@ %@ES < IEEE

wer & Energy Soci

PowerTech
Belgrade 2023

LEADING INNOVATIONS FOR RESILIENT
& CARBON-NEUTRAL POWER SYSTEMS

25-29 JUNE, 2023, BELGRADE, SERBIA

TT08 | Modelling, operation, control, and stability
analysis of low-inertia power systems

Federico Milano, UCD, Ireland

Petros Aristidou, Cyprus University of Technology, Cyprus
Junru Chen, Xinjiang University, China

Ahsan Murad, DIgSILENT GmbH, Germany

Taulant Kérgi, EirGird, TDO, Ireland



LEADING INNOVATIONS FOR RESILIENT
PowerTech & CARBON-NEUTRAL POWER SYSTEMS A b S'l'r(] ® '|'
Belgrade 2023 | 25.29 JuNE, 2023, BELGRADE, SERBIA

* The tutorial discusses the dynamic analysis and operation of low-inertia grids, that grid with
high penetration of converter-interfaced generation. The module is organized into two
parts. The first part focuses on operation and control, whereas the second part deals with
modelling and stability analysis. The module blends industry experience and recent trends
in academic research. The industry point of view is represented by EirGrid that operates the
Irish grid up to 75% non-synchronous instantaneous power generation and DIgSILENT that
will share their experience with the implementation of converter and their conftrollers in a
power system software tool. The academic presentations discuss state-of-the-art concepts
on the modelling of security constrained optimal power flow problems for low-inertia
systems; as well as recent advances in the synchronization stability and modelling of grid-
connected converters and their controllers. All presentations include several illustrative

examples based on both benchmark and real-world systems. |
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° 8:30-10:30 Partl
Introduction
Petros Aristidou: Blending optimization methods with dynamic analysis for low-inertia power
systems
Taulant Kérgi: Dynamic Response of Inverter-based Resources in Ireland and Northern Ireland
Power Systems

Ahsan Murad: Distributed generation modeling, simulation and system studies using DIGSILENT

PowerFactory
° 10:30 - 10:45 Break
° 10:45-12:45 Partll
Junru Chen: Synchronization stability of grid-connected converters

Federico Milano: Complex modelling of converter-interfaced generation

Closure
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Petros Aristidou got his Diploma from the Department of Electrical &
Computer Engineering at the National Technical University of Athens
(Greece) in 2010 and his PhD at the University of Liege (Belgium) in
2015. During his PhD, he worked on domain decomposition methods for
real-time dynamic security assessment of transmission systems. He took
a position as a Postdoctoral Researcher at the Power Systems Laboratory
at ETH Zurich (Switzerland) for one year, working on developing new
control algorithms for future low-inertia power systems. Between 2016-
2019 he was a Lecturer at the University of Leeds (UK), where he led the
Smart Grids Lab. Since January 2020, he has been a Lecturer in
Sustainable Power Systems at the Cyprus University of Technology. His
expertise is in power system dynamics, planning, and control, and he has
participated in several working groups looking into the challenges of
low-inertia systems. Recent projects and publications can be found at
https://sps.cut.ac.cy
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Blending optimization methods with dynamic analysis in

low-inertia power systems

Dr. Petros Aristidou

Sustainable Power Systems Lab
Department of Electrical Engineering, Computer Engineering & Informatics,
Cyprus University of Technology

TTO08 | Modelling, operation, control, and stability analysis of low-inertia power systems
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1. Low-inertia Power Systems and their Challenges

2. Economic and Secure Operation of Low-inertia Grids
3. Using Dynamic Optimization

4. Using Dynamic Simulation Software

5. Using Simplified Models or Approximations

6. Concluding Remarks and Open Work



Low-inertia Power Systems and
their Challenges



Transformation of power systems and new challenges
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Transformation of power systems and new challenges
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Low-inertia power systems

Definition: Power systems with increased percentage of power-electronics-interfaced
resources and reduced percentage of synchronous-generator-based power plants.

Alternative title: Power-electronics-dominated power systems

Hydro-electric Hydro-electric
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Low-inertia transition

Synchronous generators: Converter-based generators:

¢ Inherently provide an energy buffer to ® Do not provide kinetic inertia. Can provide
the system in the form of kinetic synthetic inertia — but not inherently
energy that supports the system in case ® Do not provide short-circuit current
of power imbalances inherently

® Inherently provide short-circuit current ® Do not support the system voltages
in case of fault to help detect and clear inherently
the faults. . .

e Cannot participate in frequency control

® Support the system voltages (as a unless renewable curtailments are made, or

voltage source and through AVR) storage is installed

® Support the system with primary
frequency control to arrest frequency

CIGRE WG “Impact of Low-Inertia on Protection and Control." upcoming, 2023.



Some of the arising dynamic problems

® Frequency security problems: Lower 50 Hz

inertia and frequency controlability. pl A

After a contingency, lower nadir and =) .

& High-inertia system
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time
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CIGRE WG “Impact of Low-Inertia on Protection and Control." upcoming, 2023.



Some of the arising dynamic problems

G Pre-fault voltage Post-fault voltage
® Frequency security problems: Lower 2 “Maximum voltage
inertia and frequency controlability.
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CIGRE WG “Impact of Low-Inertia on Protection and Control." upcoming, 2023.



Some of the arising dynamic problems

® Frequency security problems: Lower
inertia and frequency controlability.

After a contingency, lower nadir and 200
higher ROCOF. ‘
. igh-inertia system
® Voltage security problems: Decreased _
< 4

system stiffness (Short-Circuit-Ratio). °

After a short-circuit, lower dips, larger 1001

dip durations, and slower recovery. . _—
® Protection problems: Lower 08 10 12 1.4 16 1.8 2.0

time (s)

short-circuits currents that impact the
system fault levels. This affects all of

the protection schemes and the critical
clearing time of the system.

CIGRE WG “Impact of Low-Inertia on Protection and Control." upcoming, 2023.



Many open questions and problems for industry and academia

TTO08: Modelling, operation, control, and stability analysis of low-inertia power
systems

® How do we operate low-inertia grids to ensure dynamic security?

® What are some of the most urgent challenges faced by the industry?

® How do we simulate and analyze the dynamic performance of low-inertia grids?

® How do we ensure the stability of low-inertia grids?

How do we model the new components and controls involved in low-inertia grids?



Economic and Secure
Operation of Low-inertia Grids



Economic Operation of power systems

Objective: Find the most economical solution to a problem related to the operation or
planning of power systems, subject to technical and operational constraints —
{economical, , secure}

Examples: Economic Dispatch, Unit Commitment, Expansion planning, Optimal resource
placement, AC Optimal Power Flow (OPF), etc.

Recent developments:

® Better modelling to increase the fidelity of optimization models.

® Techniques to improve the treatment of non-convex constraints while ensuring accuracy to
increase performance.

® Methods targeted specifically to distribution networks.
® Machine Learning models and data-driven techniques to increase performance.

® Dynamic constraints to ensure dynamic security of solutions.
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Unit Commitment with AC OPF Constraints

Objective:
Minimize: Dispatch + Operation costs

Subject to:

® Forecasted or real-time input data (load
demand, system topology, generation
profiles, costs)

® Technical and operational constraints
® Security constraints

® Environmental constraints (e.g., CO,
limits, limit in using fossil fuel, etc.)



Unit Commitment with AC OPF Constraints

Objective:
Minimize: Dispatch + Operation costs er@e?O,l} O(x,2) (1a)
Subject to: s.t. d(x,z) =0, (1b)
® Forecasted or real-time input data (load Nx,z) <0 (1c)
demand, system topology, generation
profiles, costs) ® Operation decision () variables (unit
® Technical and operational constraints dispatching, load shifting/disconnection,

) . battery charging, etc.
® Security constraints y ging )

) . ® Unit commitment (z) variable (units to
® Environmental constraints (e.g., CO, ) (2) (
S . be committed)
limits, limit in using fossil fuel, etc.)

® Equality constraints (1b)
® Inequality constraints (1c)



Technical constraints (for a multi-period problem)

Dispatchable Generation Constraints — Describe the behaviour of the generating units

Oépst Sﬁs'zﬁ 7as'zsgqst Sﬁs'zﬁ 7I‘pgn§pstips(t 1)_rps ) vS7t

OSprtéﬁrt'ZH _tanar'ﬁrt'zrSqrtétanar'ﬁrt'zh vrat

Battery Behaviour and Constraints — Describe the behaviour of the batteries
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Technical constraints (for a multi-period problem)

AC Power Flow Equations — Dictate the loading of the lines, the currents, and voltages

si— Y Sge= Y, Syt Y. Su-ye Vi, t
gev’ n(I*)=i n(=)=i

Su+ye = Vanye (i) Sumye = Varye (omye) ™ vi,t

lirye = y7 (Vausye = Vaamye) 57 Ve, Vit

liye = ¥i (Vaaoye = Vagoye) 57 Vageyes Vit

Line Thermal Loading and Bus Voltage Constraints

PR+Qi<(5)°  or |l <T, Vi, t
V<Vv<v Vi, t



Incorporating static and dynamic security constraints

Challenge: How do we ensure that our optimal solution is also secure against
contingencies (e.g., N-1 secure)?

e Static security: After the fault, the post-fault steady-state system should be able to

supply the loads while complying with the security constraints (voltage, current, generator
limits, etc.).

® Dynamic security: The system should be able to survive the transient response
immediately after the fault.

Examples of faults considered:

® |oss of a generator (conventional or renewable).

® Network faults (loss of line, transformer, etc.)



Example: Frequency response of a system after tripping a generator
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3-bus example

UC-ACOPF Solution (€):
® Ppy =30 MW
® 7z =1, PL =402 MW

® 7z, = z3 =0 (Generators 2+3 disconnected)

Data:
e PMax =100 MW, P™n =10 MW
® Costgy < Costgr < Costgs
® Hi<H,<Hj3
® [oad =70 MW
® Ppy =30 MW, Costpy =0

13



3-bus example

UC-ACOPF Solution (€):
Ppy =30 MW
71 =1, P =40.2 MW

7z, = 73 =0 (Generators 243 disconnected)

Not N-1 secure

Data:
e PMax =100 MW, P™n =10 MW
® Costgy < Costgr < Costgs
® Hi<H,<Hj3
® [oad =70 MW
® Ppy =30 MW, Costpy =0
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3-bus example

Data:
e PMax =100 MW, P™n =10 MW
® Costgy < Costgr < Costgs
® Hi<H,<Hj3
® [oad =70 MW
® Ppy =30 MW, Costpy =0

UC-ACOPF Solution (€):
e Ppy =30 MW
® 7z =1, P =402 MW
® 7z, = z3 =0 (Generators 2+3 disconnected)

® Not N-1 secure

UC-ACOPF Solution with static security
constraints (€€):

® Ppy =30 MW
L4 21:1, P1:302 MW
® =1, P,=10 MW

® 73 =0 (Generator 3 disconnected)

13




3-bus example

Dynamic Security Assessment of solution:

Data:

X — 100 MW, P = 10 MW
Costgy < Costgy < Costgs L S W
Hy < H> < Hs

® [oad =70 MW

Py =30 MW, Costpy =0

Trip PV:

13



3-bus example

Data:

Pmax =100 MW, P™n =10 MW
Costg1 < Costgr < Costgs

Hy < H> < Hs

Load =70 MW

Ppy =30 MW, Costpy, =0

Dynamic Security Assessment of solution:
® Change the power dispatch?

® Replace a generator with another
generator with better characteristics (H,
R, T, etc.)?

® Add one more generator?

e Add some other device to provide support
(battery, flywheel, etc.)?

How do we decide the most economical and
dynamically secure solution?

13



3-bus example

UC-ACOPF Solution with static and dy-
namic security constraints (€€€):
® Ppy =30 MW, P; =20.2 MW, P, =10
MW, P; =10 MW

50.00 — Freauency (Hz) | 50,000

19.95 49,975
49.90 49.950
0.85 925
49.80 £

Data: o
o P =100 MW, P = 10 MW

® Costgy < Costgy < Costgs

o Hi <H,<Hs o
® [oad =70 MW -

PPV = 30 MW, COStPV — O o i T 30 [ 5 LI 25 30

13



Incorporating static and dynamic security constraints

How to model the post-fault static security?

® We require that the system must survive after the considered faults.

® For each fault we want to consider, we add a new set of power-flow constraints for the
post-fault (pof) operation.

® The pre-fault (prf) unit commitment decision variables z are changed to z’ where the
faulted component operation is set to zero.

err.le{oi} O (x™,2) (2)
s.t. oz, yPT) = 0 (2b)
APE(z, % PT) < 0 (2¢)
OPl(Z, PN =0 (2d)
AP(Z', xPf) <0 (2¢)



Incorporating static and dynamic security co

How to model the post-fault dynamic security?

® The transient period is described by the solution of an Initial-Value Problem of
Differential-Algebraic Equations (IVP DAE):
— Model:
F(x"™,2 ,x,x,7) =0, 1€[0,T]

where x are the differential-algebraic states of the [VP DAE problem.

— The system is non-linear and hybrid (continuous and discrete variables).

— The structure of the DAE depends on the unit commitment decision variables after a
contingency is applied (Z').

— The initial values of the DAE model xg depend on the pre-fault operational decision
variables (xPT).

® The solution requires performing a numerical integration of the DAEs for every planning
period and every contingency.



Optimization with Differential and Algebraic Equations

min Pyt ;
2€9,z€{0,1} (x™.2)

s.t. Cbplf(z,xprf) =0
AP(z, 2P™) <0
F(x", 2 ,x,%x,7)=0,7 €0, T]
p(xPt,Z x,x,7) < 0,70, T]

Bethany Nicholson, John D. ola, Jean-Paul Watson, Victor M. Zavala, and Lorenz T. Biegler. “pyomo.dae: a modeling and automatic

framework for opti n with differe and algebraic equations | Programming Computation 10(2) (2018): 187-223.



Optimization with Differential and Algebraic Equations

. @prf prf’ I xprf V4
xedﬂng} (x™,2) | === ""
S.t. P (z, xP) =0
/\prf(z7xprf) < 0

f (Hz)

F(x", 2 ,x,%x,7)=0,7 €0, T]
p(x", 2, x,x,7) <0,7€[0,T]

t(s)

Bethany Nicholson, John D. ola, Jean-Paul Watson, Victor M. Zavala, and Lorenz T. Biegler. “pyomo.dae: a modeling and automatic

framework for opti n with differe and algebraic equations | Programming Computation 10(2) (2018): 187-223.



Optimization with Differential and Algebraic Equations
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Using Dynamic Optimization




Optimization with Differential and Algebraic Equations
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Optimization with Differential and Algebraic Equations

1Pz x[0] = xo

min Pyt ;
2€9,z€{0,1} (x™.2)

s.t. Pz, xPT) =0
/\prf(z,xprf) <0
Fa(x"" 2, x[kh]) =0, k=0...N i
pa(xP, 2’ x[kh]) <0,k =0...N | \/

DAE discretization:
® Trapezoidal, BDF, etc.

X[kh] /

A\

f (Hz)

® Non-linear algebraic equations < Tt (s)

Jean-Paul Watson, Victor M. Zavala, and Lorenz T. Biegler. “pyomo.dae: a modeling and automatic

Bethany Nicholson, John D.
discretization framework for o ferential and algebraic equations.” Mathematical Programming Computation 10(2) (2018): 187-223.



Optimization with Differential and Algebraic Equations

Comments:

¢ Available tools: Pyomo.DAE, ACADO,
APMonitor, etc.

® Require continuous DAE systems.
Power system dynamics are
characterized by hybrid DAEs (limits,
discrete controllers, etc.).

® Each simulation time-step introduces a
new set of coupling variables x[kh]!

® How does it scale? Is it feasible for
normal power system applications?

Bethany Nicholson, John D. Jean-Paul Watson, Victor M. Zavala, and Lorenz T. Biegler. “pyomo.dae: a modeling and automatic

discretization framework for o ferential and algebraic equations.” Mathematical Programming Computation 10(2) (2018): 187-223.



Optimization with Differential and Algebraic Equations

Comments: 3-bus example:

¢ Available tools: Pyomo.DAE, ACADO, ® Initial UC-ACOPF problem: 15
APMonitor, etc. variables (12 continuous and 3 binary)

® Require continuous DAE systems. ® DAEs: 134 states
Power system dynamics are ¢ Discretized equation variables
characterized by hybrid DAEs (limits, (T =15 s with h=10 ms):
discrete controllers, etc.).

® Each simulation time-step introduces a 134. % =201000

new set of coupling variables x[kh]!

R . . . y
® How does it scale? Is it feasible for SonsidSinepieentinesnsie] s

normal power system applications? ~ 600000

® QOverall problem size: ~ 600015

Bethany Nicholson, John D. Siirola, Jean-Paul Watson, Victor M. Zavala, and Lorenz T. Biegler. “pyomo.dae: a modeling and automatic

discretization framework for optimization with differential and algebraic equations.” Mathematical Programming Computation 10(2) (2018): 187-223.



Using Dynamic Simulation
Software




AC-OPF with dynamic security constraints thro dynamic simulations

min ©PT (P 2)
2Preq

st. dPT(z 4P =0
NP(z, 2P™) <0
F(xPt 2/ x,x,7)=0,7 €0, T]
p()(p‘f,z',xp'(gc) <0,7€[0,T]

A. Nakiganda, P. Aristidou, "Resilient Microgrid Scheduling with Secure Frequency and Voltage Transient Response", IEEE Transactions on

Power Systems, 2022.



AC-OPF with dynamic security constraints thro dynamic simulations

Methodology:

n‘]‘_in Pt (yPt 7) ® Move sub-problem into a dynamic simulator
xPeQ

st oPi(z, xPT) =0
/\prf(z;%prf) <0

® Extract sensitivities to critical voltage and
frequency values using multiple simulations

® Formulate linear feasibility cuts for the

F(x™,2',x,x,7)=0,7€[0,T] optimization problem

p(x™,2',x,x,7) <0,7€[0,T] ) ® |terate between optimization and dynamic
' simulation until the solution is feasible and
E dynamically secure
'
v

Move to external simulator

A. Nakiganda, P. Aristidou, "Resilient Microgrid Scheduling with Secure Frequency and Voltage Transient Response", IEEE Transactions on

Power Systems, 2022.



AC-OPF with dynamic security constraints through dynamic simulations

Initialize: £ =1

Step 1: Solve AC-OPF (no dy-
namic constraints)

pr )
min ©PT (Pt 2) :
xPfeQ
st OPT(z, P =

/\prf(z7 xprf) <

Time-domain simula-
tion of contingencies

0
0

Extract sensitivities
from simulations
albael gla) vy

Dynamically
secure

idou, "Resilient Microgrid Scheduling with Secure Frequency and Voltage Transient Response", IEEE Transactions on

Power Systems



AC-OPF with dynamic security constraints through dynamic simulations

Initialize: £ =1

Step 2+3: Call dynamic simu- Step 1

lator for each contingency and ex-

I
Operational plannin, o |
i I g { P, z} !

tract sensitivities

F(%Prf72/7x;,'(’ 7)=0,7€]0, T] Step4 k+1l . Step2

p(x*, 7, x,%,7)<0,7€[0,T]

Time-domain simula-
tion of contingencies

Step 4: Formulate feasibility cuts Step3 |
(see next slide)

Extract sensitivities
from simulations
el st vg

Dynamically
secure

Accept Solution

A. Nakiganda, P. Aristi esilient Microgrid Scheduling with Secure Frequency and Voltage Transient Response", IEEE Transactions on

Power Systems, 2022



AC-OPF with dynamic security constraints through dynamic simulations

Initialize: £ =1

Step 1: Solve AC-OPF with feas- Step 1
ibility cuts

3 Operational planning {Xp“., o1 !
min OPT (%P, 2) | 1
S I o e H
xPreQ Step4 E+1 Step 2
rf rfy i [ bttt Matatutatuttutiiiy
s.t. q)p (Z, Xp ) - O | Formulate feasibility cuts ' Time-domain simula-

tion of contingencies

AP (z, %) < 0 — :

+ Feasibility cuts,

Dynamically
secure

from simulations
sl §panl vy

Accept Solution

A. Nakiganda, isti "Resilient Microgrid Scheduling with Secure Frequency and Voltage Transient Response", IEEE Transactions on

Power Systems, 202



AC-OPF with dynamic security constraints through dynamic simulations

Frequency feasibility cuts for cr = {min, max, ROCOF, gss}:

O 1) < O +5mcr 5 (Pe (k1) —Pgy) +6 wcr (Qe(k+1) = Qey), VY=1,...,k (3a)
o > o™, o <™, D<@y <0, o* <o), <% (3b)

Voltage feasibility cuts for cr = {min, max,qgss}:

p
Viey S Vy+ ) (8\/2“.7/' (Pg.(k+1) — Pg.y)

ge{s ¢} (43)
q
—’_6\/gcr .(qg,(kJrl)_qg,y))a V'}/:].,,k
VI?T; > me VI?E)I( < Vmax Vrec < Vrec < Vrec (4b)

A. Nakiganda, P. Aristidou, "Resilient Microgrid Scheduling with Secure Frequency and Voltage Transient Response", IEEE Transactions on

Power Systems, 2022.



Transient frequency and voltage security

2 2 pv2

s
w2
27 2

3 2
T
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® Pyomo + Gurobi for the optimization

® PyRAMSES for the dynamic simulation

® Daily operation costs (24-hours):

No transient

Only frequency

Frequency and Voltage

€19203

€22070

€38000

A. Nakiganda, P. Aristidou, "Resilient Microgrid Scheduling

wer Systems, 202
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AC-OPF with dynamic security constraints thro dynamic simulations

Benefits:

® Many free and commercial dynamic simulators
available (PyRAMSES, Dome, DigSilent
Powerfactory, PSS/e, etc.)

® Pre-existing models in most dynamic simulators
— reduces the modelling effort

® Much better computational performance than
the dynamic optimization solution —
{in parallel, very fast, specialized software}.

® Able to incorporate protections, discrete events,
wide-area controls, etc.

A. Nakiganda, P. Aristidou, "Resilient Microgrid Scheduling with Secure Frequency and Voltage Transient Response", IEEE Transactions on

Power Systems, 2022.



AC-OPF with dynamic security constraints through dynamic simulations

Benefits: Issues:
® Many free and commercial dynamic simulators ® Hard to provide proof for the
available (PyRAMSES, Dome, DigSilent convergence of the iterative
Powerfactory, PSS/e, etc.) algorithm (especially when discrete

® Pre-existing models in most dynamic simulators events/protections are considered)

— reduces the modelling effort ® Hard to extract sensitivities for

® Much better computational performance than dispatch variables (z)

the dynamic optimization solution — ® Might have conflicting feasibility
{in parallel, very fast, specialized software}. cuts for different dynamics (e.g.,
e Able to incorporate protections, discrete events, active power impacts both

wide-area controls, etc. frequency and voltage)

A. Nakiganda, P. Aristidou, "Resilient Microgrid Scheduling with Secure Frequency and Voltage Transient Response", IEEE Transactions on

Power Systems, 2022.



Using Simplified Models or
Approximations




Expansion planning with dynamic constraints thro simplified models

min (M 2)
xPfeQ,ze{0,1}

s.t. Pz, ¥ PT) =0
/\prf(z’%prf) < 0
F(x"", 2 ,x,%x,7)=0,7 €0, T]
p(xP", 2 x,%,7) <0,7 €0, T]

A. Nakiganda, P. Aristidou, "Resilient Microgrid Scheduling with Secure Frequency and Voltage Transient Response", IEEE Transactions on

Power Systems, 2022.



Expansion planning with dynamic constraints through simplified models

min (M 2)
xPfeQ,ze{0,1}

s.t. Pz, ¥ PT) =0
/\prf(z’%prf) < 0

/:(Xprr‘7z/7x,x, 7)=0,7€[0,T]
p(x"™, 2, x,x,7) <0,7€[0, T]

4
Replace with simplified model

v

Methodology:

e \We simplify the DAE IVP and replace it
with a simplified or approximate model that
can be handled in optimization problems

® \We decompose the resulting optimization
problem and use an iterative method to
solve (e.g., Bender's decomposition)

® |terate between the sub-problems until the
solution is secure

Solve with decomposition-based algorithm

A. Nakiganda, P. Aristidou, "Resilient Microgrid Scheduling with Secure Frequency and Voltage Transient Response", IEEE Transactions on

Power Systems, 2022.



Expansion planning with frequency dynamic constraints

Inertia & Damping

1 Af

O, sMs + Ds 3

Frequency response aggregate model:

Generator Dynamics

15* Generator
Ki(1+sATh)
Ri(1+ sTy)

Mth Generator

K1+ sKT;)
Ri(1+ sT;)

Turbine & Governor Control

15¢ Converter
Ka,
Ra, (1 + sTu,)

Nt Converter

sM,, + D,

14 sT,,

Converter Control (Droop & VSM)




Expansion planning with frequency dynamic constraints

Inertia & Damping

Frequency response aggregate model: AR T AF

S, 1 D, f

Generator Dynamics

SGs swing dynamics i K (1+ sFT;)
Ri(1+ sT;)

SGs turbine & governor response

_Af(s) T i ~;
G(s) = AP(s) : KQ+shT)| |
; Ri(1+sTy) 1

Ki(1+sF;T;) | ‘ |

= (sMs+D5) + e | ’ |

( s 5) ,';ﬁ R’(l o ST,) 3 Mth Generator i

Turbine & Governor Control

-1 | Turbine & Governor Control | L
Z Ky 4 Z sM, + D, I -
i 1t Converter \
g Ria(1+sTq) & 1+sT, 3 Kn | 3
! Ra, (1+sTq,) ]
droop-based CIGs VSM-based ClGs 1

i
] N*h Converter
i

sM,, + D,
14 sT,, 1

Converter Control (Droop & VSM)




Expansion planning with frequency dynamic constraints

Critical parameters of frequency response aggregate model for a step-wise disturbance:

e = H(8) = S, (52)

Mo=—pr, (5b)

AfE™ = —AP- DiRs (1+ LRM o) C“’“m) (5¢)
h(D,Rs,Fs,M)

(s 230 0) 2 () 22 ) 2 )

A. Nakiganda, S. Dehghan, U. Markovic, G. Hug, P. Aristidou, "A Stochastic-Robust Approach for Resilient Microgrid Investment Planning Under

Static and Transient Islanding Security Constraints", IEEE Transactions on Smart Grid, 2022.



Expansion planning with frequency dynamic constraints

Initialize: kK =1

Investment + operational
planning
(master problem)

PE, My, Dy, R, i
Formulation of 1 1

feasibility cuts

Transient feasibility Linearisation at the
k=k+1 (sub-problems) hye operating point

Oh, Oh,

ApE. A, 9D R,

) = Oh,. Oh,

Oy, Tp, Apg OF, > OM
L, Or

Yes
No

ug, P. Aristidou, "A Stochastic-Robust Approach for Resilient Microgrid Investment Plannin,

Dehghan, U. Markovic
nt Islanding Security Consti IEEE Transactions on Smart Gri




Expansion planning with frequency dynamic constraints

Sub-problem at iteration k:

min | Ap] (62)
Ap}
s, { < PEHAPE) e (6b)
L —_— b% —_ 9
PK_aSC
g A £ o
ars < PeHAPY s (6¢)

S

Bhwe T Dhes
PR

e (0-8) on (R—Fe)

g £
AF™ < (pie+Apx) - | bt oD  pbue + JdRs  PRxe (64)
o (Fo—Fox) ane (M=M0)\ .
GO A ) Ol <BF (e
JF, P oM p



Expansion planning with frequency dynamic constraints

Feasibility cuts:

Apy +A'V(P%_l —py)+ 0y (M1 — My) + (D1 — Dy)
+#V(RS,K+1 - Rs‘v) + GV(FS,K+1 - Fs,v) S 0,

where dual variables

A — generator power
® o, — aggregated inertia
® 7, — damping

® u,.— droop

® o, — turbine power fraction



Expansion planning with frequency dynamic constraints

Only Static | Static & Dynamic

]
ﬁ

Costs and decisions

| Total cost ($) 223390 242740
20 Investment cost ($) 61000 131000

Investment decisions PV3 PVi, PV3
Operational cost ($) 162390 111740
Demand disconnection penalty 14536 5337

Computational performance

® Pyomo + Gurobi for the optimization Numberfofjiterations - 2
Computation time (s) 612 3386
Investment candidates: b ST
M (s) 7.84 17.64
| SGi | G2 | Vi | PV2 | PVs D (p.u) 050 113
Annualized investment cost ($) - 40000 | 70000 | 65000 | 60000
Capacity (KWW) 280 | 350 | 350 | 350 | 3%0
M(s) 14 | 14 14 . -
D(p.u.) 0.9 0.9 0.9 - -
K (p-u.) 1 1 1 1 -
R(p-u.) 0.03 | 0.03 . 0.05 s
F(pu.) 035| 035 | - . -

Tractable Decomposition Algorithms", under review.



Expansion planning with dynamic constraints thro simplified models

Benefits:

® Easier to provide proof for the convergence of
the iterative algorithm (decomposition-based
algorithms are well-studied)

® Able to handle discrete decision variables (z)
through the dual variables of inertia, damping,
etc.

® Faster convergence (compared to dynamic
simulation-based).

® Better computational performance than the
dynamic optimization solution.

A. Nakiganda, S. Dehghan, P. Aristidou, "Inertia-Aware Microgrid Investment Planning Using Tractable Decomposition Algorithms", under review.



Expansion planning with dynamic constraints thro simplified models

Benefits: Issues:
® Easier to provide proof for the convergence of ® Only focuses on one type of
the iterative algorithm (decomposition-based dynamics (unlike the dynamic
algorithms are well-studied) simulation-based). Difficult to

e Able to handle discrete decision variables (z) build simplified models focusing

through the dual variables of inertia, damping, on multiple dynamics.

etc. ® Not able to incorporate

® Faster convergence (compared to dynamic protections, discrete events,

simulation-based). wide-area controls, etc.

® Better computational performance than the ® Still complicated to implement

dynamic optimization solution. and computationally intensive.

A. Nakiganda, S. Dehghan, P. Aristidou, "Inertia-Aware Microgrid Investment Planning Using Tractable Decomposition Algorithms", under review.



ACOPF with dynamic constraints through piece-wise linear constraints

min (M 2)
xPfeQ,ze{0,1}

s.t. Pz, ¥ PT) =0
/\prf(z’%prf) < 0
F(x"", 2 ,x,%x,7)=0,7 €0, T]
p(xP", 2 x,%,7) <0,7 €0, T]

M. Paturet, U. Markovic, S. Delikaraoglou, E. Vrettos, Petros Aristidou, G. Hug, "Stochastic Unit Commitment in Low-Inertia Grids", IEEE

Transactions on Power Systems, 2020.



ACOPF with dynamic constraints through piece-wise linear constraints

Methodology:
. ® We use the full or simplified model to
min Pt (xPT 2) . o P .
xPeQ,ze{0,1} extract piece-wise linear constraints to be
st cbprf(z xprf) —0 embedded in the optimization problem
.t ,
/\prf(z %prf) <0 ® Incorporate in the optimization problem
b) —

F(Xprf7z/7x7)-(’,r) —0,7e0,T] ® Solve once the optimization problem

p(x"™, 2, x,x,7) <0,7€[0, T]

1
[ ]
]
v
Replace with piece-wise linear constraints computed offline

M. Paturet, U. Markovic, S. Delikaraoglou, E. Vrettos, Petros Aristidou, G. Hug, "Stochastic Unit Commitment in Low-Inertia Grids", IEEE

Transactions on Power Systems, 2020.



ACOPF with dynamic constraints through piece-wise linear constraints

Compute PWL constraints for Nadir: I
CIPWL #1

WL (s (o b e )

A fax [Hz]

2
- Afmax (Rén)v Fén)v M(U))) )

O \U = {aV7bVaCV7dV7vv}

® 11 denoting the evaluation point

PWL of the nadir constraint for M = 9.

ey referring to the number of PWL Linearization ‘ Computational time [s]
segments PWL (n =3,v=4) 70
PWL (n =4,v=4) 7200

M. Paturet, U. Markovic, S. Delikaraoglou, E. Vrettos, Petros Aristidou, G. Hug, "Stochastic Unit Commitment in Low-Inertia Grids", IEEE

Transactions on Power Systems, 2020.



ACOPF with dynamic constraints through piece-wise linear constraints

’ w/o FC —— w/ FC ‘
579 : ; : ‘
e |EEE RTS-96 power system consisting of =
= 8
areas 142 e
® 20 generators and 16 wind farms g 4
g s
®
> 4 I L L I I
Type || Hils] | Kilpu] | Filpu] | Ri[pu] | Djfp-ul] “ o 20 40 60 80 100 120
Nuclear | 4.5 0.98 0.25 0.04 0.6 Time [h]
CCGT 7.0 1.1 0.15 0.01 0.6
OCGT 55 0.95 0.35 0.03 0.6
VSM 6.0 1.0 - - 0.6
Droop s 1.0 > 0.05 - Hour | 65|66 |67 |68|69|70|71|72]73

WoFC| 6 |5 | 4|44 4a|a]4a]|a
w/FC || 6 | 5 |10|10|10| 10| 10| 10|10

M. Paturet, U. Markovic, S. Delikaraoglou, E. Vrettos, Petros Aristidou, G. Hug, "Stochastic Unit Commitment in Low-Inertia Grids", IEEE

Transactions on Power Systems, 2020.



Concluding Remarks and Open
Work




Concluding remarks

® The transition towards low-inertia grids pushes grids to operate closer to their dynamic
stability boundaries — with more erratic, faster, and uncertain dynamic performance.

® Optimizing their operation without considering the dynamic stability will inadvertently
lead to unstable and dangerous situations

® Some first steps have been made, but many issues need to be addressed:

— Incorporating multiple stability and protection constraints in the same optimization problem
(frequency, voltage, oscillations, fault levels, SCR, etc.)

Bringing the solution algorithms and implementations closer to industrial grade
— Convergence and optimality proofs for solutions (improve the maths behind the techniques)

Bring ML methods in the picture?
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Example: DAE models and controls

Inverter-based generator
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Example: DAE models and controls

Synchronous generator

AVR o ed
| |yl :
: v 1 v 1 + | vf Inten}dl
[l 14T Kavr ‘ Machine
i SRl T+ I Dynamics
| norm transducer exciter saturation
PSS Ryt 7
D e - dq d
‘ : Ln
1 sTy, V2 1+ sTy U3 1+ sT5 | 1 vs i §
— K diq _ qajd
| R 1+ sT,, 1+ 5Ty 1+, | ! Yaid — Yiis
1 gain washout phase compensation ) 7 electrical torque
L1 | Apm 1 Py | Kp(l+sET,) | Pm Ape 1 | Aw,
1 R, -¥. 1+ 5T, 1+ 5T, + sMy+ Dy |
\ droop governor turbine swing dynamics}
p* Frequency Control




Frequency aggregate model parameters

D, = . Re= (8a)
icQs Pbs icQs bs icQs Pbs
KiF: P; P P
Fs = —— ’ Mc = Z My - ; De= Z D, - ’ (Sb)
icas Ri Ph veqt Pbe veqt Pbe
MsP M_:P, DsP [D)lP R.P
Z Rd M= sts+Pc bc’ D— s bs+P c 1/7;“1‘ c bc. (8C)
deq§ Ph. bg T Fbe bs + Fb,

P; and P, denote the active power capacity of the SG and CIG, respectively, scaled over their respective sums of
active power capacity of all connected SGs and CIGs, Py, and P, . The energy reserve capability for inertia and
primary frequency response of CIG units is defined as a function of the DC-side capacitor storage unit connected
to the generator. The contribution of each CIG to the M and D for frequency control was based on the capacity

of the DC-side capacitor of the associated unit.



Frequency aggregate model analysis

By assuming a stepwise disturbance in the active power AP.(s) = —AP/s, where AP is the
net power change, the time-domain expression for frequency deviation (@(t) = Af(t)) can be
derived as follows:

AP 1 1 1
w(t):_M< + efgwnt (Sinwdt_w tsma)wf—HP)) (9)

Tw? oy

where 0y = w,\/1— {2 and ¢ =sin~! (\/1 - §2)

The RoCoF can be obtained by solving @(t), where the maximum RoCoF occurs at t, =07,
i.e., Omax = @(t,), derived as indicated in (5a). The frequency nadir described in (5¢) occurs
at the time instance t,, when @(t;,) =0, whereas the quasi-steady-state frequency given in
(5b) is derived from (9) for t — co.
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Background: All-Island Power System Overview

Peak Demand: 7.0 GW
Installed Wind: 5.88 GW
Peak Wind: 4.58 GW

Wind/Solar Connections

B Transmission Distribution

60%

e Jurisdictional Transmission Control
* All-Island Scheduling and Dispatch

Source: https://www.eirgridgroup.com/how-the-

grid-works/renewables/

EirGrid) SONI

v

See Belfast Area

e g Moyle
= +/- 500 MW

: 2\ HVDC (LCC)

NS e to Great Brittan
e—— EWIC
. | +/- 500 MW

SR HVDC (VSC)

& . to Great Brittan


https://www.eirgridgroup.com/how-the-grid-works/renewables/
https://www.eirgridgroup.com/how-the-grid-works/renewables/

Background: Installed Wind Capacity and Renewable Electricity as % of

Demand

Evolution of Wind Capacity in the All-Island Power System
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8,000
7,000
6,000
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’ 7N
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Year
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Source: Hurtado, M., Kerci, T., Tweed, S., Kennedy, E., Kamaluddin, N., & Milano, F. (2023).
Analysis of Wind Energy Curtailment in the Ireland and Northern Ireland Power Systems. arXiv
preprint arXiv:2302.07143.

EirGrid) SONI
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Renewable Electricity as % of Demand
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Source: https://www.eirgridgroup.com/how-the-grid-works/renewables/



https://arxiv.org/pdf/2302.07143.pdf
https://www.eirgridgroup.com/how-the-grid-works/renewables/

Background: Maintaining Dynamic Stability in the All-Island Power System

Milestones to 2030 — Dynamic Stability

North South
Key
Interconnector Potential Further

Changes Greenlink HVDC Celtic HVDC Offshore Wind Interconnection 4

Policy 23H2 24H1 24H2 25H1 26H1 26H2 28H1 28H2 29H2 2030

~20GWs | ~20 GWs ~20 GWs
Inerti ZO(EI\INS zo(fjl\le Regional (Regional | (Regional (Regional
nertia e e Inertia or All or All or All
Island) Island) Island)
New Updated | Endurin
P 4
System EirGrid EirGrid | System
Strength & SONI & SONI Strength
Policy Policy Policy
Constraint | Constraint
SNSP ~80% Removed ~95%

8 7 7 Constraint | Constraint ~3
MUON (5inlE, (ANl (All Relaxed | Removed (All (Al
3inNI) Island) Island) ~6 ~6 Island) Island) Island)

Information Analysis System - - Trial Review Ongoing
Key gathering e Policy Update monitoring

EI rG r d SDNI Source: EirGrid & SONI Operational Policy Roadmap 2023-2030 6



https://www.eirgridgroup.com/site-files/library/EirGrid/Operational-Policy-Roadmap-2023-to-2030.pdf

Dynamic Model Validation: Overview

Look-ahead ity A t Tool (LSAT
24/7 Online analysis in Belfast and Dublin ook-ahead >ecurity Assessment Tool (LSAT)
Control Rooms: e =

Client Server UserManua|| Freq. Summ. | VSAT Viewer | TSATVlewerl PowerﬁowRegulaﬁonl RT Details ”ml LADetziIsI LA History | Plots |
. Real-Time cases every 5 minutes. "“M[i e ool o
» Look-ahead cases run every hour for 8 future — e |me e e e
timepoints E—— |
VSAT Study | =
« Fully integrated in EMS e
- Mmque— k-Ahead Input Data Files:
 Online VSAT & TSAT e ol Yori T miEE
Status Conpleted Transfer Analysis Results For:  27/10/2022 23:56:28 -RT '
« Real-Time and Look-Ahead system security e | ==
. - Base: | 4.9 umt:| sas |15 Limitng Reason: [FLAZSRAINFOR
assessments . Bepsed | 00:02:11 [Teas [ colepse [ Dispatch | Overoad | Voltage ks pe .
- Steady state voltage security e Tt e[ [ | eraremeGT———
[esra  [EN[ Colose [ Depoter | overoad | volwe | s m
 Steady state transfer limits P —
. oy e Base: 1567.5 Limit: | 2017.5 E De_tailsl Limiting Reason =
° Dynam‘lc Stab'll'lty [ 20175 ‘g[ Colapse | Dipatch | Voltage | SPS s PR e
1 1 1 7Lq:s::|u. by 4(‘:'i]"Z‘IZ\'.VS Limit: 4422.6 = Details Limiting Reason
» Offline study mode functionality il A
/J

EirGrid) SoONI/ ,



Dynamic Model Validation: Overview

* Why?
« Dynamic models used in critical decision support tools such as Look-ahead Security
Assessment Tool (LSAT)

« Regular validation need to be performed to assess the “health” of the models and
the adequacy of tool outcomes

« EirGrid & SONI perform regular dynamic model validation to identify and track
model behavior

Offline Pre- Production Model

production

(test) server (live) server Validation

testing

EirGrid) SONI/ ’



Dynamic Model Validation: Overview

« Event selection: Generator trips and system fault
« PMU data gathering and screening
Data .
ety * LSAT cases gathering

« Data preparation scripts + manual adjustments
« Matching Power Flow data, Monitor and contingency data
SECREEl) « Dynamic models

« Dynamic Simulation
 Playback Simulation

e Quantitative
e Qualitative

N /A S N

EirGrid) SONI



Dynamic Model Validation: Overview

Customer requirements to submit WECC models:

« Submission of WECC model with site specific parameters at least 3 months before
energisation

» Grid Code compliance tests

« Submission of validation report for WECC model parameters no later than 6 weeks after
grid code testing

EirGrid

Submission of Submission of

WECC Model Energisation Grid Code Validation Report for

Parameters of the Facility Compliance Tests WECC Model Parameters
O | 2 @ O
at least

t=0 no later than 6 weeks after

t—3 months completion of Grid Code testing

On-site tests with

the witness of EirGrid Customers submit to EirGnd

Customers submit to EirGrid

s D N | Source: https://www.eirgridgroup.com/site-files/library/EirGrid/Requirements-for-
WECC-Model-Submission-v1.0.pdf

10


https://www.eirgridgroup.com/site-files/library/EirGrid/Requirements-for-WECC-Model-Submission-v1.0.pdf
https://www.eirgridgroup.com/site-files/library/EirGrid/Requirements-for-WECC-Model-Submission-v1.0.pdf

Dynamic Model Validation: Timescales of Interest

EirGrid

Garecator azive power (NW)

Inertial
Respose

Governor Response

Steady State

|

e

sora)

11



Dynamic Model Validation: Importance of Accurate Models
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Dynamic Model Validation: Examples of System Wide Model
Validation Event

Event 2 Event 3

26.00 7 T T 14.45 24.60 U T
= 2160 10.45L 20.28|
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Dynamic Model Validation: Examples of System Wide Model
Validation
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Dynamic Model Validation: Examples of System Wide Model
Validation

Example of impact of tuning (frequency droop) on BESS unit response

70

wu
o

Active Power (MW)
w
o

[y
o

-10

0 5 10 15 20 25 30
Time (sec)

=——Playback Simulation =——Measurement

EirGrid SONI



Dynamic Model Validation: Examples of System Wide Model
Validation

Example of impact of tuning on BESS unit response

w
o
1

N
o
1

P_POI (MW)

[
(=]
1

o
1

EirGrid SONI
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Dynamic Response of
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Dynamic Response of Large Energy Users (LEUs)

» Large Energy Users (LEU): TN
* 1.6 GW connected or contracted Data Centres (DC) EIRGRID = :
(currently 520 MW connected) S =
- A significant proportion of this extra load is contracted saiary gm0 4

400KV Lines

to materialize in the Dublin region

» Favorable climate and renewable electricity in Ireland - o o SN
——— 110KV Lines - ~
« Can account for 30% of peak demand by 2030 e 220w abes N RS
------= 110KV Cables / —
 DC Load Characteristics: o s il
([ ] 275KkV Stations ) [ - = .
e Critical IT load : 2204V Stations : - . -
110KV Stations ] T ) < =
» Electrical design based on redundancy, including UPS e ) e P
and on-site generation Bt G v ) L
Thermal Genera tion e, (3=
* Protection schemes can switch the source of power Y Puwged Storsgs Genern P -

. e . [ | Wind Genera tion [ 2 u & o
from the electricity grid to the backup generators = =
without interruption = /.

 Sensitive protection settings: Under/Over Voltage, W R T =
Under/Over Frequency, RoCoF R S
Cork

EirGrid) SONI

ok
s

Belfast
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Dynamic Response of Large Energy Users (LEUs)

EirGrid

How to explore the potential of converter based demand?

Demand Unit Case: Data Centers /- Large increase in demand capacity is \

expected in the next years

the grid

control

&

» Voltage Source Converter interfaced to

» Big potential to provide LFSM, FSM,
reactive power capability and voltage

/

/Future research topic:

+ Demonstrate highest TRL level of Data Center Demand Facility that comply with CNC requirements (Q

and U control, FSM, LFSM-U/0O, FRT and grid forming)

+ Develop effective simulation models for Transmission connected Data center facilities (RMT, EMT and

\_ frequency domain)

\

J

entso@

SDN!/ Source: ENTSO-E, Stability Management in Power Electronics Dominated Systems

19


https://eepublicdownloads.blob.core.windows.net/public-cdn-container/clean-documents/Presentations/221123_ENTSO-E%20Webinar%20Stability%20Management.pdf

Dynamic Response of Large Energy Users (LEUs)

Oscillation Mode (Hz) Oscillation Mode (Hz)

L 1 L 1 L 1 L .
28/1172022 08:48:33 28/1172022 08:58:33

L 1
2811112022 08:48:02

28/11/2022 08:48:33

10-Nov-2022 17:50:00 - 10-Nov-2022 18:00:00

§ 50.08 et [ Sy Frea]
5 50.06 -t ==L AR ANV DAY VYIS VY
= : ' ' ] : : : : )
¢ 50.04 fv=7V- Yy LT 7T HE HE HE— R R T
@ : : : : : : : : :
00 00 00 Q0
4190 \’—, SV 53 ﬂ Bl \:l 55 \’1 50 \’—, 51875807559 \’3 00~

Time [Hour:Minute:Second]

EirGrid SONI 00

.00 i
Sk ‘)X 'ﬂ 57— .&1 53 X1 Sk 11 ‘55 ‘ﬂ 50 11 BoLh Nk 5O Y :59',&3',0

Time [Hour:Minute:Second]

1

2811172022 08:58:02
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Dynamic Response of Large Energy Users
(LEUs): Case Studies on Behaviour

1.07/01/2022 System Fault

« Lightening strike on a 220kV Circuit Killonan - Kilpaddoge in Co. Limerick

« Phase-Phase (ST) fault caused the voltage drop to 0.41 p.u. at Kilpaddodge
110kV in North Kerry

2. 13/12/2022 System Fault

At 16:57 hours on Tuesday 13 December 2022, the Kellystown - Woodland '
220 kV line tripped, reclosed and tripped for a single phase to ground fault§ /
(RE)

* The fault clearance times were approximately 80 ms and 98 ms — —

 Failure of polymeric insulator was the cause

7T\
|

EirGrid) SONI. )



EirGrid

Voltage Induced Frequency Rise - Step Through

Severe System Fault

SONI

V [V]

P [MW]

P [MW]

Node Voltage

Generation

UPS Load
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Voltage Induced Frequency Rise - Step Through

Node Voltage

Severe System Fault
>,
>
Voltage Dip
Generation
2
=
[a
UPS Load
3
SN =
EirGrid SONI




Voltage Induced Frequency Rise - Step Through

Node Voltage
Severe System Fault
>,
Voltage Dip >
G - Reduction temporarily
UPS Load - Reduction permeant ,
Generation
2
[a
UPS Load
z
=
EirGrid) soONI/ :
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Voltage Induced Frequency Rise - Step Through

Node Voltage
Severe System Fault
>,
Voltage Dip >
G - Reduction temporarily
UPS Load - Reduction permeant ,
Generation
Fault Cleared
z
=,
[a
UPS Load
z
=,
EirGrid SONI N
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Voltage Induced Frequency Rise - Step Through

Node Voltage
Severe System Fault
: >,
Voltage Dip >
G - Reduction temporarily
UPS Load - Reduction permeant ,
Generation
Fault Cleared
z
=
[a |
Temporary Energy Imbalance
UPS Load
z
=
EirGrid SONI -
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07/01/2022 System Fault

Lightening strike on a 220kV Circuit
Killonan - Kilpaddoge in Co. Limerick

—

EirGrid 5 Y,

27




Phase to Phase Fault at Killonan - Kilpaddoge 220kV

« 07/01/2022: Lighting strike
on a 220kV circuit in County
Limerick

Phase to Phase Fault (ST)
 Fault cleared after 61ms

e Cause of fault was
lightening

* V [p.u.] reached minimum
voltage at Kilpaddoge
110kV T131

LT AN

EirGrid) SONI

Voltage Magnitude [p.u]
I o o S ° o = =
H w (o)} ~ (o] (e} (] [

o
oW
o

Min Location:
Kilp 31

'

02 0.4
Time [s]

~ NORTHERN

|‘rzs_|.fA&ci: V_,';,'a,ug 1
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Load dropped from Data Centres for Killonan- Kilpaddoge 220 kV Fault

LEUs Load (MW)
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Load dropped from Data Centres for Killonan- Kilpaddoge 220 kV Fault

Wind/Demand
LSAT predictions vs recorded events for the Killonan-Kilpadogge trip:

LEUs load 363.79 MW 74 MW 289.79 MW
tripped
Wind tripped 365.56 MW 200 MW 165.56 MW

System Frequency

50.1

50.05 M

49.9

49.85 k AJW—
49.8 PN N

49.75

%3]
(=]

)

=y
3)
o)
o

Frequency (Hz

49.7

EirGrid SEINI 49.65 30

Time



13/12/2022 System Fault

* At 16:57 hours on Tuesday 13 December 2022,
the Kellystown - Woodland 220 kV line
tripped, reclosed and tripped for a single phase /
to ground fault (RE) '

» The fault clearance times were approximately
80 ms and 98 ms

* Failure of Polymeric insulator

EirGrid
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Voltage Magnitude Response - [p.u.] (ALL PMU’s)

EirGrid

1.2

=
o
1

o
©
1

o
o

Voltage Magnitude [p.u]

o
N
1
—

-
0.2 T T T T T T T
0.00 0.25 0.50 0.75 1.00 1.25 1.50 175 2.00
Time [s]
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Voltage Magnitude Response - [p.u.] (Dublin PMU’s)

Voltage Magnitude

0.75 1.00 125 150 1.75
Time [s]

0.50

0.25

1.2

EMS - Dublin

2.00
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Load dropped from Data Centres for Kellystown-Woodland
Fault 13/12/2022

Load Dropped By Each Site
0
B =50 -204.08 MW
: /
5 -100 /
) ~150
~200 -
0 10 20 30 40 50 60
Time [s]

EirGrid) SONI
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Impact on System Frequency
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Grid Code and Network Code on Demand Connection requirements

Grid Code European Network Code on Demand Connection
o]
CC.7.4.2 Demand Facilities, Closed Distribution Systems and Distribution Systems shall:
cC.7.4.21 Remain synchronised to the Transmission System and operate within the frequency 47 5 Hz-48.5 Hz 90 minutes
ranges and time periods specified in Table CC.7.4.2.1.
48,5 Hz-49,0 Hz To be specified
Table CC.7.4.2.1: Minimum Time Periods for Demand Facilities, Closed Distribution Ireland and North-
Systems and Distribution Systems to Remain Operational without Disconnecting ern Ireland
49,0 Hz-51,0 Hz Unlimited

Frequency Range Time Period

47-47.5Hz 20 seconds ]

751851 90 mrinmtes 51,0 Hz-51,5 Hz 90 minutes

48.5-49Hz 90 minutes

49-51Hz Unlimited

51-515Hz 90 minutes

51.5-52Hz 60 minutes . ,

! Article 21
Article 18
CC.7.4.2.2 Remain synchronised to the Transmission System and operate within the ranges of
the Transmission System Voltage at the connection point, for an unlimited time Information cxc]lange Sillllllation IIIOdC]S

period, as specified below:

(i) 400 kV system: 360 kV to 420 kV (0.9 p.u. —1.05 p.u.) Artide 12

(ii) 220 kV system: 198 kV to 245 kV (0.9 p.u.—1.114 p.u.)

General frequency requirements
(iii) 110 kV system: 99 kV to 123 kV (0.9 p.u.—1.118 p.u.)

1. Transmission-connected demand facilities, transmission-connected distribution facilities and distribution systems
shall be capable of remaining connected to the network and operating at the frequency ranges and time periods
specified in Annex [

EirGrid SONI 36



EirGrid and SONI’s Proposed Phased Approach

Proposed Approach:

Phase 1 (Short-Term) Phase 2 (Long-Term)

 Collect LEUs updated protection ¢ Update the Transmission/Network Codes

settings (and potentially the Distribution Codes) to

 Request changes to the highlighted more comprehensively define standards

protection settings to align with Code including, among others, performance

requirements and avoid system issues requirements (i.e., fault ride through),
models and testing like generators

Fault Ride Through

U/Ux

90%

15%-

EirGrid SONI 0 '1.;0 625 3000 (ms)

Phase Voltage vs Time profile at HV Terminals of Grid-
Connected Transformer

37



Q&A

Email: Taulant.Kerci@Eirgrid.com
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P owe rT ec h LEADING INNOVATIONS FOR RESILIENT

& CARBON-NEUTRAL POWER SYSTEMS

Belgrade 2023 | 2529 JuNE, 2023, BELGRADE, SERBIA AhSO N M U I’CI d

Ahsan Murad received a B.Sc. degree in electrical engineering from IUT,
Bangladesh, in 2009 and a double M.Sc. degree in Smart Electrical
Networks and Systems from KU Leuven, Belgium, and KTH, Sweden, in
2015. He completed his Ph.D. with the Department of Electrical and
Electronic Engineering, University College Dublin, Ireland, in 2019. He is

currently working with DIgSILENT GmbH, Germany as an application
engineer.
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POWERFACTORY

Distributed generation modeling, simulation and system
studies using DIgSILENT PowerFactory

POWER SYSTEM SOLUTIONS
MADE IN GERMANY



Introduction

Modeling and Simulation

— Dynamic simulation concepts in PowerFactory

— Hybrid and clocked dynamic models using DSL and Modelica
— Interoperability of Modelica models using FMI standard

- Implementation and validation

System Study
— Unintentional electrical islands

Outlook and conclusions

Tutorial TTO8 PowerTech 2023 2



Introduction

An increased penetration of converter-interfaced distributed technologies

Significant impact on the overall dynamic response of the system

Interaction between the controllers of these converters and the rest of the system

Challenges on different levels, e.g., modeling, validation, simulation, model exchange etc

This presentation

— shows how PowerFactory can be used to address the challenges above

— discusses one system study conducted using PowerFactory to show the impact of distributed
technologies on island detection

Tutorial TTO8 PowerTech 2023 3
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Distributed generation modeling, simulation and system
studies using DIgSILENT PowerFactory

POWER SYSTEM SOLUTIONS

System Studies: Unintentional Electrical Islands

« IEEE 1547

Ldand nefwark, infendad. A planned /sand natwork

Island netwark, uoindenbanal: An Unplanned Jsiand Netwark
* DINVDEV 012611

In the case of uninfendional islanding, this process [istanding] takes plac
8 Volrage and frequancy of Me disconnecied sub-nalwork are nof i

operalor

* DIN VDE V 01262
v iland et ks nfer Ay ge
ASHND or fo mainfain suppy. The ganera and oads ) Of CUSIOMmer-
onned and uWilly-ownad facilies, bul there ) USPORE OF eXphicl agreemant batween the
controlvig utiNty and the oparadors af the customer-owned ganeraling slanon for (v sfuation.”

ally to restore

+ Unintentional islanding: senious chalenge due to the increasing number of converter interfaced

dvstnbuted genevation (DGs)

Tutorial TTO8 PowerTech 2023

Simulation and Time-Scales

Lightning transients

Switching surges Quasi-Dynamic

Simulation

Inverter-Based controls

\ Iranssent stability } l

Y Daily Joad following

[ RMS-EMT Simulation ] Long term dynamics

107 0 w 0 w 13 w! 1 mn 1w 10 " w

Thue (seconds)

Vot T3 Pruta T ik 2223

Conclusions

*  DIgSILENT PowerFaciory capabilitbes oo modeling sed simulstion to study dymamic performance i differest o
scales with coavener-imeriaced sechnologies

¢ Modeling: DSL and Modelca

atxon using FMI staedard

*  Modelica models are ntero

port using FMI standeed

¢ Maulacturer-sourced costrol moded i

*  Model validation challesges

+  System snady: vintentional Islaads will becoase more fraquens with the increasing number of distributed generation

Thank you for your attention

Ahsan Murad
lipalvat de




Simulation and Time-Scales

Lightning transients

Switching surges Quasi-Dynamic
Simulation
Inverter-Based controls
A
\ Transient stability } ’ \
Y Daily load following
[ RMS-EMT Simulation ] Long term dynamics
< — >
107 10 105 10 10-3 102 10! 1 10 10! 102 103 104

Time (seconds)

Tutorial TTO8 PowerTech 2023 )



RMS-EMT Dynamic Modeling

[ RMS-EMT Simulation }

Continuous/Hybrid Dynamic
Models DSL

Discrete/Clocked Dynamic

Models Modelica
4 .| >
107 10 105 10+ 103 102 101 1 10 101 102 103 104

Time (seconds)

Tutorial TTO8 PowerTech 2023 6



DSL and MODELICA

DSL: DIgSILENT Simulation Language
DSL:

- Developed and owned by DIgSILENT
—  Continuous System Simulation Language

— Mathematical description of (time-)

continuous linear and non-linear systems
— Causal modeling

—  Hybrid modeling

29.4. DSL: THE DIGSILENT SIMULATION LANGUAGE

29.4 DSL: The DIgSILENT Simulation Language

The DIgSILENT Simulation Language (DSL) is used to design and simulate dynamic models for repre-
senting various dynamic systems, including controllers of electrical equipment as well as other compo-

nents used in electric power systems.

Modelica: An open modeling language

Modelica language:

Object-oriented modeling language
Acausal and equation based

Supports multi-domain modeling
Synchronous/clocked language elements

Hybrid modeling

N J
Modelica
V4 Language

Modelica® - A Unified Object-Oriented Language
for Systems Modeling

Language Specification

Version 3.6

Tutorial TTO8 PowerTech 2023 7



DIgSILENT Library Dynamic Models

* Application

v []I! DIgSILENT Library A Name

v [l Dynamic Models
> [l DSL Macros » [0 Composite Model Frames

 Models v [l FACTS =
> [\ DigSILENT dsl  DER_A

> [l PSS/E compatible dsl  PVD1

> [l wecc dsl  REEC_A
v [l HvbC dsl  REEC_B

> B\ wecc dsl  REEC_C
v [I| Inverter Based Resources/Storage sl REEC_D

> [\ wecc sl REGC_A
> [l Wind Turbines IEC 61400-27-1 ¢l REGC B

—  Production Specification
(https://www.digsilent.de/en/)

- Network models
—  Dynamic controller models

- Application examples

[ PowerFactory Examples - X

| PowerFactory 2023

7 et LV Distribution Network
ribution Network

ARIOn R IETAOLR Example of a low-voltage distribution network. Please press the button to import the project.

>[Il Modelica

dsl REPC_A
Base Model .
MV Microgrid Introduction to the base model used in all LV distribution network example study cases. ) Motor Loads .

WT12T
WTI1P_B

Hydro Power Plant
Wind Farm
shore Wind Farm

LV Load Flow Calculation
Probabilistic load flow calculation considering coincidence of low-voltage loads representing households v E][“ Synchronous Generator Power Plants ds|
and charging points.

> [l coMEs

ms

anced Protection LV Load Flow Calculation Prognosis

Switching Transients Probabilistic load flow calculation with additional consideration of future charging infrastructure for dsl WTZE
Lightning Transients expansion planning. X
State Estimation : > Composite Model Frames

¥ Examples from Literature E e e aing dsl W-TGAR_A

Loads connected to a feeder are scaled according to measurements taken at the start of the feeder.

> [ DIgSILENT

Quasi-Dynamic Simulation dsl ‘A! "5
n E The quasi-dynamic simulation is used to analyse a time series (e.g. of a day, a week or a year) taking load lBFFR—A
RBT: 2
QDS with electric vehicles and batteries . dsl W-I'G pT—A
e The time-serie ms are considered. For this purpose the network > E][H PSS/E compahble
Resonance Studies pedel cont dsl WTGTRQ_A
CIGRE 604 HVDC-MMC Cable Reinforcement ? E][H Various
¥ Examples from Standards The cables in a feeder are verified against user-defined constraints and recommendations for the
IEC 6 Example 1 improvement of the cable types are suggested. . . dsl WTGT_A
IEC ample 2 o > E _AIC hive
IEC Example 3 Unbalanced Load Flow and Phase Balance Optimisation
e An unbalanced load flow is carried out in a feeder with explicitly modelled neutral conductor as well as 1- dsl  WTGWGO_A

IEC

phase and 3-phase unbalanced loads. The Phase Balance Optimisation tool is used to reduce the voltage

Tutorial TTO8 PowerTec
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Example |

u

Hybrid Model (DSL)

Additional equations

inc(y)=0

inc(x)=0

u = select(time() < ©.1,1 - uref,1.01 - uref)
y = kp*fu + x

x.= ki*u

Clocked Model (Modelica)

Algorithm after first tick

u
x := previous(x)+ki*interval()*previous(u);
y := kp*u+x;

:= 1if time < 0.1 then 1 - uref else 1.01 - uref;

v [l Global Macros
[l Characteristics
e\ Comparators
[l Constants
B0l osL Special Functions
fl! peadbands
[l pelays
[l' Derivatives
Bl Electric Power
Bl Fitters
bl Gains
E”]\ Higher Order Transfer Functions
Bl Integrators
Bl Lead-lag Blocks
Bl Limiters
el Logic Functions
[l Math Functions
[l Mechanical
Ell PID) Controllers
Bl Signals
B\ switches / Selectors
Bl Timers
[l Transformations

E]m Unit Conversion

=l Library
v N Connectors
P> Realinput
[ > RealOutput
P> Integerinput
IntegerOutput
P> Booleaninput
BooleanOutput
v [l Global Models
v [l pigital
B! Filters
Bl Integrators
Bl Math
fll Nonlinear
[l operators
Bl sources
[l switches
[l Transformations

Bl TypeCasting

Tutorial TTO8 PowerTech 2023 9




Example ll: PWM Converter

DC Capitr POS

DC Capitr NEG

|

Grauxing Switch

: Zg Converter Transformer Output Fitter L1 %‘g %
& - N\ - N\ b S
g @ T N T -.@ i N 3 g
Ed > \'
=om : %
= =
AC Load 500 kvar AC Load 1MW L 2
General Load Type General Load Type
o
Vabc Vab..
IntVeco..
labc labcjl Filters Controller jobTs
IntVecobj*
IntVeco..f— T Eimmdi* T ElmMdI* )
2
Vdc Vdc1
StaVme..
e Controllers
 DSL
e Modelica

Tutorial TTO8 PowerTech 2023




Controller: DSL

Fhase Locked Loop (FLL) block
based on average filtering

Computation of
d-q components

[] Block Reference - User Defined Models\DSL

Basic Options Display name
Description
Sequence
Type
Title

Upper Limitation

Lower Limitation

Variables
Parameters
State Variables

Internal Variables

Controls\Converter Control\Kp+Ki/s.BlkRef

Kp+Ki/s

v || = | ..erter Control\Used Macros\Kp+Ki/s

Pl controller, parallel variant, proportional and integral gains

Limiting Parameter

[12

12

|Kp_Vdc,Ki_Vdc

lx_vdcctl

|

Cancel

Update

voltage regulstor




Controller: Modelica

PU

PU

Vdo_Ref

aTa

k=VdcRef

Measurement
And
High Level
Control e Reference
Current Voltage
|
Control
add
1 S—— — I limiter
PI
I Control >I =
_1 uMax=VdcMax

Modelica in PF 2023

» Measurement

DC Voltage
Controller

Current

=
17| Ref
I

k=Kp

Gain2

k=Ki

sum

1

integrator
1

*

.. .

.-
—
Ki=1

limiter

i

uMax=Max
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Comparison

* Comparison of results between PowerFactory (EMT)

PowerFacto
Ty and Matlab-Simulink
P e AC/DC Three-Level PWM converter controllers are

implemented using Modelica and DSL graphical
modeling

L]

Converter T'Eansformer Output Fiter L1

£
\J

Load 1 Breaker
Load 2 Breaker

@
[ ]
T w
(]
v) s
[ ]
PWM Converter

AC Voltage S..
Lv

- o~
L2 2 3 2
(=] o
s s « DC vol : f: h
: ] £ ] voltage response: satisfactory matc
g 8
o N 505
AC Load 500 kvar AC Load 1MW &
General Load Type General Load Type
& m
495
vde
Simulink e "
= 490
A A a A a
‘—@%Jm & —3 ; & - 200 KV
c c Dig (=] c
600V 30 MVA I I B1 Te1 L Three-Level Bridge =N 485
< o <o
500 kvar SE % 1MW .
T =
480
PQ
vats P Q (kva)
vala (pu)
Mdo '- e DC Regulator
Vdc m 475
i ldref
3 laref
.
Measureme: nts & Crrl_Signais
Signals 470
AC/DC Three-Level PWM Converter
This example shows the operation of an AC-DC three-level 0,18 02 0,22 0,24 0,26 s 028
PWM Converter.
i — ll0delica = == DSL = == Simulink
Learn more about this example.

powergui

Tutorial TTO8 PowerTech 2023



Interoperability of Modelica Models

* Why interoperability?
* Challenges

* manufacturer models
« several interfaces (IEC 61400-27, FMI)

PID

calculatevdvg

=

Sequential Code Generation

¥

Simulate in PF 'fm i Functional

Mock-up
e - Interface

DCLimiter

if IntMethod == 1 then

x := previous(y)+k*Ts*@.5%previous(u);

y := if y > uMax then uMax else if y < uMin then uMin else x+k*Ts*@.5%u;

elseif IntMethod == 2 then

y := if y > uMax then uMax else if y < uMin then uMin else previous(y)+k*Ts*previous(u);
end if;

Portable model to
external tools, e.g. Matlab
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FMI - Overview

- The Functional Mock-up Interface (FMI) is a free standard that defines a container and an interface to exchange dynamic
models using a combination of XML files, binaries and C code, distributed as a ZIP file

- Advantages:
* Convenient way of producing, sharing and using simulation components
 Efficiently couples multi-disciplinary simulations
* One FMU: exchange between different tools 'fm

PI
Control
M

« Supports many features: event iteration, data types etc and well tested

—  Functional Mock-up Interface (FMI) — version 2 supported since PowerFactory 2022 l

https://fmi-standard.org/ /\
- FMI Supported Tools: v

https://fmi-standard.org/tools/

FMU(.fmu)
- Repository: Z1p
https://github.com/modelica/fmi-standard \‘/
- FMI interface Types: m 5. Functional ‘ Y ’
* Co-simulation I Moc k-up
° - I f o o
ASEE IS EhETIS e Binaries Sources modelDesc
The leading standard to exchange dynamic (.dlD) (.c) (.xml)
simulation models
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https://fmi-standard.org/
https://fmi-standard.org/
https://fmi-standard.org/tools/
https://github.com/modelica/fmi-standard

Interoperability of Modelica Models

Uref

(D

pulses

Ts_Power------|

Simulink E A e
Vabc
'}
A A a A a
2 »
l-@MHI‘e E 6 %g_ b P &>
c | cY D1g [ c
€00V 30 MVA B1 L Three-Level Bridge
PO ET ) L
500 kvar i % 1MW / Vdc
= = Ant'- . .
[Fabe 81 .v aliasing
Pa = Filters (7)
labe_B1
Vo] PO kva i s B e . Ts Cont
g e ample time: | s_Power | | s_Con rc.\
. Vde  m
g o ldraf \
- \q Igref 0 = Stop pulsing x
Measwements & Cil Signgle

Signals

Discrete
5e-06 s.

powergui

oK

Cancel
Check
Compile
FMU Export

Pack

J ——

vabc

Three-Level PWM Converter

hows the operation of an AC-DC three-level
PWM Converter.

Ts_Control

Sample time: |--------Ts_Power | |

tarn more about this example. » labe abc  Controller vabcref
Export as FMU e ve »
c ¥
PowerFactory V"/Mm/'
Filters (7)

-Dm——b uef  P—»( 1)

pulses

PWM Generator
(3-Level)

Ts_Power------|
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Interoperability of Modelica Models

O v Simulink Vabc PowerFactory
Vabe IntVecobj*
(Ia:bc )—P{/ — labc labc* + iabc  Controller vabcref -P| ; |—:Wl::3f P \—’(pu':ses) I t\l/abc b ElF""H:"‘ gate 'GBTS
Generator * h
@E;\gc Vdc* vdc (3-Level) ntvecob) m Intvecobjg
" Anti-aliasing Vd c
Filters (7) StaVmea*
Sample time: [---------Ts_Power | ] Ts_Control | | Ts_Power |
505
505
o WAV
500 Pflepnfad
s - PF mmm FMU Export Simulink
495 1 e Simulink
== == FMU Export PF 450
®) 490 r
)
> 235
) FMU From FMU From
480 | PF to Simulink - “ Simulink to PF
4751 475
470 f . . . . . . . . 4 470 L
0.16 0.18 0.2 0.22 0.24 0.26 0.28 0.3 0.32
0,18 0,18 0.2 0,22 0,24 0,26 0.28 02 0,22 s 0,24
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Model Validation

Interaction between continuous dynamic and events

Issues

current and other limiters
switching between different controls
anti-windup on integrators

deadband
deadtime
protection

reset

blocking

fault ride through

Measurement

fy=wp :w=wy,and =0,
If y < wpjn:w =Wy andz =0,

Otherwise : w =y =kpu +r and = = k;u .

L 4
-
©

u

A 4

ki |—s

A4

DC Voltage
Controller

Ref
Current

oo

=23

DC voltage regulator 102
[

non-convergence
trajectory deadlock
toggling/chattering
spurious oscillations

Implementation and validation need to be carefully done

Example: anti-windup on the PI controller
compare hybrid and clocked implementation

Tutorial TTO8 PowerTech 2023

dvdc

C OL N
S E—
vdc_Ref N/ ! Id Ref
-

c_ﬂ} 044
Kp+Ki/s
Hp_Vdc Ki_vdf
-1.2

add

PI
| Control

uManc VoM




rajectory Deadlock and Chattering

VvDC

" Integrator derivative with respect to its state

545
60
540
- e Hybrid: DSL
50 == Clocked: Modelica
530

e Hybrid: DSL

525 1 == = Clocked: Modelica a0

520 |

30
515
510

20
505

10
500
495

0,18 02 022 024 0,28 s 028 0

Drrors () Warnings (260) | | @ nformation 21) | | @Events (4) | | @ Others (0) Y Clear all flters

No convergence. Maximum numbe!
No convergence. Maximum number
number

outer-loop iterations dynamic model equatio
outer-loop iterations for dynamic model equatio
oute

dsl Converter Control' has been reached. -10
dsl Converter Control' has been reached.

No convergence. loop iterations for dynamic model equations dsl Converter Control' has been reached.

number dsl Converter Control' has been reached.

No convergence. outer-loop iterations for dynamic model equatio

No convergence numbe: dsl Converter Control' has been reached.

outer-loop iterations for dynamic model equatio
oute or dynamic model equatio
-loop iterations for dynamic model equatiol

No convergence numbe: loop iterations dsl Converter Control' has been reached.

dsl Converter Control' has been reached. -20
dsl Converter Control' has been reached.

No convergence. number oute

No convergence. number
No convergence
No convergence

outer-loop iterations for dynamic model equations

number of outer-loop iterations for dynamic model equations dsl Converter Control' has been reached.

number of outer-loop iterations for dynamic model equations dsl Converter Control' has been reached.

No convergence. number of outer-loop iterations for dynamic model equations dsl Converter Control' has been reached.

w1 Converter Control' has been reached. 0,35 04 0,45 05 0,55 06 0,65 07

dsl Converter Control' has been reached.

No convergence. number
No convergence.
No convergence.
No convergence.
No convergence.
No convergence.

outer-loop iterations for dynamic model equations
number

outer-loop iterations for dynamic model equations

number of outer-loop iterations for dynamic model equations dsl Converter Control' has been reached.

number of outer-loop iterations for dynamic model equations

number of oute

dsl Converter Control' has been reached.

loop iterations for dynamic model equations dsl Converter Control' has been reached.

*  PowerFactory accurately captures the trajectory deadlock and chattering

dsl Converter Control' has been reached.

number of outer-loop iterations for dynamic model equations
No convergence. number
No convergence.

No convergence.

outer-loop iterations for dynamic model equations
oute

number

loop iterations for dynamic model equations dsl Converter Control' has been reached.

*  Hybrid model: non-convergences and chattering

dsl Converter Control' has been reached.

number of outer-loop iterations for dynamic model equations
number of outer-loop iterations for dynamic model equations

outer-loop iterations for dynamic model equations
f outer-loop iterations for dynamic model equations
Simulation successfully executed.

No convergence.

No convergence. Maximum number dsl Converter Control® been reached.

*  Clocked model: only shows chattering

No convergence. Maximum number
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Trajectory Deadlock and Chattering

* Hybrid model implementation considering the sliding mode
* No deadlock (no non-convergence issues) and chattering
* Clocked model: possible to remove chattering

Integrator derivative with respect to its state

w

&0
50
s Hybrid: DSL
« e Hybrid: DSL (updated)
20
2
10

0 S

03 as 041 Q42 043 e 045 045 Q47

Murad, Mohammed Ahsan Adib, and Federico Milano. "Chattering-free modelling and simulation of power systems with inclusion of filippov
theory." Electric Power Systems Research 189 (2020): 106727.

Fabozzi, Davide, et al. "Semi-implicit formulation of proportional-integral controller block with non-windup limiter according to IEEE Standard
421.5-2016." Bulk Power Systems Dynamics and Control Symposium (IREP). 2017.
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Output Window

0 Errors (0) Warnings (0) o Information (21) @ Events (0/4) 0 Others (0) | [Filter as you type

© Load flow calculation successful.

© Control conditions for all controllers of interest are fulfilled.

O Element '@ AC Voltage Source' is local reference in separated area of '=— LV intermediate(1)"'

O Element ' PWM Converter' is local reference in separated area of '— T_DC_PLUS'
© Grid split into 13 isolated areas

© Element '@AC Voltage Source' is reference in 68,8 Hz-system

© Element ' PWM Converter' is reference in 8,0 Hz-system

© (t=000:200 ms) Initial conditions calculated.

© (t=400:000 ms) Simulation successfully executed.

w

L

i

|

|

|

|

|

|

| = Derivative

I == = Derivative (updated)
|

|

|

|

|

I

I

I

01938 02 02002 02004 02006 02008 201 02012 02014 Q2016

Response of the integrator derivative




System Studies: Unintentional Electrical Islands

IEEE 1547

— Island network, intended: A planned island network.
- Island network, unintentional: An Unplanned Island Network.

DIN VDE V 0126-1-1

- In the case of unintentional islanding, this process [islanding] takes place outside the control of the grid
operator. Voltage and frequency of the disconnected sub-network are not to be influenced by the grid
operator

DIN VDE V 0126-2

- '"...] an island that is intentionally generated, usually to restore power to the utility system affected by a
disturbance or to maintain supply. The generation and loads may be with any combination of customer-
owned and utility-owned facilities, but there is an unspoken or explicit agreement between the
controlling utility and the operators at the customer-owned generating station for this situation.

Unintentional islanding: serious challenge due to the increasing number of converter interfaced

distributed generation (DGs)

IEEE: 1547 IEEE Standard for Interconnecting Distributed Resources with Electric Power Systems (2003)
VDE: DIN VDE 0126-1-1 Automatic switching point between a grid-parallel self-generation system and the public low-voltage grid. Vol. 1, 2013
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Detection Methods

* Voltage and frequency can not be controlled or Islanding
influenced by the network operator Detection
* A successful automatic reclosing is reduced I ' ]
* Liability for damages Passive Active
' |
* Why island detection? . L 1 1
: : e : , Voltage and| |Communi- Change of Change of
= A disconnection unit is implemented in Voltage Current cation DG network
each DG
= Disconnects the DG from the electrical [ voltage [ oo jums [ Loss of || | Tmpedance || | Impedance
grid, if voltage and frequency exceed Monitoring P C‘?mm(gglé) Measurement Insertion
cation .
bounds
Frequenc . Control Short
B Mm(lliton'n}; —| dPdi |ltertripping| o - System | Cireuit
* References Modification
e S. Palm and P. Schegner, "Fundamentals of detectability and detection
methods of unintentional electrical islands," 2015 IEEE Eindhoven . ;
PowerTech, Eindhoven, Netherlands, 2015, pp. 1-6. — Harmonics Mphase Modulation of
* Palm, Sebastian. Untersuchung und Bewertung von Verfahren zur — eﬂSUfe- - Frequency,
Inselnetzerkennung,-prognose und-stabilisierung in Verteilnetzen. BoD— ment Unit Phase or
Books on Demand, 2019. (PMU) Amplltude
_| df’dt
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Network Model

Ao oc CurrentController:
Netz (G) PC_DG
%_ <||| . Vsd 1/(1+sT) ]
TH 10
T
B £0,01 2 s
87,315 26.30 > °l
HL 121,549 idref did Kp=Kit d v A pmd KA Pmd
I S S L )G S S N S - g
SS1 - < ﬂ, Kpd,Kid < A, ] %N
o “
. H "
0.4 12800 0,00 L :
0,00 63,11
184,752 91,097 = wL 55
L %7 %7 L ‘
Impedanz R L C =
P l‘,,—l-\l . Py ! wlL 3
—
LP iqref ,]\ diq Kp+Kils uq ,v\ Ug Al pmg Nzl Pmg
s (P = —»@I——-@l——m
S

. Vsq 1/(1+sT) Vsq_.. i

TH ¥

10

. udc

50.2— f/Hz
50

AR, =20-PB,-
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Results

. : : Pr/Ppgin % *  Aypzinsq%
 Type of distributed generation: inverter " VY Without P(): 650, With: 3475
e Load type: R-L ‘j\z active power * Reacting to frequency-dependent power
* Detection method: voltage and frequency based g 00°) reduction makes around 5 times bigger
: . E e 100% |
* Simulation: S P/ Py, in%—
» each square with a side length 5% S . 0 40° 6080100 120 140 160 .
« 1025 simulations in each scenario 100% e 65
. . v Balance of = 4
d 115 3
Sl 140 5
— _ o <
Per/ Pppa % — P [ Prop, % = 1165 2
40 60 80 100 120 140 160 40 60 80 100 120 140 160 Sl 190 |
0 4 o :
f<
§ 65 { X 65 f f= Without P(f)
= 90 £ = 90 £> Per ! Ppga % =
5 115 [f] 115 40 60 80 100 120 140 160
o a 40 5
Sl 140 5 N U< Sl 140 5 U< S 6 )
T — = 90
2 165 2 165 <
m m w115 3
< 190 v S 190 v S 140 -
— 165
1l 215 NDZ 1l 215 NDZ & ron |
240 240 1 215
240 0
Without P(f) With P(f) With P(f)
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Conclusions

* DIgSILENT PowerFactory capabilities on modeling and simulation to study dynamic performance at different time

scales with converter-interfaced technologies
* Modeling: DSL and Modelica
* Modelica models are interoperable as model exchange and co-simulation using FMI standard
e Manufacturer-sourced control model import using FMI standard
* Model validation challenges

e System study: unintentional islands will become more frequent with the increasing number of distributed generation

Thank you for your attention

Ahsan Murad
a.murad@digsilent.de
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1.1 Concept: Synchronization Stability

 Synchronization Stability Definition

» The ability of the Synchronous machines to remain synchronized to the grid after being
subjected to a large disturbances (Original: conventional power system)

> The ability of the electrical device or the system to remain synchronized to the grid or other

systems after being subjected to various disturbances (Extended: modern power system)

Synchronization Stability

« Large disturbance: Nonlinear, electromechanical

Equipment-level System-level transient (100ms), Low-order model.

Single device+infinite bus multiple types of equipment

« Small disturbance: Linearization, electromagnetic

transient (1ms), high-dimension model.

Large Small Large Small
disturbance disturbance disturbance disturbance




1.2 Concept: Grid-Connected Convert

* Grid-Forming Convert (GFM) » Grid-Following Convert (GFL)
PCC Grid PCC Grid
EA) X I, Z | e(EA0,) X I Z
o | JG (L) X M) l g R U, Jq} e i
‘ U, t(U tabc) Ug( Ugabc) - Ut(Utabc) Ug(Ugabc)
S ST s oo ¥ 7T o i
et 11V e Tower ) curent |1 Op wpu(g-r ) abd" |
ICEr;tOrO [ _|_+ g Wﬁﬂ : Control [* : _[ a)p PI ‘utq 5 ,
& Vo 0 Qo 5 L B S— e
; = l/S‘—v%Frl/{(JS"'KD)a)()}’%_{‘__ :

Grid-following Converter Features:

: : ® Relying on the phase-locked loop PLL to observe the
® GFM equipment can be used as an independent PC()I/ \S/Jolta e of the common coublin oint to
power source to supply power to the load 9 piing p

® Controlled voltage source complete the grid connection;
® Controlled current source.

Grid-feeding Converter Features:



1.2 Grid-connected Converter

| | .
> AC busbar Xg Grid

E J_ JG e(EZQe) ‘X} I(Iabc) |

@) UdcT Cf T

= © UlUtape) Ug(Ugas)

L/7‘»‘— Control
PWM .~
- T R A T R T B BT R R T T T R DA S s R e e o S Sy A

EUIIC 77 Iac _{‘LUM(‘ U’S & U': J q I
§ ke lab % “rdwpn O 5l dq| s, —">abdq u,:= +¥ i : Uase [ab i Lo@Be7r Usunfgh g Sq 1 U’!
L PLL [ M (P[] Ol Ol : ;

| TN +
E — dq a)pll epll — d g —l(L — dq U S + :
e . :

When the grid-connected inverter is operating in the normal condition, its control strategy can
be grid-following control or grid-forming control.

When the grid-connected inverter is operating in the fault condition, its control strategy turns to
be grid-following control mode to limit the fault current.
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2 Modelling

CC — current controller
DV(C—dc-bus voltage controller
PLL —phase-locked loop

The full model of the grid-feeding converter can be seperated into four parts including electric
circuit, PLL, current control dynamics and DC-Bus voltage control dynamics.



2.1 Modelling: Full Model

L Ve 1 ® Current control dynamic
® Electric circuit | — (Grid
- =9 Clref = kip (ldref —l )+J k; (lrefd —1,)dt
Vd cosé sind Vg id —iq eqref = kip (iqref o iq )+I k (lrefq o iq )dt
vo | = | =sins  coss || 0| Ry i | T @piilg ig
q . : al QLW | e
[ P— S — ‘_ 7 B
i U f : PI Ldref | PI Caref ; : s powet @g i
® PLL dynamic derg] “jﬁ‘)_; - i .—? o | Labe f calculation [ £ |
P, g i 1" ;
U ! o i | .
dé ref,. | [l o Cabere PWM Signal
_— = Aa) = — QL’/‘L'/‘ : PI Lare ii_ PI eq ef_lri > d é f: geiz];:/ilon > g
d[ p“ pll n - = 0 1 | aTbc
Uy O i lg 0,
dAwy dv S B + Up
p _ kgll q + kpllvq .
dr dz ® DC-Bus voltage dynamic
. d0) e —
—C, - =v, I —v, i - \
Ve [abe /] o, - o - 9 5 Coe aele = Vaclge : | dc-link voltage contr?l I
> pll » L » /s > [ d)/ de ) > ldref Ve |
dq ?IJr Kﬁ 5 = Ve T Via — kvp_*_kvi.[ I
T ki,pu > 1/s p 1 4 ; d)/dc d l 5 |
i @, * C C Viiere )
%_k pm + k. — deref . __

.



2.1 Modelling: Full Model(Time Scale)

The grid-connected convert system contains multiple control loops in the multiple time scales.

Current control  Voltage control Power control

time scale time scale timescale
i i AVR & PSS E e
s | (AVR&PSS | | [ ineria ||
i : i |Excitation| | | AGC | ;

|Digita1 processing|

GPM ! i

| AC voltage control

T
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
|
T
1
1
1
1
1
]
1
1
1
1
1
1
1
[}
1
1
1
1
ceccccccecdeccccccae.
1
[}
1
1
1
1
1
1
1
1
1
1
1
1
1
1
I
1
1
1
1
1
[}
1
I
|
|
I
|
I
|
I
I
I
I
1
4
1
1
1
1
[}
1
1
1
1
1
1
1
1
1
1
1
1
1
1

Power control with
synchronous function

Higher harmonics

Current control

|Digital processing|

-t [pwm|
; |

i DC voltage control i

|AC voltage control

|Higher harmonics|

| N
0

| Current control | i | Active&reactive control
| | |
! <1 ms 1 ms 10 ms 100 ms ls 10s
L J
| | | ! L | | | - L | l .
107 10° 10° 10* 102 102% 10" 1 10 10? 10° 10* 10°

Wave process
| Wave process |
|E1ectromechanica1 transient processes|
| Thermodynamic processes|
| |

| ;
us ms sec min h




2.2 Modelling: PLL Dynamics Effect (2" QSLS Model)

» Synchronization transients at PCC:

PLL

V.=V,-12,
2 H—
_ e : : 3
Uq—I{qSIH( 6pll +Tglq+a)plllgld g, [ 1>

Z,

—
—
-

ul |5

R
=

The grid impedance makes the PCC voltage coupling with the converter output

QY

-
—
-




2.2 Modelling: PLL Dynamics Effect (2" QSLS Model)

® Time Scale : PLL dynamic
The dynamics of the current controller is much

i ‘Digital processingl ' ’ DC voltage control ‘

faster than the PLL mechanism - | | BCvomes eonme] .
> NEgIECtlng the current controller ' ’ngher harmonlcsl ‘ Current contijol '[ Active&reactive control ,
L | . 1 [ .
transients and converter works on the | <Ims  Ims 10 ms 100 ms s 10s ¢

constant current mode

d Sy, \
/ IZ =Aa)pu

d

_>é_> I Self-Synchronization
Ala

Awyi= K, v, + f K;pv ~7 )
pil= Kppuvq ipllVq A . 101
QLSL model "Alg § ,K”””S:Klp” - l; . P,
. . . pll
v =Vsm(—5 )+rl*+a) [ i} oy IR
q lg pll f |g q pll 9 C'l sin— Vg Grid Synchronization
| | ||
Grid synchronization — Self-synchronization Quasi-Static Large-Signal (QSLS) model of the PLL

\_ /




2.3 Modelling: Current Control Dynamic Effect (4" OLSL Model)

® The grid-following converter is based on the voltage sourced converter (VSC), of which PWM directly drives the

terminal voltage output.
® At the instant of fault, due to a delayed action in the current controller, the VSC terminal voltage remains

unchanged, and resulting in an significant fault current in transients.

¥ Self-Synchronization . . .
wg Lol et Synchronization transients at PCC:
rit AN [Kopus + Kol 1 62)” _
9%q ! 5 s > .
8y Ol v, =V, sin(-0 ) +(w, +Aw, ), [, +Ai,)
q
0 _> Vg Grid Synchronization
- Current transient Current Controller
Transient ““eﬂv ;inls]:ien .
pll*f
. Irequency Transients i =— Veq — Vq Ach :KpcAiq +J.KicA’ (*)p]]]fAId
2 T ol
. > lgly ——
\d 1 -
Y — — —OPE>
- Pl AwpLL 8 ‘
4
COS —» - / " ;
Vq vV vdglg Current Transients Convel'ter Voltage
Ued,o ' Ai, ‘ AI.
e v —(9,10)77 : = T i21S) Vot AV, =V, cos(=8,,) + @, (I, +1 )i, +Ai)
0 A, & & T |
A A t‘ Ak Vo tAV, =V, sin(— p,,) (p,,(l +1 )(zd +Ai)

/ ]
cu & Sl J
A“"'I A'I,/ Alq
Grid-Synchronization



2.3 Modelling: Current Control Dynamic Effect (4" OLSL Model)

A real-time Electromagnetic Transients (EMT) simulation solved in Matlab/Simulink is used to

validate the 4th-order model in comparison with the conventional QSLS methods.

Parameter Value
e Case 1: [ =012H, K, =1200, K,; = 2433 ; for

Nominal voltage J7 10kv which the current controller time constant is 0.1 ms.
Rated Capacity IMVA e Case 2: [ = 0.12 H, K, = 240, K,; = 486.6; for which
Nominal frequency 50HZ the current controller time constant is 0.5 ms.
o, e Case 3: Iy = 0.05H, K,,, = 500, K,; = 2433; for which
PLL PI K Y 0.022/0.392 the current controller time constant is 0.1 ms.
Current limit in amplitude 81.65A e Case 4: L = 0.05 H, K,,. = 100, K,; = 486.6; for which
C . lg : 0.1H the current controller time constant is 0.5 ms.
Maximizing the active power
during the voltage( 7}, i;) 81.65A ,0A



2.3 Modelling: Current Control Dynamic Effect (4" OLSL Model)

Minimum fault voltage (pu) for which the converter remains stable as computed by .
the different methods for the different cases. *The higher the value of voltage, the ;23 %ﬂg‘;msaago"\‘,’vibe'ﬁ

lower the synchronization stability the converter is critically
Case
— 1
Ly, ts) Large filter Large filter Small filter Small filter small 2 \ i, A N
small controller  large controller  small controller  controller time g, ~ \ I i\ A
time constant time constant  time constant constant g, AN U S R U
= - [ A N N B U
QSLS 0.341 0.341 0.341 0.341 S -ljj—Case1 vl ; ‘\‘ / v
===Case 2 N~ \,/ W4 A
Proposed 0.362 0.439 0.382 0.543 3 3.1 3 (s 3.4 3.5
EMT 0.363 0.449 0.386 0.569 Comparison between QSLS\4t"-order
150 —___‘| [—Case 1]
. . R H —Case 2
® The increase of the current controller time constant - 7 ; Case 3
decreases the synchronization stability. R I e "~ Case d)
@ The reduction in the filter inductance worsens the e
synchronization. g — ~ ot )
® The 2nrd QSLS method cannot capture the transient ' Time (5) ' |
repones in above scen ariOS. d-axis current transient result when Vg steps
down to 0.569 pu and recovered at 3.1 s



2.4 Modelling: Current Control Dynamic Effect (Feed-forward QLSL

Model)

Feed-forward control objectives.
v Feeding the PCC voltage into the converter control

v' Decouple the converter control from the AC system

1 v
v' Speed up the current control transients - 91, Ve ” C .
ner | i | DC T

a)g 5 Y
Advantage: Abe/| Ve [ A9k 1]l b —
o}~ dq PWM
» This could help decouple the current control dynamics t i Vg *G;nera‘toi*
from the PLL dynamics Feed-F rwa"riicgmp t ‘
o . o o fo (S) [ — I,q
» This could help alleviate the negative impact from the e

current transients.

» This potentially can improve the synchronization stability.



2.4 Modelling: Current Control Dynamic Effect (Feed-forward QLSL

We modified QSLS model into a 4t"-order model by including the current control dynamics and

the current flow from the converter terminal.

+ Irequency Transients
We
' laly
— —>ilgty —
v 1
. "| _—> —_——
Sl V:q e Pl AwpLL §
A
cos V ] \J)gl Current Transients
—8pLL g \ ig Aisd A
N e B2 i S
- o bq
i 0 sval 1 l,i,‘Af,,,
Aw,.q A/,,ﬂlq

Grid-Synchronization

feed-forward
compensator

Self-Synchronization

N Kopus + Ko l 610”

\]

S A(J) ” S
Feed-Forward Compensator

22, 231—‘1>| fo ©)]
D

AV,.;  Current Transient
AV,

OPLL
—

Ave, = Ky Al + j Ki.Ai,

Current transients

. Vea — Vg
lg =
wpnly
. ch vq
wpuly

Avcd — KpcAid + j KicAid - a)p”lfAiq + fo (S)Avd

wplllfAid + fo (S)A'Uq

-)

Current Controller

Avcd = KpcAid + f KicAid - wp”lfAiq + fo(S)AUd

Ach = KpcAiq + f KicAiq - wplllfAid + fo(S)AVq

" 4

ch

Converter Voltage

Vego T AV, =V, cos(=0

+Av, =V, sin(-0

)t @
11) pll(l +1/ )(ld +Ai,)

(U +1)E +AQ)




2.4 Modelling: Current Control Dynamic Effect (Feed-forward QLSL

Model)

® Without the feed-forward compensator, The effectivity of the feed-forward compensator
the changed terminal voltage is merely depends on the control time constant.
compensated by the integral part of the 5 1
current control at the settling time s : Grr(s) =—= Tost1
ls
J KiAi=Av,, =vg, — Vg ® In the worst case,
0
® However, with the feed-forward
compensator, the changed terminal voltage Typ =
is fully compensated by the feed-forward ® In the best case:

voltage:
Ave =V —Vgo
® And then the integral part stabilizes at O:
ts
K;Ai =0

o Note: A too fast feed-forward compensator injects

the high harmonic component at the PCC and lead

|v9'fs_v9'0|>0 to resonance with the PWM. For the

The accumulation of the integral in the synchronization stability, the faster feed-forward
converter without feed-forward compensator compensator, the higher stability.

is greater than that with feed-forward

compensator.



2.4 Modelling: Current Control Dynamic Effect (Feed-forward QLSL

Model)

Casel: Effect of the Feed-Forward Compensator on the
Synchronization Stability

® A strong current control, of which time constant is 0.1 ms; Bl |
e | =8E-6
® A weak current control, of which time constant is 0.5 ms. I — PNy

Case2: Feed-Forward Compensator Time Constant

2

(rad)

pll

é
V]
—
g
w3l
[\

Il
0.5+ & ol
..... G 1(5)=0

5 5.2 54 5.6 5.8 6

The minimum allowable Time (s)
grid voltage sag, when

the converter is critically . . .

stable. ® The increase in the time constant of the

feed-forward compensator worsens the
synchronization stability.

@ The feed-forward control can nearly eliminate the @ When the time constant is large enough,
negative effect of the current transients. its transients will approach to the
@ The converter with feed-forward control can be converter without the feed-forward

modelled in QSLS model effectively. compensator.




2.5 Modelling: DC-Bus Voltage Control Effect

o DC—BUS Voltage dynamic w, é lgl:l Self-Synchronization
,r, i* (+ ’Kpplls-l_Kipll > 1 6pll >
C d2 —Op11— 7 pll
Vdc — L OAQ_’ SIN—1% Grid Synchronization

* €
dr Tdc (P F )

tae = 2P}/ (Cacvie)
P = v, (ig cos§ — Igsin 8) + R (i:iz + Ié

A

)

PLL(QSM)

o

y =fP(<;,riE,Iq) vg sin(-)
dydc ) ")
ds = Vdec — Vdc
dyq
K dc C dc
g =k + k; Vdc
P dr ‘

/

QSM — quasi-static model



DC-Bus
voltage control

: PLL(QSM)

Self-Synchronization

L0

%k K ”S+Ki i
T, G n >
9-q -

= wpl;

n

\

[ZI =
(=5

sin—Y

Grid Synchronization

2th_order QSLS model

Tdc

T CacviZ  DVC
QSM — quasi-static model

Transient Current

CC+DVC

Self-Synchronization

IE
lg lq

Kppll s+ szll

CC - current controller
DVC—dc-bus voltage controller
PLL —phase-locked loop

Full model
+ Irequency Transients
Wy
- —
—>. > lgly
y 1 épur
. Lo — -
RS ’Vg e N Pl AwprL 8
&
cos Vq W waq Current Transients
—0pLL : vy ig Ai l QA'
‘ed, 0 =3 | | M’
T re)fE 2 dl 12,13
A 0 Azm‘ ? l:' t'.’
AI’,»,I A‘/.,j Alq
Grid-Synchronization

(1] Spu

S

Aﬂ)pn

S

Feed-Forward Compensator

Av,
|(22,z3jA—vZ>| Gf,1 )]

Use case of the QSLS model:

® GFL with feed-forward compensator

® A large filter

® A short current controller time constant

Al
AV,

Al

Current Transient

AV,

Feed-forward 4™-order QSLS

4th_grder QSLS

Feed-Forward
Control
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2 Analysis




3.1 Stability Analysis Method: Equal Area Criterion

. dw
+ GFL dynamic P,
y . Jo—qr “a D,, (a’pll a’g)
(l—KpJ)HLgid)5 = ‘
_ kpLegiy @, _ kpUeqw,
L s Kp_pllUg COS§ . ) TJeq = k_ 1 — ~ ?, Deq = k— COS 0
K, (o L, + (L, — )0 —U, sino) i @y, i i
i_pll
. da)pll
GFL lose synchronization T, =u
e« dt 1
A °
> If acceleration area >decceleration area : » The equal area criterion neglect the effect
GFL lose synchonization stability of damping.
5 > |If accele.-r.a\tion a'r'ea = decceleration area: e This method is inaccurate, especia”y when
” GFL critial stability the GFL have the negative damping
> If acceleration area < decceleration area:

T Vg,o _ Vg,s M . ope
with equilibrium point: GFL keep synchronization stability



3.1 Stability Analysis Method: Phase Protrait

Ordinary Differential Equation

( d8pll .
P Awpy
dAa)pll _ _kp,pllAwpllvgcosspll ‘
\ dt 1=kpplilgia

\ 1=kppulgla

!

K, 18K;|
(Cr AL L)
N

Initial point

0.08- .y .
Stability region

0.04r

UEP




3.1 Stability Analysis Method: Lyapunov Direct Method

H
The energy function of PLL.: V(d,w) = %”wz — (T;n6 + Uycosb)

The difference between the acceleration area and the deceleration
area after the fault;

62
S| - S|| - j Tm - Te(S)d5
So

= (T, + Uycosd)

P
=V(6,0) =V
8o

Critical energy: =
& 9y Ver =V(02,0) « The stable domain estimated by the energy function

exceeds the true stable domain boundary in some
regions.

« This approach is usually computationally complex and
difficult to obtain analytical solutions for general
dynamic systems.

Test the dissipation of the energy function

V(6,w) = Hyy » wi> — (Tyy — Te)d = =Dy - w?




3.2 Stability Analysis:

GFL Inertial/Damping Effect

(1 _Kp_plngid )5 —
= . . K U,coso . _
Ly l4—— K, (o, L,iy + (L, — —U, sino)
i pll
+Ki7pll Wp > 1 5» P
> u 7;and D are the equivalent inertial and damping
U,sind [4———— coefficient of GFL, respectively.
QSLS model o 1-K, wLis K, ,U,coss g
= , D= .
: Ki_pll Ki_pll :

The damping of the GFL :

* Inconstant and varies with the grid states and

converter outputs.
« May turn to be negative.

A poorly damped PLL

- may move the operating point beyond the
unstable equilibrium point (UEP) during the
transients resulting in the synchronization
instability.

)




3.2 Stability Analysis: GFL Inertial/Damping Effect

A.Static analysis
For a stable operating point, the damping must be positive.
a)lmpact of PLL parameters b)impact of SCR
500 . . .
2=
= 10 —
200 A 2 0 — P*=0.2 p.u. -
= . i T h Zonp |
: —ran
o — " 2 3 4 5
X 1 . . .
K, o 0 05 Ko Short Circuit Ratio
The relationship between the damping Effect of SCR on the equivalent damping D
and the PLL parameters when SCR=2. with different reference power P".
- A negative damping will appear when the » The damping of GFL decreases with the SCR
ratio of K, ,; and K ; is small. reduction.



3.2 Stability Analysis: GFL Inertial/Damping Effect

B [— Ur=07 pu. — Uy=06 pu. Ue=05 pat. — Up=0.4 pu. B —— Kim=04 — Kin=06 Kin=08 — Kin=10 B. Dynamic anal.ySiS
B " £ 0] a)lmpact of fault voltage
Zos L% = L - The lower fault voltage, the worse
€ 06 IR \ % 1 5 200 . . . ope
i e S A% = M damping /synchronization stability,
Soaf Urd 2 : g — the higher overshoot.
T e Yot C Tmew 1 Tmig O
® (®) [—2?12:3.0 — SCR=29 — SCR=28 —(SC)R:M] b) I mp aCt af P LL p aram eter S
. » the decrease in K, , or the increase

in K, lows the damping /
synchronization stability.

._‘

38
@
=4

©w e
S o
S S
——]

Equivalent Damping
®)
S

Equivalent Damping
Do
(=]
(=]

Equivalent Power Angle (rad)

Equivalent Power Angle (rad)

. e - SCR ¢___
= £~ : ¢)Impact of SCR
SN NN e U « The lower SCR, the worse damping
@ v /synchronization stability, the higher
Effect of fault voltage U, and PLL parameter on the EPA ¢ and oversh oot.

the equivalent damping D.

The damping of GFL is inconstant and may be negative with small ratio of Pl parameters of PLL

or in a weak grid following a sever fault. The negative damping of GFL is one of root cause of
the synchronization instability.




3.3 Stability Analysis: DC-Bus Voltage Control Effect

Id / pu QSM — quasi-static model
1 — kpllL l.* 2 pll kp]]kch pll de 4 J w/o de-link voltage controll]
P g d d 8 + [kp cos 8 L - p p g (P* Pe) kp kl Lg 2 *2 d8 + gin 8 35 with dc-link voltage control] /
—V — Loty — ————(P" — - Vi.—V — 4 Vg s
pll 2 pll "€ g4 pll pll ( dc dc) g N /
=M (if) =D(5,i5,vac) _
11 11 315
kp kch kP deX = /TN /
_ * P "p T8 (px e P MoAgf 2 *2 = —
= (Xgig + Relq) + o (P = P) + —, (vdc - Vdc) s [ N__—]
‘—\Ja
=Acting Force(F,) o5k \J
. . 05 06 07 08 09 1 1.1 12 13 14 15
DC-Bus voltage control decreases the synchronization 3 (ad)
H H Phase portraits of the VSC with and without the dc-link voltage
Sta bl I Ity‘ control when E drops from 1 p.u. to 0.9 p.u. and SCR = 2.



3.4 Stability Analysis: X/R Ratio Effect

Synchronization transients at PCC: a)gaé—> [Ty ool Synehronization
T i* r+ 'KppllS-I_Kipll > l 6pll >
Uq = Vg Sin(—5p”) + T'g l:l + a)plllgi;; g d Wy 5

— 0yl
0 —( lsinl(V
S1N—1% Grid Synchronization

define:y = wy,l, /1,

o If (inmax—iy)/ iy <v < —iz/iz, the phase angle 6,;, is positive. The capacitive current
through the grid resistance i, could partially cancel the positive effect of the
a)pulgid term on Vg Sin(—5pu).

o If —ij/i; <y <—(imax +13)/ iy, the phase angle §,; is negative. A further increase
in r;i, will enlarge the phase negatively thus degrade the converter stability.

o If ¥>—(naxt+i3)/ iy Or ¥ < (imax—ig)/ iz, no equilibrium point exists. The
converter is unstable.



3.4 Stability Analysis: X/R Ratio Effect

* *
* * .
. . > _
y <-iy /1, y > =iy /1
; 5
40 0— -
- —=2 e
"’g ’ \a) g_04_ —_—=35 30.
=1 ¥ oot S w
E W £ =
R —-05 £ 08 f_:i il
_‘Fl -E R
—_—=2 () ™S 1 L L L L L 35 L I L L I
0 * * ' ' * 5 52 54 5.6 58 6 5 52 54 56 58 6
5 52 54 56 58 6 5 52 54 56 58 6 1) 1s)
t(s) (a) ()
-40.6 T (b) -40 T T
s ’/\ A 40
: I: \ Y; 4020 () 402
< < it 408 ) ! 404
g = ! )
= ~7 1 41 T 404 : l| 406
2 ;SJ ik e el s
B 414t ‘ 414 1 ¥ 1! A4l -
]! "y ws L 5 505 51 51552
| n 40,
] \‘J . s, 505 sl 515 sl \v
41—
5 6 7 . 8 9 10 5 p ] 8 9 10
(s 1(s)
@ )
« The increase in impedance ratio y enhances - The decrease in impedance ratio y enhances

the synchronization stability. the synchronization stability.




3.4 Stability Analysis: Grid Effect

1)voltage sag: the grid voltage amplitude 1, step reduces

2)short-circuit fault. the grid impedance Z, changes with respect to the short-circuit impedance,

which could be equivalent to V,e/% + Z,1e/(°*4%9) that the equivalent grid voltage changes with

respect to both the amplitude and phase.

vPCCI > I

i >
i !RF S b,
(@ L (b)

vy = (Vg0 + AV)sin(Awyt+A8, — 8)+ryi twyylyiq

| tpcc .é. vp—:i—@i Vpcee | IPCCLHIl_l VFLHgIE
I




3.4 Analysis: Grid Effect

L] [ ]
® Phase-angle jump ® Frequency variation
‘ o ‘ ‘ ! : ‘ ‘ ‘ "The grid voltage drops to 0.337pu
— The grid voltage drops to 0.34pu i The grid voltage drops to 0.334pu on -
Uq (TN — —Af,y = Orad Frequency variation A w,=2Hz Frequency variation A w=-2Hz
’ { ' —Af, , = 0.2rad i e |
0+ AR &" —AGZ'S - _szamd | 1007 100 , ==~ coeeel .| — RoCoF=0Hzs | 80 e Fx_,,?’ = RoCoF=0 Hz/s
Normal 100 R — ABQ"O = =0y maxrad (UL < 'I:}-'r === Stability boundary """ §otT Stab111tz boundary
5 200 *~ . _1 - - - Stability boundary 801 -10 o : — RoCoF=2Hzs | 60 " | };?(éf)lﬁi {)2 HZ(;S 1
Phase-ang)f increase i 2 0 2 l _ ~ . . A~ NS ow s, 4| =7 " Stability boundary
A 8,0+ A Aoty YHADan(ts ) —~ 57200 ~= Stability boundary | 4 * Ryl T RoCoF- -4 Hss
Iilase-angle decrease Fault ~ . N 60 \\\ o 2 0 2 = RoCoF=4 Hz/s an 401 = = = Stability boundary 1
N40 A oo Doyate)) 5 NN - == Stability bound. N
8 m \ X X D | o . ability boundary | s
L % (950-A0g, At ) AWt ) 40 (0s, A\\wp//@v(to ) 20t |
n 201 \/ | )
201 < i
== = ’d 0 [ @ 1
\ o e @0 O ,/ | o " |
‘ ‘ ‘ ' ‘ ‘ ‘ 1
0.5 ! 15 2 ) 0.5 1 1.5 2
§(rad) §(rad)

The negatively increase in RoCoF shrinks the
stability boundary and may lead to the loss of
the synchronization.

The larger the negative phase jump A6, the better
the GFL synchronous response

The phase jump only has an impact on the initial perturbance while the grid frequency influences
the transient behavior of the GFL.



3.4 Analysis: Grid Effect

Case 1: Frequency variation

T T T U T 37 ‘ ‘ ' ‘
/Q 1 50 B b 2 L
 n)
— —— RoCoF=0Hz/s Ir
3Q100 | —— RoCoF=2Hz/s ] r
<]
|

d(rad)

— RoCoF=4Hz/s

— RoCoF=0Hz/s |I’ The grid frequency increase helps

-2—— RoCoF=2Hz/s ] . . ope
5 RoCoF=4Hz/s enhance the synchronization stability,

2 2.1 22 2.3 . : : I I
Times 2 - ar\d, even more interestingly, the
higher the RoCoF, the better the
U' 3f | | T transient response.
150/ 2 A

—
T

N\
N
T
= —RoCoF=0Hz/s
2 100 —RoCoF=-2Hz/s
|
S
3
<l

6(rad)

—LRoCoF=-4Hz/s _|—RoCoF=0Hz/s

—RoCoF=-2Hz/s
2—RoCoF=-4Hz/s

—_

2 2.1 2.2 2.3 2 2.1 2.2 23
Times (s) Times (s)




3.4 Analysis: Grid Effect

Case 2: Effect of phase-angle jumps

2007 v 3[ | | |l
2,
1500 — Ay = Orad U ’ / / /ﬁ
N — Af, =0.2rad ~ 1
T 1000 — A6, =—0.2rad IS 0
= ~
3 >
3 so 1l— A6, = 0rad
Y AB, = 0.2rad | |
01 — A8, = —0.2rad
2 2.1 2.2 2.3 2 2.1 2.2 2.3
Times (s) Times (s)

Positive phase jump can enlarge the acceleration area and over amplify the PLL frequency change. In
extreme cases, this effect can result in the loss of synchronization of the GFL.
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4 Limiter Effect




4.1 Limiter Effect: Frequency Limiter

Frequency Limiter (FL) is widely used in reality to avoid a significant frequency mismatch
between the GFL and the grid

\vgl rvm_<__r\/\/\,
Y

v Aw :
v o abc 179 ki (2%
- dq—)kp+ 5 A 2y

1
S
—-Aw,, .
Tg " Wy, L= » Current . PWM
v ex .
la lg—» Control |” |Generator




When the equilibrium points exist, the frequency limiter slow the frequency recover to zero, and increase
the decceleration area area.

fttol (Aw;(t) — Aw,,)dt

ty 3
= j (Aw,, — Aw(t))dt + f (Aw;(t) — Aw(t))dt
t t

1 2

- No FL
= With FL

The smaller Aw,,, the larger t;.

When (Aw(t,) = Aw;(ts) = 0), 6(ty) < 6(ts)

FL worsens the synchronization stability Aw,,< Aw(t,).

The smaller Aw,,, the larger A, resulting in a longer t; and a worse synchronization stability.



4.1 Limiter Effect: Frequency Limiter (No Equilibrium Points)

When no equilibrium points, the frequency limiter slows the frequency increase

= No FL
= With FL

A
Aw

« The FL slows down the phase increase
from the instant of the fault.

Casel: Aw,, < w(ty) and Aw(ty) > 0

Aw(ty) = Aw,,

FL can improve the synchronization stability and the lower Aw,, the higher the stability.



4.1 Limiter Effect: Frequency Limiter (No Equilibrium Points)

When no equilibrium points , the frequency limiter restricts the frequency change

Ary —NorL A

Aw (L)} — With FL
Aw, (t)™ §
41“.“.‘ :;' /A

totity L3 lytste

bo ity L3 ty tste

>

Fig. 5. Phase movements at the situation of Aw,, < w(t,) and Aw(t,) < O.

Case2: A\w,,< w(ty) and Aw(ty) <0

* In the period t,~t5, the phase of the converter with FL is smaller than without FL
 In the period t;~t,, the phase of the converter with FL is larger than without FL (Fault cleared)

ty ts te
(Aw(t) — Aw(t))dt + j (Awp, — Aw(t))dt = | (Aw(t) — Awy,)dt
ty

t3 ts



4.1 Limiter Effect: Frequency Limiter (Case Study)

Without Equilibrium Point

Casel: Aw,, < w(ty) and Aw(ty) > 0

)
= 200t I
S

|

With Equilibrium Point

0 ' " [—NOFL
40 — AW l:5x27r 3 100+
. <] ' 5 %
— Aw_=4x27 o 3
é :‘:2 | AWm=3X2ﬂ-7 0'_—| l !’\ A ‘ . 0 i ‘-"-'-,-':: ...... - - o
3 0 5 5.1 52 53 54 55 5 5.1 52 53 5.4 5.5
< Time (s) Time (s)
12" 7 Case2: Aw,,< w(ty) and Ad(ty) < 0
5 s1 52 53 54 55 s 51 52 53 54 55 s 4l ‘ ' 257 —~or |
Time (s) Time (s) L;v | P Aw _=5X2m
— 0 T — » -5 ..... Aw_=4X2r||
3 ] = : : - Aw_=3X2m
3 [ T
< | t ‘-‘."'.
-100 u v —— 1 - "‘_",_ ...........
5ol =] L " ]
5 5.1 52 53 5.4 5.5 5 5.1 52 53 5.4 5.5
Time (s) Time (s)
® The FL restricts the error
® Prolongs the settling time ® Suppresses the change rate of the phase.

® Worsening the stability ® Allow more time to clear the fault.



4.2 Limiter Eftect: Frequency anti-windup

Different Pl control limiters have the different transient response of the SRF-PLL

I
! !
o K . ..
o = I
- K
| [l 1 a e _C}—D | |
I S S |
! PIO K| .
@, . ¥ / 1 | VT e I
Lylg . : PI0: Linear Model P13 I
|
- | :Aa) i o > I o K, Aw, PI3: Anti-Windup Limiter l
0 -0 - ' : s I Ve | ' %‘*’ﬂ /Ao (Back-Calculation) I
Sin < | l K| a * + |
Grid Synchronization I 5 -Aw,, [
' |
: PI1 I
Grid-Following Converter quasi-steady-state model | PI1: Windup Limiter I
! K Ao, I
: |
; Ve B [ Aw
1 — 7~ )j—» '
I K| att Pl4 I
I i -Aw, PI4: Anti-Windup Limiter I
l 7 PI2 (Combined Clamping and Back-Calculation)
I PI2: Anti-Windup Limiter :
| (Clamping) |




3
5§ 8

The area of stability region:

= = | S8 PI4>PI13>PI2>PI0>PI1
< <

Critical time:

tpiymy at ,BPI{I}(tPI{I}) = Awy,

A
Aw
—Pl0—PI
Bapn tr) P

Dern-pia(tor) | B —PD
The shorter tp;m; , the better the stability margin

Aw,,

totn g tppy

to tpiztpro tent

tpiatpr tiw o Pl4> PI3>P|2>P|0> P|1



4.2 Limiter Effect: Frequency anti-windup(No Equilibrium Points)

® No Equilibrium Point .
- 200 | R 5: 8_?.
The area of stability region: E- 3. '
3 -200 I \é/ - |
P13>PI4>PI10>PI2>PI1 T K ;
-600 -150 I,
3 -200 1
The frequency &ép; {M}is at the time t. which is
the fault is cleared
- . pdw —PI0—PI3
The smallerép; {M}, the better the stability margin =
Aw,, R S i tPl4t tp12t "
—Aw,, | to tg //ft-»
Bpio(te+) = '._-,-:.'3:"
Pl4>PI3>PI12>PI1>PI0 e e

) te ez oy t Bpia(te+)
tria tpp




@ X kE

Xinjlang University

S Conclusion




S Conclusion

1. The grid impedance introduces a positive feedback on the synchronism. In a weak grid (low
SCR, low X/R ratio), the grid-following converter may lose the synchronization.

2. Power electronic device consists of a serial of controller and switches in multiple timescales.
The dynamics in the small-timescale and limiters can affect the synchronous transients and
overturn the stability assessment results.

3. The synchronization characteristics are nonlinear and high-order, of which stability assessment

is very difficult. The present methods are based on the 2"d-order QSLS

ow to balance®

Resolvable
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e m The electric power system is currently undergoing a period of unprecedented
Milano changes

Lovlnertia m This transition involves the major challenge of substituting synchronous
ystems . . . . .
machines with power electronics-interfaced generation (CIG)

m The regulation and interaction with the rest of the system of CIG is yet to be
fully understood!
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Converter- Typical time scales related to inertia and frequency control
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Primary Control : Tertiary Control !
Low-Inertia
Systems

L | |
5s 30s 15 nﬁ\ 75 min x time
Inertial Response Secondary Control (AGC) Generator Rescheduling
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Converter- CIG controllers can be fast (is this good?)
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Prlmary Control
of Converter—Interfaced Generatlon

Low-Inerti ! :
syeteme iﬂ Primary Control:

Tertiary Control

5s  30s 15 Hh\ 75 min / time
Inertial Response Secondary Control (AGC) Generator Rescheduling
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fonverter Neglecting network topology, a conventional system where generation is attained
Censatiss with synchronous generation can be represented as
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Milano
- Mo = Psyn — Pload — Plosses »
ow-Inertia
Systems

where

m M is the total inertia of the synchronous machines
w is the average frequency of the system
w’ is called Rate of Change of Frequency (RoCoF)

Psyn is the power of synchronous machines

Pload + Plosses are load demand and losses respectively.
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Modelling of
Converter-
Interfacled
Generation A system where generation is attained with synchronous as well as
g non-synchronous generation can be represented as
Low-Inertia "~
Systems Mw' = Psyn 1 Pcig — Pload — Plosses s

where

m M is the total inertia of the synchronous machines, with M< M or, in certain
periods and certain systems, M < M

B pig is the powers provided by CIG
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L] In a hypothetical system where there are no synchronous machines at all, M ~ 0
eneration .
and the frequency is completely decoupled from the power balance of the system:

i
C

Low-Inertia 0= Pcig — Pload — Plosses

Systems

This operating condition has never really happened in large networks (only in
microgrids and small islanded systems)

Open Question

If the inertia is null, is still the frequency meaningful?
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Analogy between Synchronous Machine and CIG

------------------ . Energy
e Energy .. Conversion
. Storage e eeaensarereraa, .

Turbine )—»

Frequency -
Control

'''''''''''''''''''''''''''''''' 5' Synchronous
Controllers [ AC Voltage ________________ e 1 " Generator
Control DC
.......... Energy
QS Conversion.....
Frequency Energy
Control Source
RoCoF Energy B
Control Storage .- Converter

Controllers DC Voltage AC Voltage
Control Control
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m Reduce the inertia

m The local frequency must be measured (and properly defined) first!
Low-Inertia

m Often introduce volatility and uncertainty (e.g., wind and solar power plants)
Systems

m Often do not provide primary and/or secondary frequency control

Since it is based on a converter, CIG controllers can be very fast
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e m Can provide primary and secondary control (if the resources are properly
Mtk handled and/or storage is included)
LowInertia m Quantities other than the frequency can be utilized (voltage?)
ystems

Since it is based on a converter, CIG controllers can be very fast
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Let's consider a two-machine system:

Inconsistency of the Conventional Model - |

Federico
Milano

Gen A

Low-Inertia
Systems

Conventional model:

!
04 = Wa — Wo
’
Mawa = Pm,a — Pe,a
€q1,AVL

sin(da — 6,
Xd1,A + XAL (3 L)

Pe,A =

T

Gen B

L B
H
Load pB

!
0g = wB — Wo
!
Mpwg = pm,B — Pe,B
€q1,BVL

——— sin(dg — I
Xd1,A + XBL (9 t)

Pe,B =



i
D

SR Turkey Blackout on 31st of March 2015 — |

Qs

v

Complex m The blackout in Turkey led to the outage of 32 GW.

Modelling of
Converter-
Interfaced Maritsa East3
. Davutpasa
Generation (86) AA
Neo Santa )
(GR) Batumi
E rico Babaesks Alunkaya (6E) B2B_ Akhaltsikhe
Milano Kaptan Gelik 3 X
Unimar 4
Ambagh B L - Yudutepe, » Gyumri
. it K.Bakkalkoy .- Z * (AM)
. Yenibosna L
Low-Inertia o e " VMgk'n
Systems s Kors @
n
ML Lok O
. Igir g, .
AL Ootubeyarn @ uves
s 82)

Baskale

Diyarbakir

Kemerkoy




i f
CD

wvsin  Jurkey Blackout on 31st of March 2015 — Il

v
Complex
Modelling of
Converter— —— Arad:Frequency —— Cernavoda:Frequency
Interfaced ina - Linig
Generation 502
m As a consequence of the line
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Low-Inertia Turkey, the Romanian
Systems . | )
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Federico We know that the frequency at different points of the grids are different during an
Milano . .
electromechanical transient.
Low-Inertia
Systems

However, the conventional transient stability model assumes that the frequency can
only change in the rotor of the synchronous machines, not in the grid.

In turn, the conventional model assumes that the frequency is equal to the
synchronous reference w, everywhere in the circuit.
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Generation m The conventional power system model for transient stability analysis is based
Federico on the assumption of quasi-steady-state phasors for voltages and currents.

Milano

i
C

S m The crucial hypothesis on which such a model is defined is that the frequency
Systems required to define all phasors and system parameters is constant and equal to
its nominal value.

m This model is appropriate as long as only the rotor speed variations of
synchronous machines is needed to regulate the system frequency through
standard primary and secondary frequency regulators.
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Modelling of
fomverter m An increasing number of devices other than synchronous machines are
Generation expected to provide frequency regulation.
Federico .
VI m These include, among others:
LowInertia m distributed energy resources, e.g., wind and solar generation
Systems flexible loads providing load demand response

|
m HVDC transmission systems
m energy storage devices
m These devices do not impose the frequency at their connection point with the
grid.
m There is thus the need to define with accuracy the local frequency at every bus
of the network.
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fonverter through ClGs and other non-synchronous devices, such as flexible thermostatic
Generation |oads.
Th la "“;u Frequency control
Dead band LPF Control Device
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Systems

Converter
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Sl In this example, wind energy conversion system (WECS) are equipped with
ing
Converter- freq uency control.
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The issue causing the chattering is the deadband included in the frequency
controller of a large WECS.
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fonverter This section defines the link between complex power and complex frequency in ac
Cairiie power systems.
"f{l‘tl‘!‘\‘jg
Let us consider the power injection at network buses:
el 5(t) = p(t) +q(t) = v(t) 0 7°(1),

where voltages and currents are Park’s vectors (or analytic signals), i.e., are valid in
transient conditions:

v(t) = va(t) + vq(t).
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Let us assume that transmission line dynamics are fast, hence:

(t) =~ Yu(t),

t
where Y is the conventional admittance matrix of the grid.

Hence the power injections into the grid nodes can be rewritten as:

5(t) = v(t) o [Y w(t)]*.
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Complex Frequency

Let us rewrite the Park vector of the voltage in polar coordinates

v =vell = lutsf)
where u = In(v).
Froatency Then, the complex frequency is defined as follows:
__d / /
nza(u-i-je) =u 490 =p+jw,
frequency.

It is possible to show that the complex frequency is a special case of geometric
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From the previous definition, the following identity holds

V/—iﬁ—io_
Tal TV

Then, from 7 ~ Y v, one obtains:
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Federico Then taking the conjugate and multiplying by the voltage

Milano

Complex
Frequency

Where S is a matrix whose elements are the complex power flow in the branches of
the grid.
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Complex )
Modelling of And finally, we note that:
Converter-

Interfaced

Generation / d
Federico s — 7(0 o i*)
Milano dt
— ‘_// o i* + v ° =/%
= ‘_/O,F’Oi*‘i‘ voil*
Complex i ) ] .
Frequency —So n + voi

So we obtain the expression:

We need now an expression for s’ from the device side ...
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fonverter Note that, in general, the complex frequency of the voltage is not equal to the
nterfaced
Genereiten complex frequency of the current, hence:
Federico
Milano ) _
v =10,V
Complex
Frequency 7 - /F]Zi

Then, one obtains:
/
p = (Pv =+ PI)P - (Wv - Wz)q

and
!

q = (Wv - wz)p - (pv + [O’L)q
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,C°”Vf't§g Let consider the conventional DAE model for transient stability analysis:
nterface
Generation ,
Federico z = f(z7y)
Milano
0=2g(z,y
Complex . .
Frequency Under usual assumptions, we can write:
y = 9 ,_ (%8 8g
02 oy 82

_ <g§>l ‘;f F(z,$(2)).
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Rate of Change of Power (RoCoP) [device side]

In the conventional DAE model of power systems, voltages and powers are
algebraic variables.

Let assume we can write the expression of the power injections of each device

connected to the grid as:
§=5(v,zy)

Then, the time derivatives of §' can be written as:

8— = -1

o5 o5 (0g\ ' og]
0z Oy \ 0y 0z
where we already know that v/ = (p + jw) o ¥ = 7 o v, hence:

95 0s (og\ ‘tog|
74_7 = = V4
0z Oy \ dy 0z

QD
[2]]

-/ —/
S = —V
v’
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Component of the RoCoP

From the definition of complex frequency we can define the following components
of the RoCoP:

§/1:]§ow—jgw,

§§:§og+§g.
where

§=5,+5,.
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Federico The constraint is § = const.
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Then, we obtain:
=0 = 3§=-5
Complex
Frequency
This is a quite interesting result as it indicates that, during a transient, a constant
power device (even a constant power load) affects the frequency at a bus if the

voltage magnitude changes, and vice versa!
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Then (after some tedious algebra), we obtain:

=/ =/ =/
(Gempple 5=0 and § =5,

Frequency

This is another interesting result as it indicates that a constant admittance cannot
impact the frequency. It only impacts the voltage magnitude.
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Federico The constraint is |7 = const. and ¢ = const.
Milano
Then (after some tedious algebra), we obtain:
Complex g/ — g/ — 4
S 55=0 and § =35

Yet another interesting result. This tells us that a constant current device cannot
impact the voltage. It only impacts the frequency.
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Federico !~
Milano P11~ Biw,
I ~o
q, ~ Giw,
Complex
Frequency and
, ~
p; ~ Goo,
, ~
q, ~ B2Q7

where B1, G1, B> and Gy are approximated susceptance and conductance matrices
obtained from Y.
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Example: p and w

Bus 2
....... Bus 8
10 12 15 175
Time [s]

Time [s]
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Example: Synchronous Machine and DER

Time [s]

wpus1 [Hz]

W s 3 [Hz]

0.015
0.01
0.005

—0.005
—0.01

—0.015
0

Tin;v [s]

Time [s]
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A byproduct of the complex frequency approach is that it can be utilised as a
g modelling tool.

Remark
Complex

Frequency As a differential operator, the formulation based on the complex frequency does
not provide “new” equations.

However, it provides “new"” insights on the behaviour of the components.
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Federico . . .
Vi We know well that the internal frequency of a synchronous machine is the rotor
angular speed.
gfe';‘f':nxcy The rotor speed is the frequency of the internal emf of the machine

Can we define a similar “internal” frequency for converters and, more in general,
for devices that do not have a rotor?
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This is a relevant question because, if we know this link, then:

Complex
Frequency

m We can understand better what to expect from existing controllers

m It is easier to design new and effective controllers
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Generalization of the Complex Frequency

So far we have considered exclusively the complex frequency of the bus voltage.

In effect, one can define the complex frequency of any time dependent complex
quantity, e.g., voltage and current:

-/ . _
Vp =T Vh, th = Thlh-

Note that the complex frequency of the voltage and the current at a given bus are
not equal, in general.

The only case where 7}, = 7, is when the device connected at bus h is a constant
admittance.
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Interfaced The complex frequency includes:
Generation
Fe ic
Milan .
Translation
A real part, which represents a translation and depends only on the magnitude of
Complex the Park vector; and
Frequency

Rotation

An imaginary part, which represents a rotation and depends only on the phase
angle of the Park vector.
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Let us consider the VSC complex power injection into the grid:
5=
Complex
Frequency

The rate of change of complex power is:

§ = (ﬁv "‘77:)5
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Constant current source and constant power factor:

p=0
Wy = W,
5 =p,5
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v =—1n,
Complex
Frequency .
Constant admittance:
Pv = Pu
Wy = W,

§=2p,5



i
D

&
i Ideal Controllers — Il

V)

Complex
Modelling of
Converter-
Interfaced
Generation

Constant active power and constant voltage:

Complex p
Frequency
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s happens in the box.
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v v
Complex
Frequency
VSC
3 7

Virtual (internal) bus Physical (grid) bus
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S=vi"= v
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Frequency

The complex power is an invariant, that is, it is the same independently from the
reference frame:

§I:(ﬁv+ﬁj)§:(ﬁv+ﬁj)§
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Vp = exp(76) Vn

7 = exp(70) 2p
\

i = iy — 30’

ﬁz =1 — ]5/

The very first device that we can consider
within the DER is the PLL which
introduces a (transient) shift between the
grid and the internal reference frame of
the voltage and current of the DER:

PLL

The PLL introduces a transient
rotation.
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Generation the real part of the complex frequency:
N o a4 s _
Sy = (7)., + Kp1) Vi Tner + (1v — Kp1) 5
where kp; = Ki /K, and:
Complex
Frequency

(ﬁg)* + Kpr = 771* + (KPI + j5/) ,
'F/</ — Kpr = Ty — (HPI + ]5/)

Current Control

The Current Control introduces a
translation.
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i ' : figure) is inversely proportional to the

e proportional gain of the current controller:
Milano
=/ _ (=% =/ —=x
Sp = (nzref + K’PI) Vh Yref
—/ -
Complex + (nv - HPI) Sh
Frequency

I\«
—Vp(%) Vi?

VFF

The VFF introduces both a rotation and a
translation.
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GFL Control

Current control with constant current reference:

- —/ —/ _
Sp = Kp1 Vp Tyer + (), — Kp1) Sh

Current control with constant power reference:

§l/1 = (ﬁc - NPI) (§h - §ref)

Current control with virtual admittance loop:

=/ 2\ k=l =/ =
Sp = —Vp Yy 2py + Yy, Vi Vet
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GFM Control

Voltage control:

= __ V =% V\ o/ S*
5= (K., + K )V Vie

— (K ()" + K Wi + (7, — ket 5

Synchronization:
!
0" = Wysm — Wy,

/ 1 (pref . Ph

VSM_J

+ Dp(wn — wysa))

v Wn Wysm
Outer voltage loop:
Veef = JVq,ref = JUvWyswu
= Mg Veef = ](7/.JVWVSM + wvaSM)

nVref = eref
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R We use a modified version of the WSCC 9-bus system:
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Effect of VFF
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N design more effective controllers.
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Design of the PLL

PFR input w [pu]
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Interaction among SM, VSM and GFL
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|
Milano. CF approach decouples the contribution on the local frequency of each
sub-controller and identifies critical control parameters.

Complex

Frequency
|
The current controller is shown to represent a constant translation of the real part
of the CF while the synchronization control, regardless of its type, affects the
imaginary part.
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Eederic For GFL configurations, the PLL parameters are shown to have the largest impact
Milano on the local frequency.
|
Complex . .
Frequency For GFM, active power droop parameter as well as VSM damping parameter are

shown to affect the frequency response after a contingency.

For the GFM case, the internal frequency of the controller achieves a better
transient response than the exact frequency.
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Eederic It seems to be relevant to extend the use of the calculated internal frequencies of
Milano the converters for control applications.
|
Complex . . .
Frequency There seem to be a potential of using non-conventional controllers based on CF or

controllers based on non-conventional input signals (based on the real part of CF).

The effect on CF of multiple converters, their dynamic interaction and the impact
of this interaction on converter frequency control will also be studied.
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Federico The derivation of the complex frequency shows that both voltage and frequency are
e link to both active and reactive power.
R This observation cannot be easily exploited with conventional synchronous
Frequency

machines as their frequency control is too slow to couple dynamically with the
voltage control.

However, one can utilize this idea of a mixed voltage-frequency control for DERs.
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Current control
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v

Complex
“%}j;ev:%;%ngf The available control modes for the active power are:
Generation m FP: The active power is employed to regulate the frequency.
s m VP: The active power is employed to regulate the voltage.
m FVP: The active power reference is modified to control both the frequency
Complex and the voltage.
Frequency

The available modes for the control of the reactive power are:
m VQ: The reactive power is utilized to regulate the voltage.
m FQ: The reactive power is utilized to regulate the frequency.

m FVQ: Both VQ and FQ are switched on in a combined control of the reactive
power.
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Example: Frequency-Voltage Control — IV

Since the control combines “everything with everything”, we need some metric to
be able to compare results.

We define the magnitude of the complex frequency as:

nh =/ (Wi + p3)

and then the cumulative metric (the smaller the better!):

t
Kk —/ np dt
to

The property of this metric is that the two components of the complex frequency
have the same units and, thus, are directly comparable.
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Example: Frequency-Voltage Control — V

Modified New England 39-bus system
Gen 10
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Outage of the load connected at bus 3. Impact on frequency.
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Example: Frequency-Voltage Control — VII

Outage of the load connected at bus 3. Impact on voltage.
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S Outage of the load connected at bus 20. Various control combinations.
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Federico 1
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Example: Frequency-Voltage Control — X

Outage of the generator 10. Effect of DER penetration.
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Converter- . . . .. . . .

Interfaced Let us consider again the differentiation of the active power injection at a bus:
Generation

Federico

Milano dpp = dpl’h + dp27h
Complex The term dpy p is the component of the active power that can effectively modify or
Frequency

impact the frequency in the grid.

The idea is thus to design a control that imposes the following constraint:

dpop =0
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Modelling of . .
vz The expression of dp; j, is:
Generation
hk(
'T{llir‘\tu dp2’h Z B d[Vh ) (t)]
keB
or, equivalently,
Complex >
Frequency dpon =Y B (t) (vic dvh + vi dvic)
keB

So our control must satisfy the constraint:

Z (Vk(t) dvp + Vh(t) dvk) =0

keB
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Frequency Control with Voltage Feedback - Il

The last equation is equivalent to:

va(t) Y vi(t) = o

keB

where ¢, is a constant, which, following from the system initialization, takes the

value:
Co = Vh,o(t)z Vk,O(t)

keB

Finally, the new reference voltage of the modified remote voltage controller
(MRVC) becomes:

Vref ( t) — Co

> kem Vk(t)
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Interfaced . .
Generation We compare the following scenarios for the DER control:
e CPC (Constant Power Control), i.e. without the frequency and voltage control
loops;
FC, i.e. with the frequency loop connected and the voltage control
i disconnected;

FC+VC, i.e. with both frequency and voltage control connected and the
voltage control constant reference;

@A FC+MRVC, i.e. with both frequency and voltage control connected and with
the modified voltage control reference.
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WIS | ct consider now the effect of the ESS following a fault.
Converter-
Interfac.ed 61
Generation PN - - ESS with FC+VC
N\
60.8 N —  ESS with FC+MRVC
! ~
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<6064 O ~C T T Tmmem—————_
=
Complex >
Frequency g 60.4
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Frequency Control with Voltage Feedback - IX

With the MRVC, the ESS requires less energy to do a better control.

Stored energy pu[MJ]

14

13.5 1

—
w
L

12.5 1

—_
[\V]
!

11.5 4
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Converter-
Interfaced

: ower systems are undergoing one of the most dramatic paradigm shift since the
onertacesd P t d f th td t d hift th
Federico beginning of ac transmission systems: the move from synchronous to
non-synchronous devices.

Adequacy of conventional models

ol Conventional transient stability models might be inadequate, especially with
respect to the modeling of converter-interface resources.

Adequacy of conventional controllers

Conventional controllers might be inadequate, especially with respect to the
estimation and regulation of the “frequency.”
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Need of New Approaches

Milano

Differential geometry provides a consistent (and visual) interpretation of the

instantaneous frequency of the voltage

Concluding Many Frequencies
Remarks

is crucial.

Based on a geometric interpretation, one can see that there are “many” different
frequencies. The correct understanding of the physical meaning of each frequency
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Modelling of Rate of Change of Power
Converter-

Interfaced

ot The rate of change of power (RoCoP) appears as a relevant quantities to determine
Tl the properties of the dynamic behavior of the system.

Milano

Novel Controllers

Understanding properly the role of the RoCoP and its relationship with frequency
Concluding variations can help design better controllers.

Remarks

Frequency Divider

The “frequency divider,” which is a special case of the RoCoP equations, is an
effective simple tool that have several applications in modeling and state
estimation.
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Concluding
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What is the role of “frequency” in a system without synchronous machines?

In a zero-inertia system, can the controllers that balance the power be
decentralized or have to be centralized?

Which signal (measured quantity) should these controllers use?
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