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About Me - http://ALSETLab.com - Dr. Luigi!

2010-2017, KTH Royal Inst. Of Tech.,
Stockholm, Sweden

YOB. gOOO B éOOST' icql P 2006 — 2009 2010: Associate Professor
1981 - year tlecinca OWecr@ MSc and PhD @ RPI 2012: Docent (Habilitation)
Guatemalg tn9ineernngprogram 2013: Associate Professor (‘tenured’)
Universidad de San
Carlos de Guatemala. 2010 2011 = 2017, SmarTs Lab. Research

I S O S G S

Intern at INDE (Nationall Scientific Advisor B

Electrification Institute), i (Consultant) 2011 . 2016 . 2016 - 2017
: : ) Visiting Researcher Special Advisor Consultant.

Substations Engineering @ The University of R&D Division

Glasgow, Scotland

All @ Statnett SF, Oslo, Norway
(Power System Operator)

Other facts and numbers:

Guatemalan and Italian Citizenships.

Speak/write Spanish (native), English, Italian (spoken, poorly written), Norwegian (Basic)
36 years, married (March 4th, 2017) - no kids yet... but really want a dog!

Lived in 4 countries, worked in 5...
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Recruiting! @ ALSETLab

* I'm looking for graduate students to join my team!

* |If you know someone that would be interested, please tell them to check my
website and to get in touch with me! (OR let me know after the talk!!!)

o See: http://ALSETLab.com

ALSETLab Home Contact/CV Teaching  Students/Supervision  Research  Software ALSETLab Home Contact/CV  Teaching  Students/Supervision  Research  Software  Publications

Students / Supervision \

Current/Former Students and Lab Members

Recruiting
Available Positions: Fall 2017

* Please follow this link to the Lab’s team roster: Lab Roster!

Work on the development of applied \i‘
system identification methods for power

¢ Do you want to be part of the team?; please read on below!

ALSETLab ALSETLab . .
Available Positions / Prospective Students T system model validation.
* Please read the text below, —
* You can find currently available positions here stab ° WOI’|< on .I.he developmen.l. O.I: 'e .I.Ime_
0 T ¥ P e (ALSETLk sy sensitive experimental platform and
@ tra design of experiments for synchrophasor

ECURENT \__ applications.
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A Fundamental Question:
Why do we develop models and take measurements?

« To reduce the lifetime cost of a system
« In requirements: trade-off studies

« In test and design: fewer proto-types

¢« In training: avoid accidents
« (1910) The prospective pilot sat in the

top section of this device and was

« In operation: anticipate problems! required to line up a reference bar
= Crucial for electrical power systems! with the horizon.
: Measuremgnis: monitor qnd control the . 42% of the British pilots who died in
system. Validate and calibrate models. WW1 were killed in training [Jones, Dr.]

= Simulations: anticipate!

EourRENT



A to Anticipate - Huge Costs!

There are many examples of failures to anticipate problems in power system operation!

(W)

\ugusl 1. 20073

ullnl astern Blackoul
Toronto Skyline
=
":
\Tected RP 01
- oo Million Pmplw
-4 Billion Lost i
Economig@ctivity « System |dentification offers
- 61000 NIW interrupted .
= ,, _ a unigue foolbox fo dedl
Betore /[ 4 RN . with these challenges!
Others: WECC 1996 Break-up, E Blackout (4-Nov.-2006), London (28-Aug-2003), Italy (28- . . ;
Sep(.%-rZSOOB), Denmark/Srv?/gdeunp(ZBQgepS?SOOC’?)C out (4-Nov ), London( " ). fraly ¢ BUT IT hCIS 'l'O be appllcable

by domain engineers!
EourRENT



Power System Phenomena

@ different time-scales

|
.. O ::-..:: : QUO slele
DyNad
| ansie ole A
a
Dle oad T1ollo
107 106 105 104 10° 102 100 1 10 102 10° 104

seconds
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Types of Power System Phenomena:
Wide-Area Behavior — Transient and Small-Signal Stability

DK-Kasse

D-Dollern
@

éL-Rogowiec
* Transient (and ‘dynamic’) Stability

« The ability of a power network to survive (overcome) the transition
following a large disturbance and reach an acceptable operating
condition is called transient stability.

« Transient-stability-type models are also called “power system dynamic
models”, and they are suitable to analyze common properties of a
power system across large geographical regions.

« Such phenomena involves large energy exchanges between rotating

2011p219_0755-0825

Inertias in machines across transmission lines, which are reflected in .| |
power sysiem osellatons . | Al | | L

+ Methods to analyze these oscillations can exploit the power system |\ M J L Ny

L 507 i Ml gl ‘H u NN ‘

models to a greatextent. | . IUHMHHMHMHMm.nnmmwnw

 When the models can be linearized, eigenanalysis tools canbe 1 T e
applied and the state-space / transfer function representation of the “oadnobodoabadaahadaahadoohodan |
system (or portions of it) can be obtained, allowing the application of  _ [NENYNYTHTUTYNYTYTHTTT IR ITYY -
system identification theory and tools. VAR i

[Mw]
s 8
4
1
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Part 1:

HOW TO MONITOR POWER SYSTEM DYNAMICS?

BCURENT



Need for Monitoring Wide-Area Behavior:
Electromechanical Dynamics Leading to Break-up in the Western US (1996)

« What was measured:

eV YLANCY e

Timae in seconds

/This event lead to Iorges’r\

effort in the world in using
synchrophasor

| measurements for power

system monitoring of

\_ power system dynamics. )

* Monitoring: why use frequency and

damping as warning indicators?
« Lightly damped oscillations can lead to a
system black-out.

« Oscillations occupy transmission capacities,
increase losses and wear & tear.

15:48:51
Out-of-

step
15:47:36 — R-L Line Separati
Trip
McNary Generation
Trip

15:42:03 — K-A Line Trip

1400+

Power Transfer (MW)

0.27 Hz 0.252 Hz
7% Damping 1.2% Damping
(Ambient) (Ambient)

System
Unstable




Enter: The mode meter

Wi Valtage (Magnitude & Angle) Monitoring
(Ref. CPJH-Capt Jack 500 kKW Voltage-M)

. il SO0 R i g
EELLAE oo
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SR 0.
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.:Inlnl:l Lk M icp aind
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Mode Estimares: PRI Made (Vo ls Walker Algorithm)
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Ambient data-based mode estimation

* Assumptions:
o The system operates in quasi steady state period

o Behavior of the system is modeled by a linear model
o System is excited only by small load changes modeled as white noise

Power System
Load Changes : y Measurements
H(jw)
LOAD SPECTRUM 0,25 TRANSFER FUNCTION - NORDIC 32 SYSTEM - MEASUREMENT SPECTRUM
T Y ; 4 2 S v T v - ; . 25— . »
s 0.2 0.2
e 0.5t Z 0.5
-] L] =
£ t 2 2
0.0sf 0.
A 7 ? ! i : y o e o5 1 TR S 0s a6 es : T2 14
i b Fl.:.eguencgu ?ﬂz) : b % Frequency (Hz) Frequency (Hz)

 The model of measured stochastic signal is determined by a model set and set of
parameters. @k
. B -
* Most common model setis: H(z) = () = ij‘,’ K2 -
@EURE A2 1+% gmz”




Estimating Low-Frequency Oscillations in the Nordic Grid

* Previous studies carried out with data from the Nordic grid at
High-Voltage Substations.

* The following results are from a continuation study.
« Data from the HV grid of the Nordic Transmission
Network

o Norway:
= Alta, Fardal, Hasle

o Finland:
= “North”
« 72 hrs of data (3 days) for each unit — heavy processing for a
standard computer...

* Non-disclosure agreement took a while to sign with grid
operators, and was impossible to get data from some of them.

PMU Locations in the |

I % 7 k24 Nordic Grid
[ A
| MA..:’ J |/ am{PMU Located at HV ‘ ‘
e g Substation .
| '.“.‘_13* © e g A "m:. Approximate Location . -
- ‘._v—tT' / L B ¥
| e ] ¥ in the HV Network - al
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Non-Parametric Mode Estimation — The Periodogram

Establishing the relation between the autocovariance sequence and the PSD:

S( At Z 3 6—@27rf7'At

And considering N observations of a stationary process X;sX,,-- X, | the

autocovariance sequence for r=0,+1,...,.N —1) can be used to determine The
Periodogram:

2

5 - 1 M= IT!XX B S(f) At A
T N t” T tHT| N Z t@

t=1

Drawbacks: spectral leakage and high variance.

Welch spectral estimator

o Split the original N observations into Ng overlaping blocks with Ns samples each.

o Applies a taper to each block.

o Obtains a periodogram for each block — averages the individual periodograms together.
o Very little leakage — good freguency estimates.

ECURENT



Mode Frequency Estimation - PSD, 24hrs, Alta, f signal — Welch’'s Method

Interarea mode: K. Uhlen Model:
5 / 0.5176-0.5273 Hz 0.48 (South Norway
and
| Sweden/Denmark)
/
10 4
g 5 Im | |
I
S 0
o
(@p)
s 5 |
o Interarea mode: K. Uhlen Model:
10~ | 0-3457-0.3535 Hz 0.33 (Finland vs. S.
| Norway)
— Welch _ _ _ _
1S 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

Frequency [HZz]
@EcurRENT



Spectral Estimator:
Alta (f), 70 hrs, Welch, 700 block size, 10 min parcels, 9 min overlap

Welch Spectrogram Other dynamics.

Recording Starting at: 26-Apr-2010 00:05:12

Welch Spectrogram
Recording Starting at: 26-Apr-2010 00:05:12

0 R
N lf‘ I‘;. ‘ A‘ | 'I"|‘
1| i ‘\“ ) U\ )

!

|

| !
. { .

I

|

0 10 20 30 40 50
Time [hour]

(=)
o
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Spectral Estimator:
Hasle (f), 72 hrs, Welch, 700 block size, 10 min parcels, 9 min overlap

Welch Spectrogram
Recording Starting at: 26-Apr-2010 00:05:12

Forced Oscillations:

0.6, 1.0, 1.2,2.0 Hz

Interarea mode: 0.5176-0.5273 Hz
Interarea mode: 0.3457-0.3535 Hz

0 10 20 30 40 50 60
Time [hour]
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Enter: “Forced Oscillations”

» Forced oscillations are narrow-band spectral
components:

o All spectral content is concentrated in one
small frequency bin

o Think about a 0% damping sinusoid at a
single frequency.

« Actual system modes are spread around a
main peak.

» Forced oscillations can corrupt damping
estimates if they are “close to” or “on top” of a low-
frequency oscillation.

« Concern not only for inter-area, but also local
modes.

ECURENT

Amplitude

-] - = [
i T T T

i =]
T =

o i
T T

.
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Amplitude

Frequency [Hz]

Forced oscillation:
on top of the 0.5

Hz model!

1 1.2
Frequency [Hz]

. . eb
Forced oscillation o

B ¥ N A A 7

Frequency [Hz]
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Spectral Estimation

Mode Damping Estimation

 Different methodologies:

o Applied the Yule-Walker autoregressive model,
and developed a new method

Power Spectrum [dB |

* The Welch Half Power Point method: ...
1. PSD is computed with Welch’s method © FeqemcyH “

2. By examining the peak width of a mode the damping is computed
= A narrow peak means a low damped mode, while a wide peak means that the mode is well
damped.
3. The distance between the two half-power points surrounding the peak center is
roughly proportional to mode damping

| Hw) = 1 > 9o

ECURENT



Effect of Forced Oscillations in Synthetic Data
Yule-Walker Autoregressive Method

Introducing a forced oscillation in the data (0.83 Hz, and 1 Hz)

. F.O. Close to the real
Sumperimposed F.O. Mode

(=)
1
(=)
1

—7 =7 2 'O [— welch
S sl Welch S sl _ Welch S sl N
g > —— Vule-Walker § > Yule-Walker § > Yule-Walker ﬂ
,,5 6u‘ ,,S Jdv // ,,S Jdv
255" 2 2 55
& 55 & 55 & 55
S 50- S 50- S 50-
£ 45 ' ' & 45T ' ' : : & 45T ' ' :
. ) 04 06 08 1 12 14 04 06 08 1 12 14
Frequency [Hz] Frequency [Hz]
Noftice the Yule-Walker i _
PSD (Blue Line) : - . ’ Ve
B R T S S |
0 +w ?
R A —I— S A,

Real

Ra, ol R, o]
Superlmposed F.O. Close to the real
S i

Decrease in Increase in real
Yule- Moves real part to  Moves real part to the Real Part of the part of
@EUR' Walker the right left Figenvalues. Figenvalues.
Results Correct Lower Damping Higher Damping




Effects of Forced Oscillations in Real PMU Data

« Reference Mode Damping from Transient Data:

Well-behaved Super-imposed
Spectral Content F.O. il

Actual

0.5

s

Frequency:

1 U U U O U O SO o b
U R R SR A A S RS 0.3561
E“-:: %H Damping:
6.0481 %

(=]

(=]

——————————————————————————

L s r r r r 4
94 06 08 1 12 14 16 18 2 a4 06 08 1 1‘_ 14 16 18 2 0 5 4 6 8 10
Frequency [Hz) Frequency [Hz] Time (sec)

[ Insufficient ) [ FO. Close to ] + Well-behaved Spectral Content:

Spectral Content Mode o HPPM[%]: 6.0860, YW[%)]: 5.9714
e — - Superimposed F.O.:

as

e e S S R B e R 1 o HPPM[%]: 3.8037, YW[%]: 3.8117
2 ooptepepe e e fapiididebebodtd L RO Close to Mode:
z R S S S S Y | A R A o  HPPM[%]: 9.6009, YW[%]: 9.522
... :  Insufficient Spectral Content:
0t 0B lj;mqllm;- [[11;] 16 18 04 0e ':';req‘ueﬂ‘:;_[[};] TEoTEz o HPPM[%] 15.7967, YW[%] 15.63
f ) AYa -
Well-behaved Spectral Super-imposed F.O.: F.O. Close to Mode: lnSUff'élsr:],:eSnF?r_ecml
Content: Increase in peak height Increase in peak width )
Spectral est. degraded,

Both methods are close causes methods to yield will cause that methods -
. . . . mode peak missing results
to reference value. lower damping! yield higher damping! . . .
) ) n too high damping!

\_
@EURE SEUEEEIUCIEN | False alarm! [ Lack of alarm! || Lack of alarm! ]




Part 2:

HOW TO IMPROVE THE ESTIMATION OF FREQUENCY
AND DAMPING FOR MONITORING APPLICATIONS?

BCcuRENT
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Enter: The Toaster!

Power level (MW)
Malin-Round

200 i i i i [ i [ i i
10 10.1 10.2 10.3 10.4 10.5 10.6 10.7 10.8 10.9 11

* “The Toaster” is a unique facility in the world Time fon 14-5ep 2005 2000 GMT (ritee)
that allows to make a “breaker insertion”
capable of producing a large transient in the
system (see top plot).

* One of its uses has been in providing reference
values to tune mode meters and model
validation (more later).

0.3 Hz Validation

. WW Chief Joseph Dynamic Breaker — “The Toaster”

[ [ [ [ [ [ [ [BPA] “It can consume 1,440 MW - more than the output of Bonneville
YT metomiesepaoona0cocut ey Dam. It's only capable of staying on for 3 seconds - beyond that, it
would destroy itself.”

L History of the DC Pacific intertie: link

23
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Probing Experiments:

 The WECC conducts unique experiments for

extracting power system properties.

* They include:

o Breaker insertion

> HVDC “Modulation” } 7

 Test Dates:

» September 2005

+ June 2006

* August 2006

* August 2008

*  Weekly Summer 2009
*  Weekly Summer 2011
*  Weekly Summer 201

carrm

File Name Test Type Band Width or Frequency
MSF/1/2/6/100 | A,B | Multi-sine fitted | 1 Hz 6" order filter, stop at 2 Hz
MSF/1/5/1/100 | C | Multi-sine fitted | 1 Hz 1st order filter, stop at 5 Hz
'MSF/1/5/2/100* | D Multi-sine fitted 1 Hz 2nd order filter, stop at 5 Hz
MSF/0.1/4x | A | Single Freq Sine | Four sine wave cycles
MSF0.3/4x | A | Single Freq Sine | Four sine wave cycles
MSF/0.7/4x A Single Freq Sine | Four sine wave cycles
MSF/1.0/4x A Single Freq Sine Four sine wave cycles

Fraquenay, Hz

Operating ~ Two Pseudo-noise Two Operating
Conditions  Brake Probing Probing Conditions
Changing Insertions 9 Cycles Pulses Changing
A
[
700
Celilo | n ’
650 g L T “ u
600
550
g
S 500
<
2 Malin-
2 4501 Round W | 'W\WWWMMWWWNW
o
U o W%MM f
400
= 350
gL 300
e 250 ' -
e 0 10 20 30 40 50 60
Time from 14-Sep-2005 20:00 GMT (minutes)
2005 Test 2006 Test
Ly | - i‘;ﬂ-’;l() N 18 NASID
‘ s ETFE 0 "z . ETFE
10[ V4 \ Spectral ! ) 7\' Y /’- Spectral
. . Iy \
m 0 \ A f QY \
3 ' V7 i 0 \
V4 \ ..\ - A £
g"" \‘\ f \ / 5 \n‘ A Ve
& WM/ 4 Sy g 0 Y /
=.20 Wy | 10 | i
15 \ J
30 »
¥ U
B 0 03 04 05 08 07 08 09 %, 0% o3 = o8 T 07 o8 g

Frequency, He



Input Signal Design: probing-based mode estimation

| Inputs Outputs
(random loads) (PMUSs) 4 N
| ﬁ[ N——o By designing the excitation
i -3l POwer system o (input/probing signal) new information
DWW W — — A4 —10 that can be used for improved mode
| [‘ E > dX/dCT: '_Al_\)[() Bu S identification can be obtained!
‘ . =CX+DU
Deterministic ﬁ\ Y /—. \_ J

signal

Single Output Model

u(t) - designed input signal 1,

G(6,z) J

Agglf:agjted e(t) ‘{ H(e,Z) } ’é ” y(t)

variations

)

ECURENT



" " X. Bombois, G. Scorletti, M. Gevers, P.M.J. Van den Hof and R.
M ath e m atl Ca-l fo rm u I a-tl O n Hildebrand, “Least costly identification experiment for control”,
. Automatica, vol.42, no.10, pp.1651-1662, Oct. 2006.
and problem solution sketch

N
« Opftimization problem: meir%z e(t, )2
t=1

-—> (Iv\odfel) Measurements

I paramerers

| ¢ Model Measured ¢

| 'v. A/\, | / . response response /v A/\, | /\/\/\ 2

' f Wi

I /\/\/ \/ \’\/[\/\]\/\ ' \/ /\/

| _

| Parameter variation e(t,0)=y() —y(t|t— 1)
e e e e Minimization

Solution: model representing

the power system
« Model structure of the power system

o ARMAX : o | A
B(z,0) C(z,0) Contains information about the

y(t) = u(t) + e(t) critical modes/poles
Eoure N J




Optimal probing: problem formulation

« Obijective: Identify the critfical damping ratio of G(z)

) -1 tsi | _ .
u(t) - inpu S|gn<é(g'z) P 1T=> Good estimate @ (a))T
e(t) —>| H(B,z) >‘ > vt P0—11=> Bad estimate @ (a)) 1
load measurement '
PTOAbz'ng Ambient

P'=|— B jF; (@,6,)F (o, do |+ ﬁJ-F;(a)&’)F(a)é’)ola)
0272'7[ 27 2

Spectrum influences accuracy

How should the probing (input) Stronger probing provides better accuracy

signal look like?

There is a limit how strong probing can be




Computing the Covariance Matrix of the
Critical Damping Ratio Parameter

V. S. Peri¢, X. Bombois and L. Vanfretti, "Optimal Signal Selection for Power System Ambient Mode Estimation Using a Prediction Error Criterion," in
|[EEE Transactions on Power Systems, vol. 31, no. 4, pp. 2621-2633, July 2016.doi: 10.1109/TPWRS.2015.2477490

ARMA

v (1) H(z) \ Poles (

P, P

Important!
The covariance matrix depends directly on the estimated mode H(z)!

ECURENT



Relationship:
damping ratio variance and transfer function

Magnitude (dB)

ECURENT

1

T

J

dH

27

—7T

1 (deT
Hof dg

Bode Diagram

dg

dw

i

« The given function
depends only on
the estimated
parameter,
because of
cancellationS

« The larger peak

means smaller
varionce



Spectrum calculation of the probing signal

Requirements:
1) Conftrol effort 2) System pertubation  3) Accuracy

k7 k7%
Objective function minJ = [— f d)u(a))da))+(—2 f ‘G(s)‘2 D (a))da)J

u(t)
Input power Output power

Constraint:  Accuracy Var(é’i) — eZ_TPeeZ_ < r ,r-tolerance

consfraints

Optimization problem in a form of LMIs Accuracy:

damping ratio estimates
variances!

The solution is the power spectrum
of the probing signal

ECURENT



Time domain probing signal realization

« Spectrum calculation (solved)
* Time domain signal realization

white noise - e(t) Signal realization |

P ——— — — — | FIR filter u(t)
Probing @,(w) calculation| | ‘ ‘H |
-min( -r-rd ) u(t)

I ACF (rd)

|
LM ey
| e =2 1min(Upeas Fupme ) P53 u(t

_______ l L=

max var(()

ECURENT



Optimal probing (input) signal design results

30 400

25} g Minimized . 2 Cl'itiC;I modes il Minimized ° |
20} input power ! 0.5Hz 0.76Hz _ disturbance @

<15} 3 : 200}
Reactive power
probing 100l |

] ] <10° M
2 2.5 Damping variance < 10 R h— I 1.5 2 2.5

1 1.5
Frequency [Hz] Frequency [Hz]

: : Minimized function / \
White noise The spectirum

var{u(t)} var{y(t)} var{uy ()} and not time

var{u(t)} 101850 1441.6 domain
var{y(t)} 1.5980 probing signal

var{uy(1)} 6881.1 7981 4 52167 2318.8 determines

accuracy of
) the mode

) estimation

) procedure

0() 0.5

Benefits of The same accuracy obtained with the 5-7 times weaker excitation

the proposed
method The same input power provides 4-5 times better accuracy (0.25*10)

J




Part 3:

HOW TO VALIDATE POWER SYSTEM MODELS?

BCURENT
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Why validate power system Models?

« What was measured: « What was simulated:

Measured Response 'I
e 1p) ===== Model Response

©
l
A P (pu)

Time (sec)

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

computations

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

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

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



Power System Modeling and Simulation Approach

 Equation set g is separated in two sets of _?_L (2.)

algebraic equations: . V) L Rect of the
X=f(xX,y,nu), o= grid,

ses | 1 1

0=g (xy.n.i).| ) —TF_’I‘/TDIE'LI

0=g,(v.nu)} (2 Lo e

(1) Is the part which governs how dynamic models will evolve, since they depend on

both x and vy, e.g. generators and their control systems.
(2) Is the network model, consisting of transmission lines and other passive components

which only depends on algebraic variables, y.

Starting from a solution of (2) only, equations (1) are solved at equilibrium
individually; o compute the starting guess of an ad-hoc DAE solver that iterates for (1)-

(2) at each time step.
EourRENT
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Power System Modeling and Simulation Approaches

to deal with Time-Scale Complexities

(Ad-hoc DAE solvers)

Lightning

Generally there are no discrete events.

Line switching

SubSynchronous Resonances,
transformer energizations...

f

J

Y | I

Transient s

Models are simplified (averaged) to allow for simulation of very large networks.
Ad-hoc solvers have been developed to reduce simulation time, but usually the
“model” is “interlaced” with the solver (inline integration)

(Ad-hoc DAE solvers)
—

The models are simplified further by neglecting most dynamics
(replacing most differential equations by algebraic equations).

la

Long term dynamics

Daily load following

102 10! 1 10 107

seconds

103 104

36



Power System Simulation Tools
and their Application Range

| ]

Lightning

Algebraic
“Steady

State” Line switching A
(Power Flow) ~

SubSynchronous Resonances,
transformer energizations...

| |

’ ' Tran]sien’rs’robili’ry :” jk
EMTP-RV — A\

o

Ad-hoc

The reference for power systems transients /

Initialization of
Dynamic States

~

Pseudo-

Dynamic —
1

equilibrium

I I | | |
07 10°¢ 10 104 103 102 107

\
Broad range of time constants results in specific domain tools for simulation.
Non-exhaustive list. There exists other proprietary and few OSS tools. \




General Approach vs Power System Approach for Modeling and Simulation

General Approach using Computers

Power Systems Tools Approach

Physical
System

Hypotheses

(assumptions

Simplifications
(approximations)

< ' 2 Equations
User: \ /

Modeler and
Analyst Duality

Limitations:
Software used

Numerical Solution

ECURENT

PhYSlCOl Specialized Modeler Familiar with
System the Domain Specific Platform /ﬂ

Hypotheses /
& Simplifications

Models with User Defined
Fixed Models in Platform
EQUGTIOI’]S Specific Language

Fixed Model is
"interlaced” with
one specific solver

Available
(Limited)

Numerical

Algorithms

Specialized 0

M&s

Platform 1 |

Specialized Analyst
Familiar with

the Domain
S%gcific Platform



M 0_[1‘5j L1 c Ais a (computer) modeling language, it is not a tool!

 Modelicais a free/libre object-oriented

modeling language with a textual definition to
describe physical systems using differential, / 7 7.’
algebraic and discrete equations. MODELICA

A Modelica modeling environment is needed to

edit or to browse a Modelica model graphically Modelica® - A Unified Object-Oriented
in form of a composition diagram (= schematic). Language for Systems Modeling

« A Modelica translator is needed to transform a Language Specification
Modelica model into a form (usually C-code)

which can be simulated by standard tools. Version 3.3 Revision 1

* A Modelica modeling and simulation July 11,2014
environment provides both of the functionalities
above, in addition to auxiliary features (e.Q. http://modelica.readthedocs.io/en/latest/#
plotting)

Key: standardized and open language specification

EourRENT
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http://modelica.readthedocs.io/en/latest/

YL

M 0 0°E’L1"'c A modeling and simulation environment (tool) tasks

Modelica
Moqe“ng Graphical Editor Modelica
Environment Modelica Source code
Textual Editor dmmm Nodelica Model

Frontend —— Translafor

4= F|of model

————————————— Analyzer Hybrid DAE

"Middle-end" -
< i equations

Optimized sorted
equations

Backend or

dmmm C Code

! dmmm xccutable

@EcurRENT
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Enter: The OpenlPSL Project

O This organization Pull requests Issues Marketplace Gist

« hitp://openipsl.org

OpenlPSL
An team of collaborators developing the OpenlPSL Modelica library for power system simulations and other related oss projects
° B U i |-I- U Si n g -I-h e M O d e | i C O : in power system modeling and sim.
Cyber Space and All Aro... » gaenipsl.org luigi.vanfretti@gmail.com
language:

E] Repositories 11 People 4

v

R Customiegpinned repositories
B’y 3

11’1

Top languages

OpenlPSL

Forked from itesla/ips|

Modelica

Peo!b
iillilillillli:
ZI [ A ;

The OpeniPSL is aiica library co
component modelg for phasor time dg
outgrown the developments of the for

45>

Modelica W10 %25 Updated 12 hours a

* Distributed with the MPL2
license:

Free as in Puppy!
@EURENT Needs a lot of your love and care to grow and be happy!



http://openipsl.org/

The OpenlPSL Library — Key Feautures

v ¢ OpenlPSL

OpenlPSL is an open-source Modelica library -5 e

for power systems " Ganches
« |t contains a set of power system ==
o . {~} GENROU
components for phasor time domain = [
modeling and simulation 2
« Models have been validated against a
number of reference tools (mainly PSS/E)
OpenlPSL enables: = Ll
- Unambiguous model exchange oty
R . . it IEE2ST
« Formal mathematical description of models g emesre
« Separation of models from tools/IDEs and " Soar
solvers
« Use of object-oriented paradigms De;j

» Functions
» Connectors

ECURENT




The OpenlIPSL Library — WT Example

@t

v ¢ OpeniPSL
> i_‘ Examples
v Electrical
» Buses
» Branches
¥ Machines
» PSAT
v PSSE
» BaseClasses

[~} GENSAL
|~} GENROU
{ -~} GENROE
[~} GENsAE

g GENCLS

v Controls
» PSAT
» Simulink
v PSSE
» OEL
» ES
» TG
v PSS

[ PSS2A
[ Pss28
[} STAB2A
¥ - STAB3
¥ STABNI
{1 IEEEST
i} IEE2ST

{-}stBsve

» CGMES
» Loads
» Banks
» Solar
» Wind
» Events
» FACTS
» Essentials
» Sensors

D SystemBase

v NonElectrical
» Logical
» Continuous
» Nonlinear
» Functions
» Connectors

v Wind
» PSAT
v PSSE
» WT3G

1 WT4GH
{ WT4E1
v Submodels

1+ LVACL

+" } HVRCL

t LVPL

1 Addgy

+" } HVRCL

>

| |

Reocive Power Rodarorce Swiching

[ -
|

s

ro- —

v

m¢

S e e e
/ .

]

]

|}

]

L}

:

Lo
ad

) ——

1]

)

Roactive Power Control

Termnal Volage Cord

"~
2
- T L).
== D-
I A .
LVACL
/The Low Volitage Active Current Management block a
£ a ive power under very low voltage scenard ¥
ihe protection function is activated whe
the termina vo.tage drops be.iow g P at ‘1
/  pu Yor v tagea between 0.# PY and V.5 J 0
Modelica.Blocka.Interfaces.RealOutput Ip LVACL vy

Modelica.Blocka.
Modelica.Blocka.Interfacen.

!

E LVPL

——

] ecL

——

interfacea.Reallnput Ve o,
Reallnput Ip LVPL

Vet < 0.4 hen
ip LVACL - O}
LB | ve > 0.8

Ip LVACL = 1p

o

Ip LVACL Ip LVPL * * V&
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The OpenlIPSL Library — Network Example

TR "W OpenlPSL (5 wing
v B> | Examples v Psse
) :
L 23 . l} | Machines - E WTAG
n WT4G1_WT4E1
. P WT4G1
Class Connections
. ‘\\\\\ equation

connect (GEN.p, pwLine2.p) °;
connect (pwLine2.n, BUSl.p) *;
connect (BUSl.p, pwLine.p) *;
connect (pwLinel.p, pwLine.p) °;
connect (pwFault.p, BUSl.p) °;

I connect (wT4Gl.p, GEN.p) ';

GEM

4 connect (pwLine.n, INF.p) ';
1 connect (pwLinel.n, INF.p) °;
connect (INF.p, gENCLS2 1.p) *;

- connect (wT4E1l 1.WIQCMD, wT4Gl.I gcmd)
£ connect (wT4E1_1.WIPCMD, wT4Gl.I pcmd)
connect (WwT4Gl1.P, wT4El 1.P) °;
connect (wT4Gl1.V, wT4El 1.V) *;
connect (wT4Gl.Q, wT4El 1.Q) °;

@EURENT end WT4Gl_WT4E1;

Resulting Parameter Declaration
model WT4Gl WT4El

extends Mgdelica.Icons.Example;
constant Real pi=Modelica.Constants.pi;

parameter Real V1=1.00000;

parameter Real Al=-1.570655e-005;

G=0,
B=0,
R=2.50000E-3,

X=2.50000E-3) °;
OpenIPSL.Electrical .Wind.PSSE.WT4G.WT4G1l wT4Gl1 (

V_0=Vv3,

angle 0=A3,

M b=100,

P 0=P3,

Q_o =Q3,

T IQCmd=0.02,
T IPCmd=0.02,
V_LVPL1=0.4,
V_LVPL2=0.9,
G_LVPL=1.11,
V_HVRCR=1.2,
CUR_HVRCR=2,
RIp LVPL=2,

T LVPL=0.02) ';

0.1

—wT4G1.V*

Resulting Class Instantiation

OpenIPSL.Electrical.Branches.PwLine pwLine2 (

i

"\ 1.0

1.0+

0.9
0

0.2

wT4E1_1.Q

I ~08

0.1+

0.0+

0



The OpenlPSL Library — Application Examples

Many Application Examples Developed!!!

. .gitattributes [ _Tutorial >
, .gitignore [ AKD >
¢ travis.yml [ IEEES >
B Application Examples 9 IEEE14 >
M ci - KundurSMIB >
o copyrightStatement.htmi [ Na4 >
M LICENSE [ NamsskoganGrid_Norway *»
" LICENSE.txt [ PSAT Systems >
[ OpenIPSL » 7] SevenBus >
~ README.md [ TwoAreas >
Namsskogan Distribution Network ol e | o [t - o o
:::1'::: o ead b J0M_ oW Vou
Freguenc 831 A...é‘ IE
m})é a»j %gl LE
.
N
- STge L4
Sy N\

System Data
System Base: 100 MVA

Freguency. 60 Hz
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Open-Standarized Model Exchange and Simulation: FMI and FMUs

_i . m ancriows \ | suppller1 sup&lnerZsu&pllerS supplﬁrdf su%pllerS
= i A:”;p;.l:‘l"; b ‘ 4
it g N B / | 7 5 \ .‘ :

* FMI stands for Functional Mock-up Interface:

. [ tool 3 tool [ tool 5
o FMlis a tool independent standard to support both ? \—f‘ ?
model exchange and co-simulafion of dynamic | FMI | OEM
models using a combination of xml-files and C-

. ; . : liert®
code, originating from the automotive industry TP @, W 9‘& OEM
)
‘{b/ supplier3

5
supplier2@;
The FMI Standard is now supported by more than 40
different simulation tools.

efc.

* A Functional Mock-up Unit (FMU) is a model which has B E v o by EcU(e0 £
been compiled using the FMI standard definition  functional mockup interface for model exchange and tool coupling
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Model Validation:
Methods and Tooling for Validating Power System Models

« RaPld is a toolbox providing a general framework to
solve system identification problem:s.

« The SW is modular and extensible, with a plug-in SW
architecture allowing to use different optimization,
simulation and signal processing techniques.

« A common application of RaPld is to attempt to tune the
parameters of the model so as to satisfy the user-
defined fitness function

\?

A% < meas ?- sim

Il’( as

/\ / Simulink Container {
With Modelica FMU Model °

ECURENT

n rapid_main_window
Sattings

General settngs
Modsf Sattings

PEO Settngs

sava contamer

Send new data setungs

Choosze saher
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Model Validation:
Methods and Tooling for Validating Power System Models

* RaPld was developed in MATLAB.
The MATLAB code acts as wrapper to provide

O

Optimization method agnostic: a number of
optimization algorithms are available, and any

interaction with several other programs method with MATLAB interfaced can be used:

(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:

(@)

(@)

@)

(@)

|ldentification methods
Optimization methods
Specific objective functions

Solvers (numerical infegration
routines)

ECURENT

Particle Swarm Algorithm (PSO)
Genetic Algorithm (GA)

Naive method

Knitro Algorithms

GA T "
el KNITI;Q

~ nonlinear optimization
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Model Validation:
Methods and Tooling for Validating Power System Models

a n o
: e | !
Video! | meﬂ'nn .
- T |
Excitation System Parameter Estimation for the MOSTAR = S
Generator —————
f
u J
‘ !
hitps.//www.youtube.com/watch2v=X8X8%2I1HB|o bl | { = e ——
019 [ Measure: di b Measured 102 Measured
0185 r ( { —— Estmated| N ; | —— Estimated 04 || —— Estimated
~ 018} B 3 5
2 ° 5
2’0,175- § | 5 e S g,
& 047} ! S l—r" 3Som
£ 0165/ ¢ | é g P % 098
016: X ’ .‘_’
015:. L u 2 ................. 097--J .......................................
| g SN [N - | |
0% 5 10 15 0 5 10 15 0 5 10 15 %% 5 10 15

Time (s) Time (s) Time (s) Time (s)

@EURENT [ https://github.com/ALSETLab/RaPId



https://www.youtube.com/watch?v=X8X89l1HBjo
https://github.com/ALSETLab/RaPId

Validating Wide-Area Power System Properties:

Mode Estimates are a Reference

Mode Estimation
Results

The RaPIld code was extended to include
calibration based on the model linearization.

The implementation utilize FMI technologies to

extract the eigenvalues of the non-linear model.

Mode extraction
- Frequency closest to the reference modes
Performance indicator
Weighted objective function with
- Small signal : Euclidian distance between modes
- Time domain _: Time domain fithess criterion
Parameter selection
- Defined in RaPId options
Parameter variation
- RaPlId optimization methods

Reference
value
/
' RqPId Performance
I Indicator
| FMI Toolbox
|
—4> > ! Mode
I Extraction
1
|
|
| Parameter Parameter
\ Variation Selection

Optimization problem: Min Pl = w;Plsman + WPl time

signal

domain

Pl smau = ”Smodel - Sref” = \/(re(smodel) - Te(sref))z + ((‘)model - wref)z

signal

CURENT

"
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Single Machine Infinite Bus Example

» In this example, a simple Single
Machine — Infinite Bus (SMIB) is set up

in for calibration:

= The selected parameters:

= AVR Gain KO

= Generator's Inertia M

= The mode(s) of the system were
estimated with the Mode Estimator

- Successful Calibration |

Result
“True Value”

ECURENT

6.98
7

212.74
200

Objective Function Value

o e o
81 B2 B3
\/ m {1 )m ’
GF FAULT
1 0.had 0901
203 20.1 e e O
0.604 iM"_')l}ll
10.3 *'.‘
S Modes part M
ooooooooooo o Total KO
107"
S
T [0 eeen,
I
A
S 102
: : : ‘ . : : 1073
° 10 15 20 ) 25 30 = 40 0 5 10 15 20 25 30 35 40
Iterations .
Iterations
. - ; : — 9
0.15 01 0.05
_ : {85
o 18
O
O @ k :
o 17.87 175
17
)
i 17.865 165
L ! - ls
-0.768 -0.766 -0.764 __ e
| © Mode from Model under calibration 15.5
+ Reference Mode ’
] 5
-1.5 -1 -0.5 0



Nordic44 — Small Signal Model Calibration

https://github.com/ALSETLab/Nordic44-Nordpool -

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

. _‘7
marked generator = [ —
 The disturbance is infroduced to the system in f.;;,.""‘*'_‘"»f,,,-‘ (
form of line opening between buses 3244 and Her AT e
6500 g Bl ==tz ML
4 89yil (g o Bl - — |
. i = [} $5S L) o W wlale
- Three signals are used for parameter ' 'u;.t.‘ == l R b T = i
estimation: ’ = D = ‘ l A 4 .. .,7
Terminal voltage magnitude e e ot

Terminal voltage angle
Active power transfer over the faulted line

« The calibration is carried out with the following setting of performance indicator:
PI - Wlplsmall + W2PI time Wl - 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 inertfia is 3.556 and the starting guess is 4.556
CLIRENT


https://github.com/ALSETLab/Nordic44-Nordpool

Nordic44 — Small Signal Model Calibration ESH TSI ion [REU IS

N

« The figure (leff) shows evolution of parameter value with respect to

g 5. - ° number of iterations being carried out
£ @
= T e © o « The total number of iterations is 70 and the estimated parameter value
O 4 ° ° . . .
=S R : : o o :_q:‘- PP is 3.5546 which is very close to the frue value of 3.556
E i Ve o « The dots marked in red are parameter values currently giving optimum
3 . and the ones in blue are just attempts by the algorithm
R o °
I3 35- : :
£ 1 o ®, Objective Function |
E I 3. : Currentoptimum
% o 20 30 40 50 60 70 _2oA
kerations-Order number =
[ ]
« Objective function evolution shows the same behaviour of the 3 1.5 =
estimation process, only from a different perspective S | . 2 . |
« Convergence of the estimation is reached in a definite time and the o 1
objective function is close to the value of 0 0.5 % Lo &
0 ALL.’%.AS%

Iterations - Order number

EourRENT °



Nordic44 — Small Signal Model Calibration

Estimation Results

1.002 v T — v v T

Referant data
Initial response
Optimized data | 4

1.0015 +

1.001 +

1.0005

0.9995 |

0.999

« Time domain results show a very
good fit of data

« However, since the small signal
analysis was used in parameter
estimation, one should also look af
the changes in the stability plane

EourRENT

Imaginary axis

40~

30 -

200 -100 80

Optimalva e
hitial guess
True Value

60 40 20 0 20
Real Axis

This figure shows all of the modes
of the system

The position of frue poles, poles
with the parameter set to the
initial value and poles with the
estimated value of the parameter

Imaginary axis

O  Optimalvalue
O hitalguess

24683 - O  True Valie

(5]
-
A
o>
"o

ro
—
>
>
(]

2.4681 -

24681

0037 0.037 -0.037 -0.037 -0.037 -0.0369-0.0369-0.0369
Real Axis

 However, the estimated process

was focused only one mode of
oscillations shown on this figure

« We can now conclude that the

estimation procedure was
successful since both time
domain results and the small
signal analysis of system with
optimal and true value give show
close match of the two systems



Conclusions

 Measurement-based identification methods offer power system
operators another tool for power system situational awareness.

« Use of probing signals leads to more accurate mode estimates,
complete system models, and provides validation data.

« Model validation depends as much in the tooling and modeling
language as in the methods.

104

> B & 2
& o & b
~ < ~ ~

FIGURE 1. Comparison example between PMU measure-
ments and SCADA data during a fast dynamic event; grid
voltage is in p.o.

Real-time monitoring and model-validation is crucial to anticipate power system problems and
for planning, this is crucial as we integrate more renewables and power electronics into the grid.

And for the system identification community:
“My fellow researchers: ask not what your power

power system” Dr. Luigi

system can do for you—ask what you can do for your

\

J

ECURENT

56



References (1/2)

Part 1:

L. Vanfretti, L. Dosiek, J. W. Pierre, D. Trudnowski, J. H. Chow, R. Garcia-Valle, and U. Aliyu, “Application of Ambient Analysis Techniques for the
Estimation of Electromechanical Oscillations from Measured PMU Data in Four Different Power Systems”, European Transactions on Electrical Power,
Special Issue: Power System Measurement Data and their Applications, vol. 21, no. 4, pp. 1640-1656, May 2011. htip://dx.doi.org/10.1002/etep.507

L. Vanfretti, S. Bengtsson, and J.O. Gjerde, Preprocessing synchronized phasor measurement data for spectral analysis of electromechanical oscillations in
the Nordic Grid, Int. Trans. Electr. Energ. Syst., 25, 348-358, 2015. http://dx.doi.org/10.1002/etep.1847

L. Vanfretti, S. Bengtsson, Vedran Peri¢, and Jan O. Gjerde, “Effects of Forced Oscillations on Power System Damping Estimation,” International
Workshop on Applied Measurements for Power Systems (AMPS), September 22-24, 2012, Aachen, Germany.

L. Vanfretti, S. Bengtsson, V.H. Aarstrand, and J.O. Gjerde, “Applications of Spectral Analysis Techniques for Estimating the Nordic Grid’s Low Frequency
Electromechanical Oscillations,” Invited Paper, Special Session: “Development of System ID Methods for Power System Dynamics”, IFAC Symposium on
System ldentification Brussels, 2012.

L. Vanfretti, S. Bengtsson, Vedran Peri¢, and Jan O. Gjerde, “Spectral Estimation of Low-Frequency Oscillations in the Nordic Grid using Ambient
Synchrophasor Data under the Presence of Forced Oscillations,” 2013 IEEE Grenoble Conference PowerTech, POWERTECH 2013; Grenoble, France, 16-
20 June 2013

Part 2:
V. Peric and L. Vanfretti, “Power System Ambient Mode Estimation Considering Spectral Load Properties,” IEEE Transactions on Power Systems, vol. 29,
no. 3, pp. 1133 — 1143, May 2014. https://dx.doi.org/10.1109/TPWRS.2013.2292331

V. S. Peri¢, X. Bombois and L. Vanfretti, "Optimal Signal Selection for Power System Ambient Mode Estimation Using a Prediction Error Criterion," in IEEE
Transactions on Power Systems, vol. 31, no. 4, pp. 2621-2633, July 2016. http://dx.doi.org/10.1109/TPWRS.2015.2477490

V. Peric, X. Bombois and L. Vanfretti, “Optimal Multisine Probing Signal Design for Power System Mode Identification,” Hawaii International Conference on
System Sciences HICSS-50, January 4-7, 2017 | Hilton Waikoloa Village.

https://scholarspace.manoa.hawaii.edu/handle/10125/41539

ECURENT .


http://dx.doi.org/10.1002/etep.507
http://dx.doi.org/10.1002/etep.1847
https://dx.doi.org/10.1109/TPWRS.2013.2292331
http://dx.doi.org/10.1109/TPWRS.2015.2477490
https://scholarspace.manoa.hawaii.edu/handle/10125/41539

References (2/2)

 Part 3:

« L. Vanfretti, S.H. Olsen, V.S. Narasimham Arava, G. Laera, A. Bidadfar, T. Rabuzin, S. H. Jakobsen, J. Lavenius, M. Baudette and F.J. GOmez-
Lopez, “An Open Data Repository and a Data Processing Software Toolset of an Equivalent Nordic Grid Model Matched to Historical Electricity
Market Data,” Data in Brief (Elsevier), February 17t 2017. http://dx.doi.org/10.1016/].dib.2017.02.021

« L. Vanfretti, M. Baudette, A. Amazouz, T. Bogodorova, T. Rabuzin, J. Lavenius, and F.G. GOmez-Lopez, “RAPID: A modular and extensible
toolbox for parameter estimation of Modelica and FMI compliant models,” SoftwareX, Available online 25 August 2016, ISSN 2352-7110,
http://dx.doi.org/10.1016/].softx.2016.07.004

L. Vanfretti, T. Rabuzin, M. Baudette, M. Murad, iTesla Power Systems Library (iPSL): A Modelica library for phasor time-domain simulations,
SoftwareX, Available online 18 May 2016, ISSN 2352-7110, http://dx.doi.org/10.1016/].s0ftx.2016.05.001

« T. Rabuzin, M. Baudette, and L. Vanfretti, “Continuous Integration of Modelica Models for Power System Dynamic Components and Networks,
IEEE PES GM 2017, July 16-20, 2017, Sheraton Grand Chicago Hotel. Chicago, lllinois, U.S.A. http://www.pes-gm.org/2017/

M. Zhang, M. Baudette, J. Lavenius, S. Lgvlund, and L. Vanfretti, “Modelica Implementation and Software-to-Software Validation of Power
System Component Models Commonly used by Nordic TSOs for Dynamic Simulations,” In Proceedings of the 56th Conference on Simulation
and Modelling (SIMS 56), 7-9 October 2015, Linkdking, Sweden.

« L. Vanfretti, T. Bogodorova, and M. Baudette, “Power System Model Identification Exploiting the Modelica Language and FMI Technologies,”
2014 |IEEE International Conference on Intelligent Energy and Power Systems, June 2-6, 2014, Kyiv, Ukraine.

+ L. Vanfretti, T. Bogodorova, and M. Baudette, “A Modelica Power System Component Library for Model Validation and Parameter
Identification,” 10t International Modelica Conference 2014, Lund, Sweden, Mar. 10 — 12, 2014.

« L. Vanfretti, W. Li, T. Bogodorova, and P.Panciatici “Unambiguous Power System Modeling and Simulation using Modelica Tools”, IEEE PES
General Meeting 2013.

 Conclussions:

* L. Vanfretti, M. Baudette, J.L. Dominguez-Garcia, M.S. Almas, A. White, and J.O. Gjerde, “A PMU-Based Real-Time Oscillation Detection
Application for Monitoring Wind-Farm Dynamics,” Electric Power Components and Systems, Taylor & Francis, Vol. 44, Iss. 2, 2016.
http://dx.doi.org/10.1080/15325008.2015.1101727

EouRENT 2


http://dx.doi.org/10.1016/j.dib.2017.02.021
http://dx.doi.org/10.1016/j.softx.2016.07.004
http://dx.doi.org/10.1016/j.softx.2016.05.001
http://www.pes-gm.org/2017/
http://dx.doi.org/10.1080/15325008.2015.1101727

The OpenlPSL can be found online
* hitp://openipsl.org

Our work on OpenlPSL has been published in the
SoftwareX Journal.

« hitp://dx.doi.org/10.1016/j.s0ftx.2016.05.001

Oy
Us

SoftwareX

Volume 5, 2016, Pages 84-88

Vs
X
b

Open Access

iTesla Power Systems Library (iPSL): A Modelica library for
phasor time-domain simulations

L. Vanfretti* °, T. Rabuzin®, M. Baudette® & B. M. Murad®
+ Show more

software that uses OpenlPSL can

—%‘;’%G“. . m | O

PR

(e Available online 25 August 2016

o °
S In Press, Corrected Proof — Note to users b e fo U n d O 1- °

https://aithub.com/ALSETLab/RaPIld

RaPlp: A modular and extensible toolbox for parameter
estimation of Modelica and FMI compliant models

« http://dx.doi.org/10.1016/j.s0f1x.2016.07.004

Luigi Vanfretti

Achour
Amazouz

Francisco
José Goémez

Mohammed
Ahsan Adib

Giusseppe
Laera

Tin Rabuzin

L
A

Tetiana
Bogodorova

-
Jan Lavenius

Mengijia
Zhang

Le Qi Maxime

Joan Russinol
Baudette

Mussons

Marcelo
Castro

Thanks to all my current and
former students, friends and

developers that have supported
the effort!

¥

Miguel
Aguilera 59


http://openipsl.org/
https://github.com/ALSETLab/RaPId
http://dx.doi.org/10.1016/j.softx.2016.07.004
http://dx.doi.org/10.1016/j.softx.2016.05.001

Acknowledgements

ECURENT

This work was supported primarily by the ERC Program of the
National Science Foundation and DOE under NSF Award Number
EEC-1041877. Other US government and industrial sponsors of
CURENT research are also gratefully acknowledged.

Other industry/agency collaborators: NYPA, NYSERDA, Hitachi-
America, Grid Protection Alliance, BPA, SCE, GCEP, ORNL

60



