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Scientific PhD work time flow chart
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Jan-May 2022
Literature Review
Intelligent and Automatic System Protection

July 2022-Feb 2023
Contingency Analysis and power system clustering
Paper 1: A coherency identification approach for low-inertia
power systems

I. Processing

Feb-May 2023
Real-time prediction of the system’s operating state and proximity to collapse
Paper 2: Improving frequency stability assessment through k-neighbors and machine
learning techniques

Nov 2023 Mid-way evaluation

July 2023-May 2024
Paper 3: Enhancing Fast Frequency Reserves in Low-Inertia Power Systems using advanced
System Protection Schemes
Paper 4: Adaptive under-frequency load shedding using Fast Frequency Reserves and
System Protection Scheme

July 2024-Mar 2025
Wide-Area Monitoring Protection and Control (WAMPC)
Paper 5: Real-Time implementation using a synchrophasor-based wide area monitoring,
protection, and control for low-inertia power systems
Thesis: Power system stability improvement and digital protection/control using
synchrophasor measurements
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Impact of reduced inertia power

Frequency Deviation for Normal and Reduced Inertia
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Background and motivation

“» Background ** Motivation
¥ » Explore the development of advanced,
= \/ robust and flexible SPS control algorithms
= specifically tailored for low-inertia power
systems with the application of real-time
Low-inert'ia due tg Large RoCoF aqd measurements
largerscale integration - frequency nadir « Optimization of the Fast Frequency
renewable sources Reserves (FFR) performance by
dynamically adjusting reserve capacity and
o response times
s

Mal-operation of
under-frequency
relays and SPS'’s
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Analysis of the impact of low-inertia

O Same fault incident with reduced inertia

Faugtinception Fauttclegrance simulated at instant 0 sec
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Paper 1: A coherency identification
approach for low-inertia power
systems

*+*Motivation

* Explore the development of simplified approach to assess frequency stability for low-inertia power systems
* Improve the accuracy of the Centre of Inertia (COI) by optimally partitioning the number of coherent group
of generators with maximum electrical connectivity into network clusters

B. Elenga Baningobera and I. Oleinikova, "A Coherency Identification Approach for Low-Inertia Power Systems," 2023 58th International Universities Power
Engineering Conference (UPEC), Dublin, Ireland, 2023, pp. 1-6
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Methodology

U The proposed clustering algorithm process is as
follows:
1. Select the number of clusters k
2. Read the input data
3. Create the clusters
4. Compute new centroid of each cluster
5. Assess the quality of each cluster
6. Repeat steps 3-5 until the stopping
criteria is satisfied
U The following are the stopping criteria of the
clustering algorithm:
e Centroids of newly formed clusters do
not change
¢ Points remain in the same cluster
e Maximum number of iterations are
reached

I ;

d(x,c) = Z |xj - cj|

j=1

Calculate Variance Ratio
Criterion

> Calinski-Harabasz criterion

SSy  (N—k)
VRCy = —X—=
k= SSw” (k—1)
Obtain the optimal
k using Calinski-
Harabasz criterion SSB — Zf—lnl”ml _ m”2
Compute the clusters
centroids SSW = Z{'c=12xe(:i "x - millz

y

Calculate the objects
distance to centroids

Create the clusters based on
the minimum distance

Recalculate
centroids
A
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CalinskiHarabasz Values

Cluster
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Simulation results
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The reduced IEEE-39 bus
networks. The clusters are
modelled as single-machine
models

Instead of evaluating a power
system’s frequency stability
with a single COI metric for
the whole network, a more
granular approachiis
proposed
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Paper 1 summary

This study proposes a new approach for the frequency stability assessment using machine learning techniques and

offers two benefits:
QThe Frequency Control Areas (FCA) from the coherent group of generators is formed by selecting the optimal number of partitions with
maximum electrical connectivity and minimum number of network clusters.
UThe increase of the COI metric accuracy when applied in each cluster compared to the entire power system. In addition, it helps the TSOs
with the optimal placement of technology such as virtual inertia, battery storage and System Protection Schemes (SPS) in order to ensure

safe and reliable operation of low-inertia power systems with large-scale integration of RES.
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Paper 2: Improving frequency stability
assessment through k-neighbors and
machine learning techniques

s+ Motivation

* Explore the development of machine learning models to assess the frequency stability that can be used to
design advanced control schemes for low-inertia power systems

* Improve the performance of power system models in the presence of missing data from PMU
measurements

13 ®@NTNU




Phasor Measurement Units (PMU)

Overall data packet

Individual PMU data block
- Phsrl ‘ Phsr2 ‘ | PhsrN ‘ Freg/RoCoF ‘ Alogl ‘ ‘ Alog)

U Latency U Packet loss U Network corruption
* Measurement delay (tmeas) » Congestion » Data transmission
* Measurement uplink delay (fup) * Routing instability errors
» Computation delay (tcomp) » Signal loss in the com * Noise in the com
» Control action downlink delay network channel

(tdown) » Signal attenuation

» Control action delay (tcon)
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Framework

Offline training % Online application
A7 1
1l
N Power systems
real-time ‘Classification’
Handling of the measurements >  Stable
missing data Imputed data % > > Alert
»  Unstable
. - Machine
@ = — > Leaming > E%i; —
. = training
R . ‘Prediction”
Historical data from K—Nearest Machine Learning »  Frequency nadir
PMU measurements Neighbors > Linear Regression Models > Frequency ceiling
> Random Forest
« Stability margins * Frequency prediction
if f = 49.9, the system is stable Frequency nadir: f < 49.3
if 49.3 < f < 49.9, the system is in alert state Frequency ceiling: f > 50.1

if f <49.3 OR f = 50.1, the system is unstable
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Results
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Table 1: Performance evaluation of the models

MSE Accuracy MSE Accuracy

0.022 0.995 0.031 0.995
0.066 0.991 0.088 0.990
0.112 0.989 0.347 0.986
0.064 0.987 0.073 0.987
0.086 0.987 0.115 0.984
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Results

Table 2: Misclassifications of Frequency
Stability Classification

KNN. 2128 7 2022
Imputation
Simple 2253 12 2054
Imputation
KNN. 4025 25 3102
Imputation
Simple 4448 26 3844
Imputation
KNN. 5098 35 4163
Imputation
Simple 5 853 38 4606
Imputation
KNN. 7 003 24 4083
Imputation
Simple 7 475 45 4 459
Imputation
KNN. 8 163 36 3329
Imputation
Simple 8 530 42 3610
Imputation
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Paper 2 summary

»  This study proposes a method that is able to impute the missing measurements data from PMUs by
using a combination of machine learning and physical constraints

+  The approach effectively imputed the missing values in the dataset, as evidenced by the low Mean
Square Error (MSE) values and the distribution analysis revealed a strong correlation between the
imputed values and the original values

+ The models performance, as measures by accuracy, demonstrated that the imputed data performed
well in the frequency stability classification task

*  The performance predictions of both frequency nadir and frequency ceiling were also promising as
shown by the low MSE values

19 ®@NTNU




Papers 3 & 4: Advanced system protection
schemes design

Started with case studies and simulations to
analyze the impact of reduced low-inertia
power systems provided a solid foundation
for understanding the challenges and
dynamics of such systems

Subsequently, proposing advanced SPS
control algorithms both for power
generation adjustment and load shedding to
optimize Fast Frequency Reserves (FFR)
which will demonstrate how innovative
solutions can be developed to address
the identified issues




New service: Fast Frequency Reserves - FFR

« Aim of FFR is to get contributions
from fast controllable units
(generators and demand) to
mitigate adverse consequences of
low system inertia

* Once the FFR has been activated, it
can be controlled to respond in many
ways. The control scheme can rely
totally on feedback
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System frequency response and services (Kjetil Uhlen)

Kjetil Ulhen, 2022. Power System Operation and Control lecture notes. Norvegian University of Science and Technology (NTNU), Trondheim
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FFR implementation

 Activation

A 49.7 1.30
B 49.6 1.00
C 49.5 0.70

FFRapacity = min (abs(P(t) - P(0))) MW]
Where,

FFRcapacity is the prequalified FFR capacity [MW]

P(t) is the active power exchange between the grid and the providing entity [MW]

P(0) is the baseline power exchange over the specified time interval [MW]

tis time such that t € {[tFU”ACt JURUllAct T+ tMinDur]}

tFullact IS the maximum full activation time (specified for each providing entity to 0.70,1.00, or 1.30 s)
tMinDur S the minimum support duration (specified for each providing entity to 5.0 or 30 s)

Modig, N., Eriksson, R., Kuivaniemi, M., Haarla, L., Ruokolainen, P., Hornnes, K., Vada, P.A., Aronsveen, E., Meybodi, S.A. and Karlsson, D., 2020. FFR Design of Requirements—External document. ENTSO-E, Nordic TSOs, Inertia2020
Working Group, Tech. Rep.
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FFR implementation

 Deactivation
s Support duration of the FFR

Long term 30
Short term 5

FFRDeAct,rate,max =0.20- FFRcapacity [MW/s]

AFFRpeAct,step,max = 0-20 * FFR apacity [MW]
where,
FFRpeAct, rate, max is the maximum FFR reduction rate during the deactivation [MW/s]

AFFRpeAct, step, max is the maximum FFR deactivation step during the deactivation [MW]

 Recovery

FFRReCov,max = 0.25 FF Rcapacity MW]

where,
FFRReCov. max 1S the maximum FFR recovery ("undershoot") [MW]

DEACTIVATION

RECOVERY
C 1B

loading...



FFR control

0 Power generation adjustment and load shedding

APe = — Kp *Af* (reserve / total_reserve ) * Power[j][i] / generator_max_powers [j])
APe = — Kp * Af * (reserve / total_reserve ) = ( Load[7] / total_load )
Where:

APe : This represents the change in power output due to the FFR control action

Kp : The proportionality constant that scales the control action based on the frequency deviation
reserve : This refers to the available FFR reserve

total_reserve : The total available FFR reserve in the system

Power [j][i] : The power output of the j-th generator at the i-th time step
generator_max_powers [j] : The maximum power capacity of the j-th generator

Loadl[1] : the power demand at the i-th time step

>
>
>
>
>
>
>
>

@rum, E., Kuivaniemi, M., Laasonen, M., Bruseth, A.l., Jansson, E.A., Danell, A., Elkington, K. and Modig, N., 2019. Future system inertia 2. ENTSOE, Brussels, Tech. Rep, pp.1-58.

total_load : the total power demand in the system
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FFR simulation results
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FFR simulation results

Fast Frequency Reserves Activation, Deactivation, and Recovery
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FFR activation, deactivation and recovery
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FFR control challenges

v' Case 1:
disconnection of
one machine
with fast FFR
parameters and
response times

v’ Case 3:
disconnection of
two machines
with slow FFR
parameters and
response times

29
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Papers contributions

+  Adaptive Control Algorithm for Power Generation Adjustment (FFR Power Control) and Load

shedding (FFR Load Shedding):

Step 1 Modeling:

® Let Af be the frequency deviation and APe
be the change in power output due to FFR.

®  We can use the equation APe = -Kp * Af, as
provided earlier.

Step 2 Adaptive parameter:

® Let Kp be the control gain that we want to adapt.

Step 3 Error calculation:

®  We calculate the error between the actual
frequency deviation and the desired frequency
deviation:

error = Af - desired_Af

Franklin, G.F., Powell, J.D. and Emami-Naeini, A., 2010. Feedback control of dynamic systems.
Ogata, K., 2010. Modern control engineering fifth edition.

30

Step 4 Adaptation Law:

®  Design of an adaptation law that updates the
adaptive parameter based on the error and
other relevant data:

Kp_new = Kp_old + pu * error

where u is the adaptation rate.

Step 5 Implemention of the Adaptive Mechanism:

e  Update the control gain (Kp) at each control
iteration based on the adaptation law:

Kp = Kp_new

Step 6 Validation and Tuning:

e  Test the adaptive control system through
simulations and real-time tests.

®  Fine-tune the adaptation rate (u) to achieve
desired control behavior.

®@NTNU




Possible advanced techniques for adapting control parameters in an
adaptive control algorithm

*  Weighted Summation of Adaptation Rate (u)

«  Curve Fitting Model using Least Squares for Adaptive Control
*  Model Reference Adaptive Control (MRAC)

»  Self-Tuning Regulators (STR)

*  Neural Networks and Machine Learning

* Reinforcement Learning (RL)

*  Fuzzy Logic Control

*  Particle Swarm Optimization (PSO) and Genetic Algorithms
(GA)

« Kalman Filtering and Estimation Techniques

« MathWorks et al., “Optimization toolbox user’s guide,” 2021.

* Mahdi, M.M,, Thajeel, E.M. and Ahmad, A.Z., 2018, December. Load frequency control for hybrid micro-grid using MRAC with ANN under-sudden load changes. In 2018 Third Scientific Conference of Electrical Engineering
(SCEE) (pp. 220-225). IEEE.

« Polajzer, B., Petrun, M. and Ritonja, J., 2018. Adaptation of load-frequency-control target values based on the covariances between area-control errors. IEEE Transactions on Power Systems, 33(6), pp.5865-5874.

* Hasan, N., Alsaidan, ., Sajid, M., Khatoon, S. and Farooq, S., 2022. Robust self tuned AGC controller for wind energy penetrated power system. Ain Shams Engineering Journal, 13(4), p.101663.

*  Wang, W, Yorino, N., Sasaki, Y., Zoka, Y., Bedawy, A. and Kawauchi, S., 2022. A novel adaptive model predictive frequency control using unscented Kalman filter. Electric Power Systems Research, 213, p.108721.
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Future work
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Thank you!

Questions?
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