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State Estimation 
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𝑃𝑖 , 𝑄𝑖 , 𝑃𝑓, 𝑄𝑓, 𝑉, 𝐼 𝑎𝑛𝑑 𝜃

Noise, miscommunication 
…𝑒𝑡𝑐

State Estimator

ො𝑥𝑎𝑐 =
෠𝑉
መ𝜃

Input != Output

𝑧 = ℎ 𝑥 + 𝜀
𝜀 – error

ℎ 𝑥 - measurement function (pf,inj…)
𝑧– measurements

Aim: minmize 𝜀

ො𝑥𝑑𝑐 = 𝑉

Input ≈ Output



The Unified Hybrid State Estimation
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Unified State Estimation
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Extending the WLS AC state estimation to include the DC side and converter components:

1- Measurement vector (z):
𝑧 = 𝑧𝐴𝐶1𝑧𝐴𝐶2 …𝑧𝐴𝐶𝑛 𝑧𝐷𝐶1𝑧𝐷𝐶2 …𝑧𝐷𝐶𝑚|

𝑧𝐶𝑜𝑛𝑣1𝑧𝐶𝑜𝑛𝑣2 …𝑧𝐶𝑜𝑛𝑣𝑘|
𝑧𝑓𝑎𝑐𝑡𝑜𝑟1𝑧𝑓𝑎𝑐𝑡𝑜𝑟2 …𝑧𝑓𝑎𝑐𝑡𝑜𝑟𝑘];

2- Measurement function vector (h(x)):
ℎ 𝑥 = ℎ𝐴𝐶1ℎ𝐴𝐶2 …ℎ𝐴𝐶𝑛 ℎ𝐷𝐶1ℎ𝐷𝐶2 …ℎ𝐷𝐶𝑚 | ℎ𝐶𝑜𝑛𝑣1ℎ𝐶𝑜𝑛𝑣2 …ℎ𝐶𝑜𝑛𝑣𝑘|ℎ𝑓𝑎𝑐𝑡𝑜𝑟1ℎ𝑓𝑎𝑐𝑡𝑜𝑟2 …ℎ𝑓𝑎𝑐𝑡𝑜𝑟𝑘];



Power Coupling
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ℎ𝐶𝑜𝑛𝑣 𝑥 = 𝑃𝑎𝑐 + 𝑃𝑑𝑐 + 𝑃𝑐𝑜𝑛𝑣𝑙𝑜𝑠𝑠 = 0 is a power constraint, where:

- 𝑃𝑐𝑜𝑛𝑣𝑙𝑜𝑠𝑠 = 𝑎 + 𝑏 × 𝐼𝑐 + 𝑐 × 𝐼𝑐
2 [1,2];

- 𝑎: the transformers and averaged axillary equipment no load losses;
- 𝑏: the freewheeling diodes and switching losses;
- 𝑐: the conduction losses;
- 𝐼𝑐: the current flow through the converter.

Transformer, Filter and Reactor (TFR) losses are 
considered in the AC side. 

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



Voltage Coupling Factor - 𝑀𝑓𝑎𝑐𝑡𝑜𝑟
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ℎ𝑓𝑎𝑐𝑡𝑜𝑟 = 𝑀𝑓𝑎𝑐𝑡𝑜𝑟 = 𝐾
𝑉𝑐−𝑑𝑐

𝑉𝑔−𝑎𝑐
is the converter voltage coupling index,  it can be rearranged as a constraint: 

𝑀𝑓𝑎𝑐𝑡𝑜𝑟 × 𝑉𝑔−𝑎𝑐 − K × 𝑉𝑐−𝑑𝑐= 0 where:

-

- 𝐾: the voltage conversion factor, it can have different values based on the AC side network
topology and converter type (details in [3]) 

Impact: improves system states estimations.

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



Unified WLS Jacobian Matrix
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The Current Jacobian solution:

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



Jacobian Matrix: AC and DC components
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Where: 
ℎ0 𝑥 is Voltage measurements
ℎ1 𝑥 is Active power Injection measurements
ℎ2 𝑥 is Reactive power Injection measurements
ℎ3 𝑥 is Active power flow measurements
ℎ4 𝑥 is Reactive power flow measurements
ℎ5 𝑥 is Current flow measurements

Where: 
ℎ0 𝑥 is Voltage measurements
ℎ1 𝑥 is Real power Injection measurements
ℎ3 𝑥 is Real power flow measurements
ℎ5 𝑥 is Current flow measurements



Jacobian Matrix: P-coupling components
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Where: 
ℎ1 𝑥 is Power coupling constraint

DC Side AC Side



Jacobian Matrix: P-coupling components

05/10/2020 ESR14 – Motaz Ayiad - Enhancement to SCADA/EMS for hybrid AC/DC networks 12

AC Side



Jacobian Matrix: V-coupling components
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Where: 
ℎ1 𝑥 is Voltage coupling constraint

DC Side AC Side



Jacobian Matrix: V-coupling components
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AC Side



Test Case: Cigre B4 DC grids test system
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6 AC systems -22 buses-

2 DC systems -15 buses-

8 AC generators

11 converters

5 demand nodes.



Simulation – Measurements and weights
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Total measurements: 109

All measurements were corrupted 
with 3% error, except 𝑀𝑓𝑎𝑐𝑡𝑜𝑟

measurements with 1%.



Simulation – Prepare Noisy Meas.
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[4] - State Estimation in Power Distribution Network Operation. PhD Thesis, Imperial College London

The noisy measurements are generated based on the below equations:

𝑧𝑛𝑜𝑖𝑠𝑦 = 𝑧𝑡𝑟𝑢𝑒 + 𝜀 = 𝑧𝑡𝑟𝑢𝑒 + 𝑁 𝜇, 𝜎2

Where 𝑧𝑡𝑟𝑢𝑒 measurements are provided by a powerflow solver, and

𝑁 𝜇, 𝜎2 is a Gaussian noise generator.

The error (𝜀) is ±3σ deviation around the true measurements (𝜇), which

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

%𝑒𝑟𝑟𝑜𝑟 can be %1 or %3

𝛔 =
𝜇×𝜀

𝜑−1 1+𝛼

2
×100

=
𝜇×𝜀

𝜑−1 1+0.9973

2
×100

= 
𝜇×%𝑒𝑟𝑟𝑜𝑟

3×100

𝛼 =

𝛼 =
𝛼 =

- Wikipedia
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Running 
simulations

- Julia



Measurments Results - MAE
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The MAE has reduced by −3.5393 dB and  −0.7577 dB respectively



DC Systems – Voltage States Results
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AC Systems – Phase States Results - Part
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Unified SE – PV-Coupling Results
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State Estimation – Results
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- The time performance of the three scenarios was

calculated for 100 simulations on Cigre B4 test

case.

- It was concluded that the unified WLS time

performance was a downside for this approach.

The figure shows that the unified approach is 62%

slower than the decentralized method.



State Estimation – Further details
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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
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• Test Case: Cigre B4, 43 RTUs,

10 data concentrators

• What is the minimum time for a

complete unified AC/DC SE

cycle.

• By Finding the following:

• RTUs sensing time

• S1 Data collection time

• S2 Data acquisition time

• SE Processing time
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Thank you
and stay safe

Porto – Portugal
19/05/2020


