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Background

Power system modelling and simulation are facing new challenges

»  The expansion of the grid and the penetration of new technologies results in considerable
complex system model which cause heavily computation burden.

« Coordination between different transmission system operators (TSOs) requires faster and
standard way for sharing information.

At the same time

«  Simulation results are inconsistent across different software.

*  Modelling method is solver dependent and written implicitly.

« Difficulties in models update and evaluation with existing simulation tools.

To cope with these challenges, a new power system library available for modification and
maintenance is under development at SmarTS Lab within the FP7 iTesla!'! project.

Power system modelling and simulation using Modelica

The nature of the Modelica modeling language supports model exchange at the “equation-level”,
this allows for unambiguous model exchange between different Modelica-based simulation tools
without loss of information about the modei!*!. The Modelica models can be used as standard
for steady-state and dynamic information exchange !
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Introduction

Objectives

Make a contribution to the development of Modelica power system library by
providing:

validated component models used in Norwegian power grid.

validated test system models to be used in future tasks.

Outcome

« The Modelica classes of the Norwegian grid component can be used as
reference models for future evaluation and modification.
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Introduction

Steps

* Model implementation

—  Study the reference models from Power System Simulation Tool for Engineer
(PSS/E), which is an tool focus on Electro-mechanical transient simulation.

— Implementation of the models in Modelica language, based on the PSS/E reference
model.

*  Model validation
—  Build identically system models in both simulation platforms.
—  Collect simulation results of power flow and dynamic responses for models from PSS/E.
— Redefine the Modelica model until the simulation results match the correct initial
steady-states conditions and the transient dynamic after a disturbance.

« Manual tuning of the parameters
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Introduction------ Developed Modelica Classes

Model type

Generator Round rotor generator GENROU
Salinet pole generator GENSAL
Clasic generator model GENCLS

Transformer 2-winding and 3-winding transformer
with phase-shift and on load tap changer (OLTC)

Excitation system IEEETL, IEEET2, SCRX, SEX, URST5T, ESST4B,

Regulators ESAC2A, EXST1
of the —  Governor system HYGOV, GAST
generator IEESGO, GGOV1
__ Stablizer IEEEST, STAB2A
Load model A composite load includes specific load characteristics
from load model in PSS/E
FACTS devices Static var compensator (SVC)
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ey Model implementation------Round rotor generator

38 OCH KONST 2%

Mol

SWIﬂg equation and Stator circuit Figure 1: Block diagram of the rotor circuit in Genrou model!®!

equations are not shown in the diagram

L'g-L

6 states
30 unknowns and equations

der (delta) = wbhase * w;
deriw) = ((Pm - D * w) / (w+ 1) - Te) /7 (2 * H);
Eriipql = L 7 Ipdd = L Id - Ra=dlzdl;

1
der{Epd) = 1 / Tpgl * (-1) * Xagllg:
der (B5Tkd) = 1 / Tppdd * (Epg - P5Ikd - (Hpd - ¥1) * id);
der (PSIkg) = 1 / Tppg0 * (Epd - PSIkqg + (Xpg - X1) * ig)|
= Folid T Foll 1,
= BSIppd - Hppd * id;
= PSIppg - Eppg * ig;
PSIppd = Epg * E3d + PS5Ikd * E4d;
LSIppg = (-Epd * E3g) - BSIkg * Edg;
ESIpp = =grt (PSIppd * BS5Ippd + BSIppg * BSIppqg);
[-B5Ig * (w + 1)) - Ra * id;
g = BS5Id * (w + 1) — Ra * ig;
anglev = zten (p.vi, p.vrl;

-

t = sgrtip.vr ~ 2 + p.vi ~ Z);

anglei = sten(p.ii, p.iri;

I = sgrtip.ii ~ 2 + p.ir =~ 2);

Delta XadIfd = Se(PSIpp, =10, sl2) * PSIppd:

Delta Haqgllg Se (BSIpp, =10, sl12) * PSIppg * (Hg — 1) / (Hd - H1);
HadIfd = Kild

(Epg - BEIkd - (¥pd - 1) * id) + Epg + id * (Ed - Epd) + Delta_XadIfd;
Hagllg = EHlg (Epd - P5Ikg + (¥pg - X1) * ig) + Epd - ig * (Eg - Epg) - Delta Xaqllg:
[E-1E; p-11] -1s1nideltal, cos(deltal; —cos(deltal, =sin(deltal] = [1d; 1g]-
[p-wr; p-vi] = [=in{delta), cos(delta); -cosi{delta), sin{delta)] * [ud; ugl;
-P = p.vr * p.ir + p.vi * p.ii;
-0 = p.-vi * p.ir - p.vr * p.ii;

d-axis

q-axis

=\

n +« + |0




3-winding Transformer

Modelica . Blocks. . Interfaces . Beallnput ti{start = 1) g;
parameter Hezl B "Hesistance p.u.";
parameter Bezsl X "Heactance p.u.";

egquation

t*(R * n.ir - X * n.ii)= n.vr - p.vr*t;
t* (B * n.ii + X * n.ir)=n.vi- p.vi*t;
—-(R * p.ir - X * p.ii) = n.vr—- p.vE*L;

-(B *p.ii + X * p.ir)= n.vi- p.vi*t;

Mixed continuous/discrete models

con
phaseshipt -_.
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o

//deadband
if Vmin - u > dV then
pl=-1;
elseif u - Vmax > dV then
pl=1;
else
p1=0;
end if;
/ The voltage is controlled to stay within
/[ the range [Vmin, Vmax]

/[l Timer 1

if n1 > -tau and nl < tau then
der(nl) = p1;

elseif n1 <= -tau and pl > 0 then
der(nl) = p1;

elseif n1 >=tau and pl <0 then
der(nl) = p1;

else
der(nl) = 0;

end if;

Model implementation
with OLTC and phase-shift

3-winding Transformer

Regulator Motor R
Time delay Timedelay max
l niq /B
Av l I An ¥ a
— ] =Ll —5&)—> —
Tda T
-/
len

// Delay 1: regulator delay

if n1>=tau or nl<=-tau then
action=true;

else
action=false;

end if;

/l Timer 2
when action then

Timer2 = time;
end when;

/I Delay 2: motor mechanism delay
X2 = integer((time - Timer2) / TC);
when change(x2) and action then

m = pre(m) + dtap * pre(pl);
end when;

/I Reset timer if the voltage returns from
outside of the range or jumps across the
deadband
x1=integer(pl);
if change(x1) then
actionl=true;
else
actionl=false;
end if;
when actionl then
reinit(nl,0);
end when;
/[ Limiter
if m>=Rmax then
y =Rmax;
elseif m<=Rmin then
y = Rmin;
else
y=m;
end if;
/I Adjust the transformer ratios in
/l the range of [Rmin, Rmax]
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Model implementation----initialization

«  Assume steady state operation

— The system is in a state where its numerous properties are unchanging
In time, in other words, the behavior of the system will continue into its
future.

— It means there are no transient changes in power flow or voltage phasor
and thus the system frequency is also assumed to be constant.

*  General initialization chain of power system model

— —

Turbine

/ Governor
v, 0
Power Flow Synchronous
P ine ;ref
Machine 1 - PSS
vf . -
AVR

OXL

Solution

Figure 4: Initialization chain of power system model™®
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Model implementation----initialization

« Forvariables
— The initial values of variables can be specified with an equation through the
initial equation construct or by setting the (fixed=true, start=x0) attribute of
the instance variables.

— If nothing is specified, the default would be zero and if fixed=false, then the
value will be viewed as a guess value.

* For parameters
— By setting its attribute to be (fixed=false), the initial value of the parameter
could be implicitly computed during initialization and then keep its value
throughout the simulation.

« The number of equations for initialization

— During initialization stages, all the derivities of the states (der(x)) and
parameter with (fixed=false) are treated as unknown variables.

— To keep a balance between the same number of unknowns and equations,
for each of these unknowns, a extra equation should be provied under the
initialization section.

2015-02-13




Initialization------ Round rotor generator

« Tips
— Provide the value of the derivatives of the states.
— Initialize the interfaces of the models (connectors).

— Provided good guess value for residue states (the value of all other
states depends on these states.) in this case it is deltaO.

— Provided good guess value for parameters with attributes (fixed=false).
— Case dependent !

BowerSystems . Connectors. BwPin plve({start = wvel), wii{start = +i0), ir{start = ir0), ii{start = 1iid}) a;
Bezl deltai{start=deltal) "load angle";
Bezsl wistart=0) "machine speed deviation, p.u.";
parameter HEeszl Pml(fixed=fzlsze, start = pl);
parameter Rezl Efd0({fixed=Izlse,start dsat * PBSIppgl + BSIppgl + (¥pd — Hpp) * id0 + (HEd - Hpd) * idd);
initial equaticn

derideltz) = 0;

deriw) = 0;

der (Epd) = 0;
der (Epg) = 0;
der{P5Ikd) = 0;
der (PSIkg) = 0;
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Round rotor generator

Nim
=Ly i) <[

e[ ]

[ Ir0| (X — X)) cos(00 — Bio)
Lo | (XG — X{') sin(0;, — bio) — K[|

dp = arctan( ) + 6

PmO — TeO — PtO + Ra(It0)2
Erao = ta0(Xq — X}) + Eyo + Seltg [0

Figure 5: Phasor diagram of Genrou model
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Fey Initialization------ Round pole generator

VETENSKAP
3§, OCH KONST 59 parameter Rezl anglev_rad = anglev0 * pi / 180

V8 o . . . — -
L& "initial wvalue eof bus anglev in rad";

parameter Bezl pl0 = pelec / mbase "initial walue of bus active power in p.u.";
parameter Bezl gl = gelec / mbase
"initial walue of bus reactive power in p-u.";

parameter Complex Zs({re = Ba, im = XHpp) "Equivation impedance™;

parameter Complex VI{re = eterm * coslanglev_rad), im = eterm * sinlanglev_rad));

parameter Complex Sire = pl, im = gO);

parameter Rezl div SVIre = ({+5.re * VI.re) + S.im * VI.im) / (VI.re * VI.re + VI.im * VI.iml;
parameter Rezl Ndiv SVTim = —({-S.rxre * VI.im) + S5.im * VI.re) S (VI.re * VI.re + VI.im * UT_imjd

parameter Complex It{re = div_ 5VIre, im = Ndiwv_ SVTim);

._,I'-_,I'Elkkkkkkkﬁ-kkkkkkkﬁ-kkkkkcnnj .:S _,I' TH:| ;

parameter Rezl Itdiv VIZsre = It.re + ({+VI.re * Zs.re) + VI.im * Zs.im) / (Zs.re * Zs.re + Zs.im * Zs.im);
parameter Rezl Itdiv VIZaim = It.im + ({(-VI.re * Z3.im) + VI.im * Za.re) f (Za.re * Za_.re + Za.im * Zs3_.im);
parameter Complex Is{re = Itdiv VIZsre, im = Itdiv_VIZaim);

f Rk bbbk bdkbbkkrd Ty + YT Jf Z3 "Eguivation current source™;

ffZs.re * Is.re - Z3.im * Is.im

ffZa.re * Is.im + Zs5.im * Is.re

parameter Complex fpplre = Z3_.re * Is.re — Z3.im * Is_.im, im = Z3s_.re * Is_.im + Z3.im * Is_re);
JA3Rkdd bk bbbk bbbk gg * Tg "Flux linkage in synchronous reference frame™;
parameter Rezl ang P = zrgifpp)s

paramster Rezl ang I = srgl{lt);

parameter Rezl ang PI = ang P - ang_I;

parameter Rezl psi = sbs{fpp)s

f/Include saturation factor during initialization

parameter Bezl dsat = Se(psi, 310, 312);

parameter Bezl a = pIi + psi * dsat * (Hg — ¥1) /7 (¥d - X1);

parameter Bezl b = (It.re =~ 2 + It.im =~ 2) = 0.5 * (Hpp - Hgl;

._,I'__,I'J.-A-kkkkkk&kkkkkbk&hkkkkkabs.:It:| - .:XPP - Xq:l;

8 =

parameter Rezl deltal = ztanik * cosiang_PI) 7 (b * siniang_ PI) - a)) + ang P;
parameter Complex D dglre = cosi{deltal), im = -sinideltal))

— TR i

parameter Complex fpp dgire = fpp.re * DR dg.re — fpp.im * D dg.im, im = fpp.re * DQ dg.im + fpp.im * D dg.re);
flEaxdddddbdddiddbdbdisds fpp * DR dg "Flux linkage in rotor reference Ifram (dg axes)™;

parameter Complex I _dgire = It.re * D dg.re - It.im * DQ dg9.im, im = (-1) * (It.re * DQ dg.im + It.im * D dg.re));
._,I'._,I'lkﬁ-hkﬁ-kkkbkkbﬁ-kkkbkﬁ-kﬁ- CE‘.‘ﬂj .:It & j&_dq:';

parameter Real PSIppg0 = rezl (fpp dqg);

parameter Rezal PSIppd0l = imagil(fpp dqg);
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Excitation System

VE:SE+Efd B

|[EEET?2 Ve
Kg
E. 4 1 Vg 1 : re
T | 1+sTy " STz :
sKg g
Lt STh Figure 4: Block diagram of IEEET?2
a=0b-+ TRb apg = ‘/;50
Kac=d+Tad ap =0
AC . A 0 0 Viko = (Se(Ede) + 1+ KE)Ede
e=Tgf :> Kaco = d0:> Vro
Kpg = h+ Teih € =0 Vret = g, T Vso
h =i+ Trot o =0
i0 = ho
fo = Etdo
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o) Initialization------Excitation System

38 OCH KONST 2%

b

ref

k=\'REF

’Ec

VOTHSG

protected

m + parameter Resl VBEMRHEOD (fixed = falae);

m parameter Hezsl VEMIND (fixed = false);
parameter HEezl EEQ(fixed = false);

’ Efd0 parameter Hesl VID(fixed = false);
parameter Hezsl VEEF (fixed = false);
parameter HResl ELfd0(fixed = false);
parameter Hezl S5E _Efd0({fixed = falae);
parameter BEesl VRO (fixed = false);
parameter HREezsl Switch(fixed = false);
parameter Resl T Ri{fixed = false);

initizsl eguation
VIO = Ecl;
Efd0 = EFDO;

SE_Efd0 = SE(EFD0O, SE1, SEZ, El1, EZ):
(VEMAXO, EE0) = ini0(VEMaX, EE, EZ, SE
VEMING = -VEMREO;

VRO = Efd0 * (EEC + S5E Efd0);

VREF = VRO J ER + VIO + Va_al;

Switch = TR;

T BE = if not Switch = 0 then TR else 1;
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Model Validation------ Princeples

« Completely testing
o Make sure the dynamic simulation starts from the same initial point.
o Fully test the components to show the specific function of the models.

« Control variables

o Design the test system with less components as possible.
Build identical systems in both software.
Implement the perturbations as similar as possible.

Use the same parameters for simulation setup (solver method, time
steps, plot interval, Tolerance etc...)

o O O

 Compare data
o Collect and compare the states data and 1/0 data of the models.

2015-02-13
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a1 Model Validation-----Test system and perturbation

« Basic grid )

 Perturbation scenarios

i E

EESGO

T
EEET2 Eﬁ =l o = o
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OLTC validation test

SoPnarios

Running under steady state for 20 seconds.
Increasing the ) load to 1.5 p.u. in PSS/E

it means to add () load approximately by 1.42 p.u. in Dymola
3. simulating to 40 seconds.

4. Increasing the ) load to 2.2 p.u. in PSS/E

it means to add () load approximately by (L85 p.a. in Dymola
3. simulating to B seconds.

. Increasing the Q) load to 2.5 pau. in PSS/E

it means to add () load approximately by 0.7 p.u. in Dymola Generator Load
3. Simmlating to 200 seconds. A

Bus 2

=]

4 Bus 5

Bus
3-Windings
R Transformer
e
INF

us 1

Bus 3

s 7 <l

Step Q load
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Load reactive power stepping
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_______________________________________________________________ £
L : - % 0.8 b
""""""""""""""""""""""""" —+—PSSE  F 5 —*—PSSE
—=—Dymola | = 0.7 beeeto . o P —=—Dymola
0 0 100 150 20
Modelica can handle hybrid system




Subset of Norwegian grid model validation test

Step SCEnArios
1. RBunning under steady state for 1s.
. Open the line for (L.15s.
1. Apply dphtgt at 7.5s: 0.15s later, clear the fanlt.
1. Bun simulation until steady state.

*
P

D ﬁé‘| EEl i

@ (’f.\-fJ B
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Subset of Norwegian grid model
validation results
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Conclusions

» All the component models used in Norwegian power grid have
been successfully implemented in Modelica environment.

» The developed models have been tested using OpenModelica
and Dymola. The validation results guarantee consistent
simulation results among OM, Dymola and PSS/E.

» This work can serve as a proof of the feasibility and priority of
utilizing equation-based Modelica tools in power system
modeling and simulation.

» This work also provides a proof of simulation capabilities of
OpenModelica to handle power system problems in terms of the
complex controls and initialization problems.

2015-02-13




Future work

e Test more Modelica models and larger size power system
models in OpenModelica environment.

* Develop proper algorithm in order to utilize Modelica solver to
solve initialization problem without providing explicitly entered
power flow data.
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&1 Some results

During my Intership in FH Bielefeld

« Test more Modelica models and larger size power system
models in OpenModelica environment.

« Develop proper algorithm in order to utilize Modelica solver to
solve initialization problem without providing explicitly entered
power flow data.
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OpenModelica in Power System Simulation

* More modelica models from the power system library built by our
SmarTS Lab have been tested in OpenModelica environment.

_,_"l?_rﬂﬁ 1
- —l—rigus 14
Bus 10
14 _u_ﬁm
Bus 11
-

By 03

Figure 6: IEEE14 bus system model in PSAT and Dymola
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OpenModelica in Power System Simulation

Genlorderd.w-—0M =« === Genlorder4.w-—-Dymola
1
0.9995 —
0.999 —
0.9985 —
0 T T T T 0 T T T T 0 T T T T 0
10 15 20 25
Gendorder4.w—0OM === Gendorder4.w-LDymaola
1.004 —

0.9938

0.996

] | i
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OpenModelica in Power System Simulation

« More modelica models from the power system library built by our
SmarTS Lab have been tested in OpenModelica environment.

Figure 7: IEEE Nordic 32
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OpenModelica in Power System Simulation

—— B1011lv-0OM —— Bi01lv-Dymola —— B1012.v-0OM —— Bi01Zv-Dymola —— B1013.v-0OM —— B1013.v-Dymola

1.15

1.1

1.05 5

0.95

0.9

0 20 40 60 80 100
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Future work

« Test more Modelica models and larger size power system
models in OpenModelica environment.

* Develop proper algorithm in order to utilize Modelica solver to
solve initialization problem without providing explicitly entered
power flow data.
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Power flow algorithm in Modelica tools

« Power flow data as initial conditions should be specified at the system
level.

* Free the related auxilary parameters such as initial active power,
reactive power, terminal voltage and phase angle of the generator
(Py, Qo, Vo, angley) by setting (fixed=false).

 State the power balance relations at system level

— Ateach node S;, jected = Sexported

— For the whole system Sgenerated = Sconsumed T Siosses

2015-02-13




Power flow algorithm in Modelica tools

One of the test cases...

Fifth Order (2) g2
: X _ :
ordersType2_1 A Fifth Order (2}
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s

T Ay,

@] Power flow algorithm in Modelica tools

ifth Order (2) = g2
e Some results.... ) )

order5Type2_1 . Fifth Order (2)
=y 4[]

orderSType2_1.e2q

38 OCH KONST 2%

R

i) Translation of PF_in Dymola.Order5 2test? GOOD4 withfualt:
i) The DAE has 116 scalar unknowns and 116 scalar equations.
+-(i) Statistics
—-(i) Selected continuous time states +32E-4

1) Statically selected continuous time states
g2.delta ]
2.el
gz. Elﬂ +2 BF-4
gd.edg
gl.w A
order5Type?_1.delta
order5Type2_l.elg +7 4F-4-
order5Type?_1.e2d
order5Type?_1.e2q i
order5Type2_1.w

/1% The following variables are iteration variables of the initizlization problem: 2 pE-4-
g2.p.ii
ga.p.ir i
pwline1.p.ii
pwline1.p.ir +| BE-4-
pwline2.p.ii
pwline2.p.ir
pwLine3.n.ii
pwline3.n.ir
pwline3.p.ii
pwline3.p.ir
pwLined.n.ii
pwlined.n.ir
pwlLoadPQ 1.p.ii +8.0E-5
pwLoadPQ1.p.ir
pwlLoadPQ2.p.ii -
pwlLoadPQ2.p.ir

orderSType2_1.21q

orderSType2_1.w

ordersTy

+1.2E-4

+4,0E-5
but they are not given any explicit start values, Zero will be used.

i) Finizhed g
i) /i experiment StopTime=20
i) WARMING: 1warning was issusd

0.99965 T T T T T T T T T T T T T
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