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Background and Motivation

— Modelica and Power System Modeling
— Why do we need Model Validation?

— Software Requirements
RaPld Overview

Use Cases

— Generator Aggregation
— Excitation system identification

— N44 - Small Signal Model Calibration

Conclusions and Recommendations




AR
S
______1Tesla

Present challenges, limitations and possible solution

POWER SYSTEM MODELING
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« The order of computations is
decided at modelling time

Acausal Causal
R*I = v; 1 = V/R;
vV = R*1;

R = v/i;

e Most tools make no difference
between “solver” and “model” —1i
many cases solver is implanted in the
model

ENTSO-E has
recognized the
Modelica approach
and it will be used in
IOP Tests in July

 There is no guarantee that the same
standardized model is implemented « Moo
in the same way across different para

tools “
« Even in Common Information Model « For largé IS requires
(CIM) v15, only block diagrams are translation into the internal data

provided instead of equations format of each program .


https://www.entsoe.eu/news-events/events/Pages/Events/sixth-iop-test-registration.aspx?EventWorkshopId=216

iy Modelica and Power Systems
iTesla

Modelica is an open standardized modeling language
among all Modelica compliant IDEs

— Modelica Language Specification: MOD E L |.[: A

https://www.modelica.org/documents/ModelicaSpec33.pdf

iIPSL is an open-source Modelica library for power
systems

— It contains a set of power system components for phasor
time domain modeling and simulation

— Models have been validated against a number of
reference tools

iPSL allows: Qd%
— Unambiguous model exchange Jdr)
— Formal mathematical description of models I Tesla Power Systems Library
iPSL
— Exploitation of object-oriented paradigms

— Separation of models from IDEs and solvers 5


https://www.modelica.org/documents/ModelicaSpec33.pdf

Modelica model of Nordic44 system s

58

%' Modelica Models of Power Systems

iTesla

Modelica can be used to build models of various
sizes

0.983 -

Norwegian TSO Statnett provided a PSS/E ¢
model of Nordic44 system

The same model was implemented in Modelica ..

and validated against a reference software,
PSS/E

0.994 -

;:“0.992 F
0.981 -

0.99 -

Voltage at the bus

——PSSE
—3<-Dymola




(JE.-
S
______1Tesla

Assume that you have a “good enough” model, then what?

WHY POWER SYSTEM MODEL
VALIDATION?
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e iTesla tools aim to perform
“security assessment”

e The quality of the models
used by off-line and on-line
tools will affect the result
of any SA computations

— Good model: approximates
the simulated response as
“close” to the “measured
response” as possible

e Validating models helps in
having a model with “good
sanity” and “reasonable
accuracy”:

— Increasing the capability of
reproducing actual power
system behavior (better
predictions)

A P (pu)

Why “Model Validation”?

US WECC
Break-up in 1996

Measured Response
1r| ==="=Model Response
0.5}
0p=
I
‘,'
-0.5F ’
\\‘I
1F "
v
Y VA OZReES
1.5} !

BAD Model for Dynamic

!

|

“ ~ = —r—— =T
vlu

Security Assessment!!!

Time (sec)
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~ What is required from a

SW architecture for model validation?

Limited visibility of custom or manufacturer

/ﬂ Standard Models ‘/

Dynamic Model

=} Custom Models ‘

\ﬂ Manufacturer Models ‘

models will by itself put a limitation on the
methodologies used for model validation

Support “harmonized”

e

Static Model

dynamic models

Initialization

> l— —|

Process

Static

measurements using

State Estimator
Snap-shop

different DSP

Scenario

techniques

Static Values:
- Time Stamp

- Average Measurement Values of P, Q and V

- Sampled every 5-10 sec

Perform simulation of
the model

Measurements

SCADA Measurements |~
"| Other EMS Measurements

Time Series:

Provide optimization

Dynamic

- GPS Time Stamped Measurements

PMU Measurements

Time Series with single time stamp:

- Time-stamped voltage and current phasor meas.

- Time-stamp in the initial sample, use of sampling frequency to

determine the time-stamp of other points

- Three phase (ABC), voltage and current measure!
- Other measurements available: frequency, harmonics, THD, etc.

4

Measurements

DFR Measurements

ments

Time Series from other devices (FNET FDRs or

Similar):
- GPS Time Stamped Measurements
- Single phase voltage phasor measurel

Other

ment, frequency, etc.

facilities for
estimating and
calibrating model
parameters

Provide user
interaction 9
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A model validation and parameter identification SW

THE RAPID TOOLBOX
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e RaPld is a toolbox providing a general

B rapid main window = 0
framework for parameter identification = o s
T O sian e iy
* Any model made available through a S—
Functional Mock-Unit (FMU) in the @ == o= =
Simulink environment, is characterized — T
by a certain number of parameters =
whose values can be independently -
chosen. e
 RaPld attempts to tune the parameters g
. =V P} &
of the model so as to satisfy the user- imosia AL S LA

defined fitness function

11
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iTesla Optimization: FMI and FMUs

* FMI stands for Functional Mock-up
Interface:

— FMl is a tool independent standard i

Suppégerl suppllerZ su%herS supplle{4 su%pllerS

K\@ f@
P | | | OEM

e

to support both model exchange il

and co-simulation of dynamiC supplierl supplier2 supplier3 supplier4 suppliers

models using a combination of xml- \ D)

files and C-code, originating from tool 1] | tool 2

the automotive industry I I

| FMI | OEM
The FMI Standard is now supported by 40 gé OEM
different simulation tools. = g %‘3(9
- )

= supplier3

e < o B
"'ﬁ? 's-nl!
: -‘*- V

Tharmal Automated Cn
SystEmS Cargo door mauws*.- ECIJ req ESF‘

A Functional Mock-up Unit (FMU) is a
model which has been compiled using
the FMI standard definition

functional mockup interface for model exchange and tool coupling

12
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-
Ymeas (&)
—_
| \// >t T Simulink Container | >t

With Modelica FMU Model Q

Output (and optionally input) measurements are provided to RaPld by the user.

At initialization, a set of parameters is pre-configured (or generated randomly by
RaPld)

The model is simulated with the parameter values given by RaPlId.

measurements

A fitness function is computed to judge how close the measured data and simulated
data are to each other

[ s ]

Q The outputs of the model are recorded and compared to the user-provided
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RaPld was developed in MIATLAB.

— The MATLAB code acts as wrapper to
provide interaction with several
other programs (which may not need
to be coded in MATLAB).

Optimization process can be set up
and ran from the GUI or more
advanced users can simply use
MATLAB scripts for the same purpose

Plug-in Architecture:

— Completely extensible and open
architecture allows advanced users
to add:

* |dentification methods
e Optimization methods
» Specific objective functions

e Solvers (numerical integration
routines)

Plug-in Architecture

* A number of optimization algorithms
are available:

Particle Swarm Algorithm (PSO)

Genetic Algorithm (GA)

Naive method

Knitro Algorithm
PSO

Iteration # 0 Iteration # N

KNITRQ ey
»

ANele

&5 g
Leading solver for
nonlinear optimization
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. Implementation Overview
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Call from the GUI or the CLI.

The settings and data structure
(RaPIldObject) is passed.
Read settings and
optimization method
rapid.m

RaPIdObject Call optimization method

— experimentData l
— experimentSettings
— algorithmSettings
x_algo.m
= parameterNames
— fmulnputNames

—fmuOutputNames
\. /

15
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Iteratively generate vector of

parameters according to the
optim. algorithm

Return fitness

— X_algo.m

|

factor

Prowde param vector

rapid_objectiveFunction.m 4—

Calculate fitness factor

according to the selected \

Pass the simulation
criterion Call S|mulat|on
results

rapid_simuSystem.m —I

Simulates the system with
the vector of parameters

from optim. algorithm

16
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Parameter and Mode Estimation

USE CASES
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Problem Formulation

Excitation system identification

. . Measurements from the AVR
e This use case deals with the parameter

identification of the excitation system

Excitation voltagd

r—-<—

P

« Estimation is based on the real data acquired

Magnitude (pu)
o

on the hydro-power plant Mostar ® 42236 142239 142242 142245 14:22:48
Time
« Measurements were acquired during the 3 T | et G
disturbance to the voltage reference of the  £,5— —
Automatic Voltage Regulator (AVR) g e ;
. . . 0 14:2‘2:36 14:2I2:39 j4:2l2:42 14:2‘2:45 14:22:48
« The disturbance was in form of successive 5% Time
. 1.04 ; : . -
step increase and decrease of the voltage 2ol |~ Terminal voltag
reference g ./ L -—
5098 - 1
- - - - E
* It WI” be IIIUStrated hOW eStImatIon Can be 098 14:2é:SB 14:2I2:39 14:2|2:42 14:2‘2:45 14:22:48
performed with limited information: o Time
= ’ ‘ I I Active Power
. o Reactive Power|
- No approx. exciter parameters known 8 %4 T
%0.2 L h
- Governor model is unknown N , , |
14:22:36 14:22:39 14:22:42 14:22:45 14:22:48

Time

- Plant and system configurations
surrounding the generator are unknown 18
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Modelica Model for Validation

Network Model

The simple model of the power systemwas
built in Modelica

« The generator whose excitation parameters
were identified is connected to the infinite
bus through the line

* The load is connected to the generator bus

 The model of the excitation system is a
simplified model based on the excitation
system manufacturer’s recommendations

19

V?
N
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Measurement Pre-processing

* As it could be seen on the previous two
slides, no turbine governor has been used in
the model of the power system

Active power -Active power spectrum
0.195 P 2 =4 P P

Criginal signal
Filtgred signal

0.19 f 1.8

» |f the measurement of the active power is i
observed, in addition to the | 0‘:;:%
electromechanical mode of oscillation, the | \

Active power (pu)
° o
&
Magnitude (pu)
o
o —_

0.16

slower mode related to the turbine governor s

0.

can be observed 0.15

2
0 5 10 15 DU 1 2 3 4
Time (s\ / Frequency (Hz)
* The bandpass filter was applied to the _ \
. . : Isolation of electromechanical mode
signal to isolate the electromechanical mode
of the oscillation

20
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Simulation and Results

Active power (pu)

0.19
0.185
0.18
0.175
017
0.165
0.16
0.155

0.15

Excitation voltage (pu)

—— Measured
Estimated

10 15
Time (s)

—— Measured
Estimated

10 15
Time ()

0.45

o
=

0.35

e
w

0.25

o
[

Reactive power (pu)

015
041
0.05

—— Measured
Estimated

0 5 10 15

1.02

1.01

0.99

0.98

Terminal voltage (pu)

0.97

0.96

Time (s)

Measured
Estimated

0 5 10 15

Time (s)

21
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PrOblem Formulation Original Model
Loaﬁtep i

18563 58553

e _ B
@—I_@ T:'T [ @
! 1ﬁ TSRS

R ZE— 58653
AKA Line Opening

aggregated
model

eqdivalent 58563

Generator model

Generator Aggregation

22



—  0.994

e 0.993
0.992 +
0.991 |
= 099+

Lallbratlon of generator + exciter

094

993

092

991

.99

989

988

987

86

985

084

(’

a

1Tesla

Generator Aggregation

Callbratlon of generator + governor

Detailed model AKD
— — Aggregated model - AKA |

=

va—_

—— Detailed model - AKD 4
— — Aggregated model - AKA

Time (s)

15 20 25

VUEL

EFDOD

23
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Previous examples used time domain
response of the systems to perform
validation

Model

In this example, in addition to the time
domain response, small signal ——
characteristic of the system will be used —
as well

RaPId will perform the linearization of the system and extract the mode of the
system with currently set parameters

The fitness function (performance * In RaPld, it is also possible to perform
indicator) which is used with small signal validation using both the time domain
analysis is an Euclidean distance and small signal performance
between the measured and the pole integrator. This is done by merging the
obtained from the linearization of the two criterias into one using weighting
system: coefficients:

PI = Wlplsmall + szl time

Pl = ”Smodel _Sref” = \/(Gmodel - Uref)z + (wmodel - wref)z signal domain

24



e . . —
o, Nordic44 — Small Signal Model Calibration
iTesla

The calibration of the generator
inertia in the N44 system has been
carried out on the marked generator

The disturbance is introduced to the
system in form of line opening between
buses 3244 and 6500

Three signals are used for parameter
estimation:
Terminal voltage magnitude

Terminal voltage angle
Active power transfer over the faulted line

PPORULID socus_ 4F gan d e
it ey
T e T
L I S

Faulted Line Generator

The calibration is carried out with the following setting of performance indicator:

PI = Wlplsmall + szl time W1 == 1000, WZ == 1

signal domain

The large difference between two weighing factors is due to the numerical difference
between the two performance indicators (small signal and time domain)

The true value of the estimated generator inertia is 3.556 and the starting guess is 4.556
25
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- e =1

1.002

- Referent data
Initial response
Optimized data

Estimation Results

O Optimalvalue
hitialguess |

24683 - o O True Valie
. 24682
¢ ]
e
£ 24682
=11
Ee —
= 1
o9 24681
°
«
3 4 2,4?;1 ) .n':=_rm.;:,;r TSR g tsiRtienaly
A
XY - ot ﬂhw%wm
fmd - 200 30 0B 0500037 TP I0EY 0.0369-6.0369 lfU’-b fis asam
o lterations - Order number Real Axis O mhbmmamm
¢ Dekyslite T RS pigdtvgnimnaedtommain
30T . T @@W&éﬂd@t@ﬁ@t&l @ma@ﬂummmm@y
T S isseisienel @ue Vlae/afu® Bihee show close match
) ) ' RealAds of the two systems

 The dots marked in red are parameter values
currently giving optimum and the ones in blue are
just attempts by the algorithm 26
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Modern computer technologies opening new opportunities

e Validating power system models requires to develop new methods and
new tools itself:

— The tools for model validation can be built independent from a specific power system

simulator, thanks to the development of the Modelica library which allows to run the
models with different tools and using FMUs.

— Model validation tools developed in this approach will provide additional flexibility to
couple in a modular fashion: simulation, optimization and signal processing tools.

New Method Implemented
To Deal with Difficult
Validation Problem

(B )

Simulation
Database .
Modelica J
i N
Signal
Processing
—_
Model validation results, including validation metrics and imization
parameters are sent back to the dynamic database \ J
which updates these specifications 27
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Conclusions and

Looking Forward

Modeling power system components with Modelica (as compared with domain specific tools)
is very attractive:

— Formal mathematical description of the model (equations)

— Allows model exchange between Modelica tools, with consistent (unambiguous)
simulation results

The FMI Standard allows to take advantage of Modelica models for:
— Using Modelica models in different simulation environments
— Coupling general purpose tools to the model/simulation (case of RaPld)

There are several challenges for modeling and validating “large scale” power systems using
Modelica-based tools:

— A well populated library of typical components (and for different time-scales)

— Support/linkage with industry specific data exchange paradigm (Common Information
Model - CIM)

Rapid provides a general framework for validation of models available through the FMI
interface:

— Models can be validated at different levels
— lIts architecture is completely modular
— ltis not tied to the domain specific tools

28
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O This repository Pull requests Issues Gist f +- -
SmarTS-Lab / iTesla_RaPld ©Unwatch= 7  drUnstar 2 YFork 2
Description Website
Save or Cancel <
Code
) 25 commits ¥ 2 branches 0 reloases % 4 contributars T 10
Issues
iTesla_RaPld / + i=
i o

‘ MaximeBaudette Marge pull request #18 from SmarTS-Lab/beta_1

i Documentation Init

al upload of RaPld

i Examples Updating the container files with the ralative paths

i Sources Including a Ulgetfila()

[ .gitattributes Adding a gtAttribute file

& .gitignore Inititial upload of RaPid

El COPYING Licansa Files update

COPYING.LESSER

License Files update

_ README.md Corracting link in the readme

(5 README.md

iTesla RaPId

Download at:

Pull requests
Latest commit a1175bf a day ago

14 days ago v;l.k-

5 days ago
aday ago e
Pulse
14 days ago
14 days ago i}
Graphs
3 days ago
a ago
= =
5 days ago Settings

HTTPS clone URL

https://github.cor [

Yiou can clone with HTTRS,
S5H, or Subwersion. &

https://github.com/SmarTS-Lab/iTesla RaPld

O This repository £ Pull requests  lssues Gist
itesla / ipsl © Unwatch~ &
i) 3 commits ¥ 1 branch 0 releases a1 contributor
@ Branch: master - [psl /4 =
@l ventrett Update README md Latest commit 668a49¢ 18 hours ago
. |ps! first commit 21 hours ago
| COPYING.LESSER.txt first commit 21 hours ago

El COPYING tet first commit 21 hours ago
[E] README.md Updaste README.md 18 huurs ago
I3 README.md

iPSL: iTesla Power System Library:

The iTesla Power System Library is a Modelica library developed as part of the iTesla project. The
library contains a set of power system component models for phasor time domain simulations.

Solvers:

There is no power flow solver associated to the library. When building a use case, initialization of all

uariahlae miet ha narfarmand with a nawar flnw enluar Tha icare ara fraa tn rhanea thair nesacar flaure

Download at:
https://github.com/itesla/ipsl|

RaPIld and iPSL! Now Available as OSS!

£+ @

HStar 2 YFork 0

'$3
Code

Issues
] ]
Pull requests

Wikl

Pulso
W

Graphs

HTTPS clona URAL
https://github.cor [

‘ou can done with HTTPS,
S3H, or Subversicn. @

X Clone in Desktop

43 Download ZIP
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