000 1.0006 0.0000

13.0 1.0034 1.0033 -0.0001 1.0034 -0.0000 1.0034 0.0000

14.0 1.0054 1.0053 —-0.0001 1.0054 -0.0000 1.0054 0.0000
15.0 1.0065 1.0065 -0.0000 1.0065 -0.0000 1.0065 -0.0000
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AC Systems — Phase States Results - Part

u-5 L] L LI 1.2 L] L} L L] L] L] L
I Decentralized I Decentralized
I P-coupling .k [ P-coupling | |
0.4 | |EEEE Unified I unified
) e
bt Sos8
S 0.3 2
L w
o @
'ﬁ 0.2 'ﬁ
E E ﬂ|4
= cc

=
-

e

(0]

Bus, Bus, Bus, Bus, Bus, Bus, Bus, Bus, Bus,, Bus,,
Phase angles Phase angles
(a) AC system #1 (b) AC system #2
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Unified SE — PV-Coupling Results

Converter Powerloss abs. error
- ra [#] =Y 4] [=1] =]

=

05/10/2020

x10°S x10°8
[ —© Err/Conv|’ —€ Ert/Conv
i | o 25 .
Q E Q
3 - E 2 o e
©
L . S
E 1.5 ° 7
i - =
s 1f ? .
=
s - @
>
S 05F T .
i o o . o T
I e o | ¢ 91 N il B
0 2 4 6 8 10 12 0 2 4 6 8 10 12
Converters Number Converters Number
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State Estimation — Results

- The time performance of the three scenarios was
calculated for 100 simulations on Cigre B4 test 25
case. @
M)
=
o 20
- It was concluded that the unified WLS time E
performance was a downside for this approach.
_ _ 15T I Max-Min
The figure shows that the unified approach is 62% # Decentralized
# P coupling
slower than the decentralized method. Unified
10 '
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State Estimation — Further detalils

Further details can be found in the following paper:

Ayiad, M.; Leite, H.; Martins, H. State Estimation for Hybrid VSC Based HVDC/AC Transmission
Networks. Energies 2020, 13, 4932.
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Current work — Time Cycle

 Test Case: Cigre B4, 43 RTUs,

10 data concentrators

- Data Concentrator

* What is the minimum time for a

complete unified AC/DC SE

— T

S i
cycle. @ : ./ﬁ h_S.CADA‘.
« By Finding the following:

 RTUs sensing time
« S1 Data collection time
e S2 Data acquisition time

R~ " N5 i g I WSt ,
«  SE Processing time @@@ ain @@
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